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Abstract

Graphene is a two-dimensional carbon material, which has been suggested for use within
many next-generation electronic applications due to its outstanding electronic and me-
chanical properties. Copper-catalysed chemical vapour deposition (Cu-CVD) is currently
the most promising method for upscaling graphene production. However, there are safety
and cost aspects which have not yet been fully explored and which are desirable to have
in place prior to moving graphene production from batch- to industrial-scale production.

This thesis presents research aimed at the development of Cu-CVD graphene growth
recipes, using processes which mitigate against explosive risk and reduce cost via the di-
lution of precursor species within nitrogen, rather than the almost universally used argon.
Process development is presented for graphene growth within a nitrogen-buffered atmo-
sphere, which demonstrates that graphene growth follows the same trends with nitrogen
as is observed within argon and also provides a guideline for others wishing to develop
their own graphene CVD processes.

Investigation of graphene films grown within nitrogen-buffered and argon-buffered
atmospheres via Raman Spectroscopy, X-ray Photoelectron Spectroscopy and Time-of-
Flight Secondary Ion Spectroscopy are presented, demonstrating that atomic nitrogen
does not become incorporated within the graphene film when CVD is carried out within
an Ny atmosphere, within spectroscopically detectable limits. The use of nitrogen, rather
than argon, within CVD opens possibilities for significant cost reduction, particularly
within mass-production which is likely to require high volumes of process gases.

The electronic properties of the CVD graphene is explored via analysis of graphene
field effect transistor (GFET) where it is shown that graphene grown via nitrogen-buffered
CVD and argon-buffered CVD is indistinguishable. GFETs are used as the basis for
gas-sensing devices, operating on a basis of resistance change due to charge-transfer.
Decoration of GFETs with catalytically active nanoparticles to improve device sensitivity

is explored, but quality variation of graphene layers is shown to be a limiting factor.
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Chapter 1

Introduction

1.1 Motivation

Materials science continually contributes new materials which lead to unexpected techno-
logical progression. The discovery of graphene in 2004 [1] opened a new area of material
research — that of 2D materials [2, 3] — and since its isolation, has been one of the most
studied materials of the past decade and a half [4-6]. Graphene’s exceptional electronic
properties had been predicted [7-9] before demonstration within a real system [1, 10}, but
it is the combination of multiple outstanding material properties such as high strength
[11, 12], flexibility [13-18], thermal conductivity [19, 20], optical transparency [13, 21-24]
and ultrahigh specific surface area [25, 26] which lead to an explosion of research into the
use of graphene in applications which are not accessible with conventional semiconductors
or metals.

Graphene has already been applied in proof-of-concept applications as a potential ma-
terial for use within transparent conductive electrodes [13, 23|, flexible electronics [13, 16—
18], spintronics [27-29], optoelectronics [30-32], sensors [33-40] and adaptive thermal cam-
ouflage [41], to name but a few. However, the future of graphene-based technology hinges
on successfully overcoming the fundamental challenge of graphene mass-production, whilst
retaining its exceptional material properties.

The easiest way to isolate graphene is via micro-mechanical exfoliation from bulk
graphite using Scotch tape, as demonstrated by Novoselov and Geim in their seminal paper
[1]. However, whilst samples obtained via exfoliation are ideal for exploring fundamental
solid state physics, due to high crystallinity and low carbon vacancy defect density [42, 43],

sample production via exfoliation is non-deterministic and non-scalable and thus other



options must be explored to bring graphene to the mass market. Of the scalable methods
for the production of graphene, such as Si sublimation from SiC [44-49] and liquid phase
exfoliation [50-54], chemical vapour deposition (CVD) has been adopted as the most
common method for the synthesis of high-quality large-area monolayer graphene [55, 56].
The term ‘high-quality’ is somewhat subjective; within graphene research the phrase
refers to graphene films with few defects, which may take the form of sp? bonding defects,
elemental impurities, contaminating adsorbates, graphene domain boundaries, wrinkles
and cracks. Additionally, large area graphene films should be continuous and uniformly
monolayer to ensure device homogeneity within wafer-scale device fabrication [56-58].

Most graphene CVD now follows the protocol introduced by Li et al. which uses
copper as the catalytic growth substrate for graphene growth from gaseous hydrocarbon
precursors [59]. The use of copper is advantageous when compared with the use of other
transition metal catalyst films or foils, as its low carbon solubility [60, 61] makes homoge-
neous monolayer growth more likely [62]. Recent advancements in copper-catalysed CVD
have provided methods for tailoring graphene nucleation density and domain area [63-71],
domain shape [64, 67, 70, 72, 73] and domain growth rate [70, 74-76] which has ultimately
lead to the CVD growth of single crystal domains up to an inch across [77] — an increase
in domain area of about 8 orders of magnitude over exfoliated graphene samples, which
are typically tens of microns across.

However, graphene CVD synthesis still requires process optimisation for the shift from
laboratory scale to industrial scale production. CVD graphene is poly-crystalline in nature
which degrades the quality of the CVD grown graphene films and thus the reduction of
CVD graphene poly-crystallinity is one of the key focusses within current CVD graphene
research [63-71, 74-77]. As domain boundaries are a major source of charge carrier scat-
tering resulting in reduced charge carrier mobility [78-82] within CVD grown graphene,
the density of domain boundaries, and thus graphene domains should be reduced. Re-
duced graphene domain density naturally requires increased graphene domain area to
achieve a continuous graphene film and thus protocols for increasing graphene domain
areas are of great value. However, most of the current research is conducted at the labo-
ratory scale with results focussed on the growth of isolated ultra-large graphene domains,
without demonstrating production of continuous graphene films [71, 83, 84|, which is a
basic requirement for the use of graphene within an industrial setting [58]. Therefore
protocols for the development of continuous graphene with enlarged domain area are of

importance to the field of graphene research and the shift from laboratory to industrial



scale growth. Additionally, because of system-to-system variations, the identification,
rationalisation and explanation of generalised growth optimisation pathways will be of
greater value to industry than the specific recipes often described within graphene CVD
research.

Graphene CVD growth is also inherently unsafe, as both the graphene hydrocarbon
precursor and hydrogen, which is required to protect and modulate the graphene growth,
are explosive. This is of concern for copper-catalysed graphene CVD as process tempera-
tures typically exceed 1000 °C, increasing the risk of explosion in the event of a process gas
leak. However, this risk can be mitigated by the dilution of explosive process gases within
an inert buffering gas. Argon is typically used within research into safe graphene CVD
[58], because it is a noble gas and is thus chemically inert under the process conditions
used within graphene CVD. However, the dilution of precursor gases means that large gas
flow rates are required to achieve graphene growth [85] which represents a large expense
when translated to industrial scale growth. Nitrogen is the logical gas to explore as a
replacement for argon to reduce process cost within graphene CVD, due to its abundance
and the strength of the N=N triple bond within Ny [86-88]. However, until now, no con-
clusive investigation into the non-inclusion of nitrogen within the graphene lattice during
nitrogen-buffered graphene CVD was available. The opportunity to use nitrogen instead
of argon to grow viable graphene will be of great value to industrial graphene growth.

Industrial safety and the wider public concern with increased levels of greenhouse
and toxic gasses, such as NOs, nicely ties together the motivation for use of large scale
CVD graphene within gas sensing devices. The atomic thinness of graphene and the
low density of states within pristine graphene [1, 10], coupled with a large charge carrier

mobility in excess of 1000 cm?V~ts™!

even within poorly processed devices [89], means
that graphene should be an ideal candidate for forming the basis of next generation high-
sensitivity gas sensors [39, 90-94]. However, graphene based gas sensors are known to
have issues regarding base line drift and device saturation [95-97]. Graphene-particle
composite sensors have been demonstrated to improve device sensitivity and stability
[98-101] whilst operating at lower temperatures than traditional metal-oxide based gas
sensing devices [102, 103]. The reduced power consumption required by such architecture
allows for much more widely spread placement of sensing devices.

One issue however, has been the ability to marry graphene with a stable material of

lower work function than graphene (~ 4.35 eV [104]) for increased sensitivity towards

reducing gas species, due to the inherent tendency for low work function materials to



oxidise. Materials with lower work function than graphene are required for increased
sensitivity towards reducing agents, as electron transport from the decorating material
to the graphene channel is necessary to modulate the graphene channel resistance. This
necessitates a heterojunction to be formed between graphene and a lower work function
material. W5014, which is a novel sub-oxidative state of WO3, is found to be both stable
within an ambient environment and have a work function lower than that of pristine

graphene [104, 105], and thus provides an interesting avenue for such device exploration.

1.2 Thesis structure

This thesis documents experimental work on the development and characterisation of
nitrogen-buffered, industrially safe graphene CVD for future industrial scale-up. The

electronic and gas sensing capabilities of the fabricated graphene are also explored.

Chapter 2 presents the properties of graphene and introduces the current foremost
techniques for the production of graphene. The factors affecting the quality of CVD
graphene synthesis are discussed as well as current issues pertinent to graphene mass
production. Graphene doping via both atomic substitution and charge transfer from

adsorbates is reviewed alongside graphene doping metrology methods.

Chapter 3 summarises the main experimental techniques used throughout this re-
search. The setup and operation of the graphene CVD reactor is detailed. The protocol
for graphene transfer from its growth foil to arbitrary target substrates is introduced,
alongside the methods used for graphene device fabrication. The characterisation tech-
niques used for graphene material analysis are introduced alongside the theory behind

said techniques.

Chapter 4 introduces the hot plate method as a rapid and low cost technique for CVD
graphene growth analysis. Using the hot plate method, step wise optimisation of graphene
CVD growth is demonstrated for graphene grown within industrially safe conditions, using
H, and CHy diluted below their lower explosive limits within Ny. Growth of high-quality,
continuous monolayer graphene films is demonstrated with individual domain diameters

in excess of 200 pm.

Chapter 5 demonstrates that Ny is a suitable replacement for Ar within CHy-based

hot-wall graphene CVD. Spectroscopic investigations via Raman spectroscopy, X-Ray
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photoelectron spectroscopy and time-of-flight secondary-ion mass-spectroscopy show that
the chemical composition of graphene grown within Ny and Ar atmospheres are indistin-

guishable of each other within detectable limits.

Chapter 6 presents behaviour characteristics measured from graphene field effect tran-
sistors (GFETSs) fabricated throughout this research. The repeatability of GFET be-
haviour is demonstrated to indicate that the fabricated GFETs are suitable to use as the
basis for gas sensing devices. Gas sensing data is then presented, and the cleanliness of
the post-transfer graphene film is identified as a critical parameter for successful device
operation. Finally, operational gas sensors are decorated with W5014 in a bid to improve

device sensitivity and the interaction between W50Oq4 and graphene is explored.

Chapter 7 concludes this thesis by summarising the results and findings. An overview
of the values and limitations of this work is presented alongside an outlook for future

work.



Chapter 2

Background

2.1 Graphene Properties

Graphene is a two-dimensional (2D) allotrope of carbon, wherein carbon atoms are ar-
ranged into a flat hexagonal lattice, with a carbon atom at the vertex of each hexagon, as
shown in Figure 2.1. It is the building block for many other pure carbon allotropes with
different dimensionalities, such as fullerenes (0D), carbon nanotubes (1D) and graphite
(3D), illustrated in Figure 2.2. All of these allotropes are sp? hybridised carbon, which
means that each carbon is bonded to three adjacent neighbouring carbons. These forms
of bonding leads to generally flexible structures with interesting electronic properties,
arising from the formation of 7 and 7w+ bonds between carbon atoms [106]. Graphene has
garnered significant interest since its first isolation in 2004 by Novoselov and Geim [1],

due to its exceptional mechanical, thermal, optical and electronic properties.

2.1.1 Atomic Structure of Graphene

The unit cell of graphene is comprised of two geometrically discrete carbon atoms, which
form the basis of the graphene sub-lattices A and B [106], depicted in Figure 2.1. The

two lattice unit vectors are then written as:

a; = 02—0(3,\@);@2: 02—0(3,—\/3) (2.1)

where ac_c = 0.142 nm, the sp? carbon-carbon bond length [106]. The lattice constant

is calculated to be 2.41A [106]. Graphene’s reciprocal lattice vectors are then described



Figure 2.1: Graphene’s honeycomb lattice and its Brillouin zone. Left: lattice structure of
graphene, made out of two interpenetrating triangular lattices. al and a2 are the lattice
unit vectors and d; i=1,2,3 are the nearest-neighbour vectors. Right: the corresponding
Brillouin zone. Dirac cones are located at the K and K’ points. Taken from Neto et al.
[106].

by [106]:
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Particularly import for the physics of graphene are the Dirac points, K and K’, located at

b

the corners of the graphene Brilloun zone (BZ). The importance of the K and K’ points

should become clear shortly and their positions in k space are given by:
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2.1.2 Ideal Electronic Properties of Graphene

The properties of a material are closely related to its electron band structure. The elec-
tronic properties of graphene can be determined via a tight-binding approximation method
[106]. To achieve this, the wavefunction of an electron is expanded, subject to the peri-
odic crystal potential as a linear combination of the electron’s orbit (LCAO) around each
lattice atom. As graphene’s lattice consists of two sub-lattices, A and B, the electron’s

wave function is written as:

U = CyU? 4+ Cpl® (2.4)

where U4 and U2 are the linear combinations of the electron’s orbits around atoms

A and B respectively. The coefficients C'4 and Cp are determined from the time inde-



Figure 2.2: Ball and stick representations of differently dimensioned sp? carbon allotropes
which can be considered to be based upon graphene. Taken from reference [106].

pendant Scrodinger equation, HV = EW, where H is the Hamiltonian and E is the energy
eigenvalue. In the tight binding approximation, the contributions from atoms beyond the

second-nearest neighbour atoms are ignored. The energy bands of graphene are given by:
Ey(k) = £ty/3 + f(k) — t'f(k) (2.5)

where

f(k) = 2cos(V/3kya) + 4cos (?kya) cos (gkxa> (2.6)

Use of a plus sign within Equation 2.5 denotes the upper (7*) band and likewise a minus
sign denotes the lower (7) band [7, 106]. Also within Equation 2.5, ¢t (= 2.7 €V) and t/
refer to the nearest and next-nearest neighbour hopping energies respectively, which refer
to electron hopping between A /B sublattices and A/A or B/B sublattices respectively
[9, 106]. The real value of ¢’ is not well known, but ab initio calculations find 0.02¢ <
t' < 0.2t depending on the tight- binding parametrisation [9]. If ¢’ is set to 0, then the
E-k spectrum is found to be symmetric around zero energy. The energy dispersion close

to the Dirac points, K and K’, can then be approximated as a linear relationship with



relation to momentum, k, relative to the Dirac points:

sy

where vp is the Fermi velocity &~ ¢/300 and ¢ is the speed of light within a vacuum.

Ey(k) ~ tvp k| + O

Thus, in the case of graphene, the Fermi velocity does not change close to the K and K’
points with respect to energy or momentum, leading to a linear relationship, £ = hck,
illustrated in Figure 2.3, which resembles that of a photon and is why the K and K’
points are known as Dirac points.

The linear dispersion around the Dirac points implies that charge carriers act as
massless particles near the Dirac points. This explains the large mobilities of up to
250,000 cm?(Vs) ™! observed within suspended, high-quality graphene [107]. Whilst mass-
less charge carriers might be expected to move at ¢, the observed finite charge carrier
mobility within graphene is attributed to charge carrier scattering due to phonons, de-

fects and a non-zero concentration of charge carriers.

Figure 2.3: Electronic dispersion in the graphene honeycomb lattice. Left: energy spec-
trum in units of ¢ for finite values of ¢t and t’, with t=2.7 eV and t’=0.2¢. Right: zoom in
of the energy bands close to one of the Dirac points. Taken from Neto et al. [106].

The zero band gap within graphene also means that it is possible to continuously tune
between electrons and holes by applying an external electrical field. Figure 2.4 displays
how the Fermi energy, Fr can be shifted away from the Dirac point such that electrons
(holes) become the majority charge carriers with application of positive (negative) gate

potential [108].
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Figure 2.4: Diagram displaying the effect of tuning the graphene fermi-level using an
external electric field. Taken from Novoselov and Geim [108].

2.1.3 Material Properties of Graphene

Beyond its superlative electronic properties, graphene also possesses other exceptional
material properties. For instance, it possesses the greatest known Young’s modulus with
a value of E = 1 TPa within an intrinsic, defect free sheet [109]. This is due to the sp?
covalent bonding within the hexagonal carbon lattice. Coupled with a fracture strength
of ~ 130 GPa [109], graphene is highly flexible; a property which sparked interest in the
use of graphene as a component within flexible electronics [13, 110-114]. Additionally,
graphene has been found to be an effective component in polymers for the improvement
of their mechanical properties [115, 116] and has already been applied in this way within
a number of commercial applications, from aviation components to fell-running trainers.

Graphene is also an excellent thermal conductor, which is mainly due to phonon
transport within graphene [20]. The low electron carrier densities within intrinsic graphene
mean that the electronic contribution to the thermal conductivity of graphene must be low
and thus graphene’s thermal conductivity must be predominantly phonon-based [20]. The
thermal conductivity of suspended graphene was measured by Balandin et al, to be 3000 -
5000 Wm~'K~! [19]. Whilst this value decreases when graphene is brought in contact with
other materials, for example SiO,, its thermal conductivity of 600 Wm ™'k~ [20] is still
almost double that of copper (398 Wm™'K™!) [117] which is known as a highly efficient

10



thermal conductor. The reduction in thermal conductivity when not suspended is due
to phonon interactions between the graphene sheet and adjacent material [20]. Because
graphene’s thermal conductivity remains impressively high, it has been considered as an
optimum candidate for cooling nanostructured devices [19, 20].

Due to its atomic thinness, graphene is highly transparent across visible wavelengths,
with absorbance of only 2.7% for monolayer graphene films [13, 114, 118, 119]. Trans-
parent, conductive materials are likely to become ever more important as the use of
technology such as touch screens and solar cells increases. The current leading material,
indium-tin-oxide (ITO), is unlikely to remain commercially viable for much longer due to
its scarcity. ITO is also a brittle, crystalline material which when stressed, may fracture,
irreversibly dropping the conductivity by several orders of magnitude and limiting the use
of ITO in emerging applications that require some flexibility [23, 120]. Graphene is an

ideal candidate to fulfil such roles, but only if industrial-scale synthesis can be realised.

2.2 Graphene Synthesis Methods

Graphene was first isolated and had its electronic properties measured by Novoselov and
Geim in 2004 [1]. This breakthrough success was achieved via micro-mechanical exfolia-
tion (MME) of graphite and for their work, Novoselov and Geim were awarded the Nobel
prize in physics in 2010 for “groundbreaking experiments regarding the two-dimensional
material graphene”. Although MME produces graphene of high quality, with few lattice
defects, the method is laborious, non-deterministic and non-scalable. Hence, shortly after
the first isolation of graphene, methods for large scale graphene production began to be
explored. Figure 2.5 illustrates the most commonly used methods for graphene produc-
tion, with Figures 2.5 a) and b) representing the leading top-down synthesis methods of
MME and liquid phase exfoliation and Figures 2.5 ¢) and d) representing the bottom-up
methods of CVD and epitaxial growth on SiC via Si sublimation. The advantages and
disadvantages of these methods are discussed in the following sections.

Due to such large interest in graphene, significant effort has been invested in large-
scale graphene production methods. Consequently, the cost per unit area of graphene
has decreased by multiple orders of magnitude, from £100s for a single 10 ym x 10pm
flake, to ~ £60 cm™2 since 2004 [122]. Figure 2.6 displays world graphene production,
from 2013 to 2017. Within just a four year period, total world production of graphene

nanoflakes and graphene oxides increased almost four-fold from 722 tonnes per year to
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Figure 2.5: Cartoon illustrations of the four dominant methods for graphene production;
a) Micro-mechanical cleavage; b) liquid phase exfoliation; ¢) chemical vapour deposition;
d)Si sublimation from SiC. Adapted from Bonaccorso et al. [121].

2829 tonnes per year [56]. In addition, CVD graphene production appears to have reached
maturity, at least with regards to area grown. Total world output jumped by between 17-
and 18-fold within just two years, between 2015 and 2017, from 210 x 10® m? per year to
3700 x 10® m? [56]. The huge recent increase in m? production of graphene means that

methods to reduce production costs should now be highly relevant.

2.2.1 Top-down Synthesis

Top-down synthesis describes processes wherein bulk material is used as the starting point
from which the final nano-scale material is extracted. MME and liquid phase exfoliation

(LPE) are the current leading top-down synthesis methods within graphene research.

Micro-Mechanical Exfoliation

MME;, or the “Scotch Tape method”, refers to the peeling of layers from a layered mate-
rial, such as graphite. To achieve the production of thin films, repeated peeling of material
from a bulk crystal is carried out with adhesive tape, before a thinned out area of ma-
terial is pressed onto the target substrate in the hope that monolayer material adheres
to the substrate and can then be used within experiments. This was the method used

by Novoselov and Geim to isolate their first graphene films [1], but it is a method which
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Figure 2.6: Production capacity of commercial graphene products. Annual production
capacities of GO (a), graphene nano-flakes (b) and graphene films (c) in different countries
and years. RoW represents the rest of world compared to China. Note that the production
capacity of SuperC Technology is reported to be over 10,000 tonnes per year. Adapted
from Lin et al. [56].

has been known of since at least the 1960s [123]. As graphene produced via MME comes
from bulk graphite which has typically low defect densities [124], samples prepared in
this way are of very high quality and are used within experiments exploring fundamental
physics. However, MME is a low-throughput technique and is of little use outside of the
laboratory setting. This is because MME is non-deterministic and flakes of many differ-

ent thicknesses are produced during preparation. Single layer flakes are typically found
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amongst regions of many multi-layer flakes and generally have areas limited to the order
of a few 100 pm? [125, 126]. Methods such as pre-straining the top few graphene layers
to weaken inter-layer bonding have been demonstrated as an option for minor improve-
ment of the technique [125], but regardless, MME remains limited to use within research

laboratories when very high quality samples are required.

Liquid Phase Exfoliation

LPE is a solution-based method for the production of large volumes of 2D materials.
Rather than separating 2D flakes from the bulk material via peeling, the bulk layered
material is placed into a suitable liquid, such as water or a polar solvent, and is agitated
to separate the material layers [127]. Due to its inherent scalability, LPE has attracted
significant attention, but LPE of graphene and subsequent device fabrication still suffers
from a couple of issues: firstly, graphite does not easily form a stable dispersion because
of the large interfacial tension between graphene sheets and the majority of supernatants
[128]. Secondly, 2D material flakes prepared via LPE are typically sub pm in diameter
[127, 128].

The resulting devices created by casting from the prepared graphene suspensions lose
many of the exemplary material properties expected of graphene due to junction resis-
tances between the deposited graphene flakes [127], but the use of solution based process-
ing unlocks exciting alternative prospects, such as fully printable and flexible electronics
[127, 129]. To address the issue of stabilised graphene suspensions, many early attempts
focussed on the dispersion of graphene oxide (GO) [130, 131] or functionalised graphene
[132-135] as their interfacial energies more easily allow for stabilised exfoliation and sus-
pension in liquids. However, to regain the properties of graphene, functionalised graphene
has to be un-functionalised and GO has to be reduced. Though these methods have met
with partial success, the resulting graphene material is always defective and is why reduced
graphene oxide (rGO) and functionalised graphene are recognised as distinct materials [3].

Hernandez et al. were the first to demonstrate successful graphene dispersion directly
from graphite by sonicating graphite bulk material within N-methyl-pyrrolidone (NMP) as
the supernatant [50], but this approach requires the use of an environmentally unfriendly
and difficult to remove solvent. Paton et al. then provided an improved method for the
production of graphene suspensions from graphite through shear exfoliation of graphite (as

well as other bulk 2D materials) in liquids [51]. In contrast to the sonication-based method
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demonstrated by Hernandez et al., the shear exfoliation method introduced by Paton et
al. allows production of suspensions in volumes of 100 L and greater. Additionally shear
exfoliation was shown to work using sodium collate as a surfactant or poly-vinyl alcohol as
a polymer matrix meaning that NMP could be removed from the process. A continuation
of this process was demonstrated by the Varrla et al. at Trinity College, Dublin, who
used a kitchen blender and household detergent to create aqueous suspensions of defect

free graphene platelets [136].

2.2.2 Bottom-up Synthesis

Bottom-up synthesis describe methods where small precursor materials are used to grow
a film of the desired material. Within graphene research the bottom-up method is domi-
nated by two methods — Si sublimation from SiC and chemical vapour deposition (CVD).
Both of these methods are capable of creating wafer-scale graphene films, which are typ-
ically > 95% single layer graphene with areas of two to five layer graphene found at step
edges for growth on the Si face of SiC [48, 137], or around growth surface defects for
growth via CVD [138]. Bottom-up synthesis is generally regarded as the best option for
batch- to mass-scale production of electronic-grade graphene, that is graphene with charge

carrier mobilities in excess of 4000 cm?V~!s7! [58].

Si Sublimation from SiC

One route to produce continuous, wafer-scale graphene films is via thermal decomposition
of SiC. When heated above 1300 °C in vacuum, Si atoms sublime from the outermost layers
of a SiC wafer, leaving behind reconstructed layers of graphitic material [46, 139]. Figure
2.7 displays a schematic representation of graphene growth on SiC and displays how a
buffering layer forms below subsequent graphene layers for epitaxial growth on SiC [139].
The buffering layer is covalently bonded to the SiC bulk and does not have graphitic
properties. In this way, it is possible to create wafer-scale graphene which is compatible
with standard semi-conductor processing techniques.

As SiC has a layered structure, comprised of alternating layers of Si and C, wafers
are terminated on one face with Si atoms (0001) and on the other with C atoms (0001).
Graphitic layers evolve differently on each face, depending on the terminating species.
On the Si face, epitaxial graphene layers follow a stepped morphology, matching the

underlying substrate. In addition to the buffer and epitaxial layers, multilayer regions
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Figure 2.7: Cross sectional TEM with annotation displaying epitaxial graphene grown on
SiC, with the covalently bound buffer layer. Taken from Norimatsu et al. [139].

are observed at the step edges of the substrate, as graphene growth on this face nucleates
from these points and grows outwards [48]. The single layer regions grown upon the Si
face may be continuous along the length of the steps up to a length of, but are limited
to only a couple of um wide due to terrace widths [44]. On the C face, graphitic layer
growth remains close to atomically flat, but is polycrystalline, with graphene crystallite
sizes of ~ 1pm [140, 141]. Finally, SiC wafers are prohibitively expensive for use as the

basis for graphene growth, costing approximately $1200 for a single 6” wafer.

CVD on Transition-metal Films

CVD is the deposition of thin films via the chemical reaction of precursors at, or near,
a heated surface on which the film is to be deposited [142] and is currently the foremost
method for large-scale monolayer /bilayer graphene production [55, 56]. The graphene
CVD process utilises thermal decomposition of hydrocarbons to provide the carbon for
graphene film growth. Methane is most common hydrocarbon precursor used, because it
allows the greatest control over the carbon partial pressure within the reaction chamber
and thus the tightest control of graphene synthesis. However, methane-based graphene
CVD requires high working temperatures of 1000 °C or greater for high quality graphene
growth [143]. Investigations into the use of other precursor materials have shown promise
for reducing processing temperatures (ethane [144], ethanol [145], solid sources [146]),

increasing graphene film growth rates [144, 147], or creating pre-patterned graphene films
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(PMMA [148]), but the resultant graphene quality is typically lower than films grown
with methane at elevated temperatures. As a counter example, Chen et al. demonstrated
high-quality CVD growth of graphene using ethanol as the hydrocarbon precursor, but
growth was carried out at 1065 °C, indicating that elevated temperatures promote im-
proved graphene quality [68].

Most graphene CVD uses a transition-metal foil in a dual role, as the catalyst for pre-
cursor dissociation and as the supporting surface for graphene film growth. The inclusion
of a catalytic surface is necessary, particularly for methane based CVD, as it reduces the
required temperature for methane dehydrogenation from 1200 °C to below 900 °C. A wide
variety of metals have been investigated, with large area single crystal graphene domains,
with diameters exceeding 1 mm, being achieved on Pt [149], Ir [150] and Cu [58].

Due to cost and the ease of post-graphene-growth etching of the supporting metal,
Ni and Cu are the most widely investigated metals for use as the supporting foil within
graphene CVD. Of these two, copper has emerged as the current favoured metal to use as
a catalyst and support during graphene synthesis because the solubility of carbon within
copper is atypically low for transition metals at 0.001 - 0.008% weight at 1083 °C [60, 61].
In contrast, the carbon solubility within nickel is much more typical at 0.3% weight at
1000 °C [151]. The difference in carbon solubility within copper and nickel results in differ-
ent growth pathways for graphene during CVD [62, 152]. Figure 2.8 displays a schematic
representation of the different graphene growth pathways for a) nickel and b) copper [62].
Because of the high carbon solubility within nickel, dissociated carbon species diffuse
into the nickel first before segregating and precipitating to the surface. This results in
highly polycrystalline graphene, formed from small graphene crystallites of only a few pym
across, with a many multilayer regions [62, 152]. In contrast, the low solubility of carbon
within copper means that carbon fragments are predominantly confined to the surface
of the copper foil which leads to surface mediated graphene growth, which promotes the
growth of monolayer graphene [59, 62] with domains diameters often in excess of 100 pm
[70, 75, 153-155]. Additionally, graphene growth on copper is self-terminating at the
point of full monolayer coverage, due to catalyst poisoning by the graphene film [59]. The
interactive behaviour between carbon and copper naturally provides a low-effort route
to large-scale monolayer graphene, and as homogeneous monolayer graphene is highly
desirable for its electronic properties, it is easy to appreciate why copper has become
the preferred metal of choice for graphene CVD. Because methane and copper are the

predominantly used precursor and catalyst respectively, the rest of this section will focus
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Figure 2.8: Schematic diagrams of the possible distribution of C isotopes in graphene films
based on different growth mechanisms for sequential input of C isotopes. (a) Graphene
with randomly mixed isotopes such as might occur from surface segregation and/ or
precipitation. (b) Graphene with separated isotopes such as might occur by surface ad-
sorption. Taken from Li et al. [62].

on methane-based, copper catalysed graphene CVD.

2.2.3 Copper Catalysed Graphene CVD

Copper catalysed CVD recipes essentially follow the protocol by Li et al. [59]. Advances
in understanding of the underlying growth mechanisms mean that modified recipes are
now capable of producing continuous graphene films with individual domain dimeters
of 1 mm or greater [58|; a significant increase from the domain diameters of 5 - 10 pum
reported within the Li paper [59]. Domain diameter is important within graphene CVD,
as the electronic properties of the resultant films are closely related to the density of
grain boundaries within the film [79, 81, 82, 156]. To produce a continuous graphene film
whilst reducing the grain boundary density requires increased domain area, or diameter.
This also requires reduced nucleation density. Therefore, much of the copper-catalysed
graphene CVD research to date has focussed on maximising domain size and minimising
domain density and CVD graphene quality is often referred to against these metrics.
Before discussing the parameters which can tailor graphene CVD growth behaviour,
a conceptual framework is introduced within which the results can be discussed. Figure
2.9 displays a cartoon representation of graphene domain morphology and its relation

to J e, which is the total influx of carbon fragments incident on a growing graphene

18



domain, and J.q4 Which is the relaxation diffusion rate of newly attached carbon species
around the edge of a growing graphene domain. The conceptual model is primarily based
upon the research of Wu et al. [157, 158], which demonstrates the evolution of graphene
domain morphology as a function of H, partial pressure, thus varying the relationship
between J sy, and Jeqqe. The factors influencing J s, are discussed below; it is assumed

that Je44e remains approximately constant, regardless of conditions.

Graphene domain

@j*@t :Carbon

edge o " o
Jflux = Jedge Jflux < Jedge

@

Figure 2.9: Cartoon schematic of the effect on the relationship between the rate of incident
carbon fragments (J f;,,;) and relaxation rates of newly attached carbon fragments around
the graphene domain edge (J.4q.) on graphene domain morphology.

Influence of Methane Partial Pressure

Within methane-based copper-catalysed graphene CVD, the methane is used as the car-
bon precursor for the growth of graphene films. Increasing the methane partial pressure
leads to more rapid completion of the graphene film [159], but also increases the graphene
nucleation density by increasing the probability of carbon supersaturation at the cop-
per foil surface [160]. Early production of large diameter graphene grains used reduced
methane partial pressure to reduce domain density which was then followed by extended
growth periods under tightly controlled conditions. Such growth is demonstrated within
the research by Chen et al. [161] where a 6 hour growth was used to grow isolated graphene
domains 1 mm across.

Returning to the J 1, /Jeqge model, an increase in methane should increase J f1,,,, and
should lead to increasingly lobed behaviour. However, as demonstrated within Chapter
4 there are limits beyond which our model framework no longer applies, and at Hy:CHy
ratios of ~ 5:1 or lower, the methane content is large enough to cause graphene to nucleate

and grow so rapidly that compact but irregular domains are formed.
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Influence of Hydrogen/Methane Ratio

Hydrogen was originally included to provide a protective reducing atmosphere within the
reactor for the growth of the graphene film [59]. However, hydrogen has been found to
have profound effects upon graphene growth and the ratio of Hy:CH,4 within the reaction
space is known to have a considerable effect on the resultant domain size, density and
morphology.

Increasing the partial pressure of hydrogen within the system reduces the graphene
domain nucleation density [162]. The graphene domain morphology is also affected by
hydrogen partial pressure [157, 163, 164], with increasing partial pressure resulting in
the growth of more compact domains and reduced Hy:CH, creating dendritic domain
morphology.

Both of these effects can be explained via the chemical equilibrium between solid
graphene and gaseous CH, within the reaction space [157, 164], described by Equation
2.8 [164]:

CHy(g) + (x) == C(ad) + 2H(g) (2.8)

If more hydrogen is introduced into the system, this pushes the carbon equilibrium away
from surface adsorbed carbon (graphene) and towards gaseous carbon (CHy). In this way,
both the reduction in nucleation density and the reduction in domain dendricity can be
explained. Nucleation density reduction is explained by the reduction of adsorbed carbon
species on the copper surface, which reduces the likelihood of carbon supersaturation and
thus domain nucleation.

Domain morphology can be explained via a similar logic and returning again to the
J fiuz/Jeage model, increasing Hy within the system reduces surface bound carbon. This
naturally reduces Jy,, and leads to the formation of increasingly compact domain mor-
phology Such an effect is displayed in Figure 2.10 wherein the hydrogen partial pressure is
increased from panel a) to panel 1) and results in increasingly compact domain morphology
[157].

Hydrogen has been described as a weak etchant towards graphene. However, the
etching of graphene by hydrogen can be explained by the shifting of the equilibrium
described in Equation 2.8 to the left, by the presence of superfluous hydrogen within the
system, causing carbon to exist preferentially as gas (CHy). Kraus et al. demonstrated this
by growing a graphene domain and then changing the reactor atmosphere by increasing

the partial pressure ratio of Ho:CHy (w = p(Hy)/p(CHy)) such that the preferential carbon

20



Figure 2.10: Typical SEM images of separated GFs under different conditions. All scale
bars are bmm. Taken from Wu et al. [157].

phase became gaseous CH4. The result of their experiment is displayed in Figure 2.11,
where it is clearly observed that hexagonal voids have begun to etch away from the grown
graphene domain because of the shift in chemical equilibrium.

Finally, whilst the etching and inhibitive effects of hydrogen within the reaction space
have been discussed above, it is worth mentioning that there is also evidence of hydrogen

acting as a co-catalyst [163]. The preliminary study by Vlassiouk et al. [163], within which

50 um

Figure 2.11: Optical image of a graphene flake after 2 hour CVD growth at p(Hs) = 25
mbar and w = 1000, where w = p(Hy)/p(CH,). Before finishing the CVD experiment
the reactive atmosphere was changed and the sample was exposed to p(Hz) = 60 mbar
at w = 3000 for further 30 min. As clearly seen in optical microscopy, the rim of the
graphene flake turned into a circular shape and hexagonal holes were etched into the
inner part of the flake, i.e. the decomposition of the previously grown graphene flake is
clearly observed. Taken from Kraus et al. [164].
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the initial increase in domain growth rate with increasing hydrogen content was elucidated,
posited that monatomic hydrogen radicals assist the dehydrogenation of methane thus

leading to the observed enhancement of graphene domain growth.

Influence of Oxygen

Tuning the partial pressures of hydrogen and methane provide a method for reducing
the domain density. However, ultra-low domain densities achieved via Hy:CH, adjust-
ment typically require lengthy growth periods of multiple hours which are not compatible
with mass scale production [161]. The inclusion of trace amounts of oxygen at different
stages within the CVD process provide further routes for reduced nucleation density and
increased domain growth rate [66, 70, 154, 164, 165]. Figure 2.12 displays a schematic rep-
resentation of a typical CVD growth cycle, with the different stages of ramping, anneal,

growth and cooling indicated.
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Figure 2.12: Diagramtic illustration of the temperature profile used throughout hot-wall
graphene CVD process, with different stages labelled.

During the ramping and anneal stages, oxygen has the effect of removing carbon from
the copper growth foils whilst forming an oxide surface on the foil [154, 164]. By removing
carbon out of the foil prior to the injection of methane, it is ensured that no locations
on the foil are close to carbon supersaturation, required for graphene domain nucleation,
prior to methane introduction.

During the growth phase, residual oxide on the copper surface passivates nucleation
sites which would otherwise promote supersaturation, due to an increase in available metal
d-orbitals. Because the oxygen atoms occupy d-orbital dense regions instead of carbon,

supersaturation is inhibited and graphene domain nucleation is reduced [70].
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Oxidation of the copper foil surface prior to growth also increases graphene growth
rate during the growth stage and domain dendricity. Using the Jfj;/Jeqge model, this
can be explained by the increased mobility of carbon fragments on the copper surface,
which is due to the removal of carbon trapping defects because of oxygen occupation of

nucleation sites, which results in an increase in J s,

Buffering Gas

Many modern CVD recipes dilute methane and/or hydrogen within an inert buffering
gas due to either safety concerns for the mitigation of explosions [58, 85], or to allow a
reduction of precursor flow rate, typically CHy to provide fine control on graphene growth.
Wu et al demonstrated successful growth of continuous graphene with mm-scale individual
domains by diluting methane and hydrogen below their lower explosive limits (LEL) (5%
and 4% respectively) within argon [58]. Dilution of explosive precursors below their LEL
largely mitigates safety concerns surrounding explosive gas leaks. Indeed, with a more
direct view to mass production, Zhong et al. [85] investigated roll-to-roll manufacturing
of graphene using an open ended tube furnace arrangement. To avoid ambient influx
through the open ends of the furnace, the reaction chamber pressure was maintained
above atmospheric pressure by flowing a superfluence of buffering gas, along with the
reactants, into the reaction chamber. Due to cost considerations, the buffering gas used
in this instance was nitrogen, rather than the almost universally used of argon.

Within CVD graphene growth, the buffering gas should not be chemically involved in
the graphene growth process. Wu et al. [157] demonstrated that the use of helium and
argon produced qualitatively similar graphene growth, which suggests that the choice of
buffering gas is non critical. However, the only inert gas which is cheaper than argon
is nitrogen — hence the decision by Zhong et al. [85] to use nitrogen within a high flow
scenario — but Ny is not monatomic. This means that there is a risk of N5 dissociation
when a high energy environment is used and it is likely that this is the primary reason that
very few groups report the use of Ny within a graphene CVD setting. The likelihood of
N, dissociation within a hot-wall graphene CVD set up is low however, due to the binding
energy of 9.76 eV between nitrogens within Ny [86, 88]. This assumption seems to hold,
as no significant signal for nitrogen doping was observed within CVD graphene grown by
the few groups to have used nitrogen as a buffering gas [85, 166], although it must be

mentioned that none of these studies carried out extensive spectroscopic investigations to
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confirm the presence of nitrogen within their films.

2.3 Graphene Doping

Graphene is a 0-bandgap semiconductor, meaning there is no band gap between the
conduction and valence band, but also no overlap between the conduction and valence
bands [2]. This is illustrated within Figure 2.13, which displays a plot of graphene’s
density of states (DOS). E = 0 is defined at the Dirac point, which means that the Fermi-
level of pristine graphene lies exactly between the valence and conduction bands and that
the DOS is infinitesimally small at the Fermi-level of pristine graphene. The touching of
valence and conduction bands means that graphene is electronically flexible. By modifying
the band structure of graphene through heteroatom substitution to the graphene lattice
[167-170], or through the formation of nanoribbons [171], graphene can be changed to
behave as a small band-gap semiconductor. Alternatively, the position of the graphene’s
Fermi level can be altered via charge transfer between graphene and adsorbants, to p- or
n-dope the graphene channel [172, 173], as illustrated by the arrows and representative
I4s/Vgy plots in Figure 2.13. Shifting the Fermi-level in this way changes the electronic
behaviour of graphene to pseudo-metallic, increasing graphene’s conductivity, due to an

increase in the available states.

2.3.1 Substitutional Doping

Substitutional doping of graphene involves exchanging carbon atoms within the graphene
lattice with alternative atom species. Nitrogen (n-doping) and boron (p-doping) are used
as substitutional dopant atoms within graphene as they have similar atomic volumes to
carbon whilst having one extra or one fewer electron respectively [174]. However, the
inclusion of substitutional heteroatoms within the graphene sheet disrupts the crystal
structure of intrinsic graphene, creating polar regions within the graphene sheet [175] and
also, in many cases, the loss of additional carbon atoms from the graphene lattice [168].
This means that the linear dispersion around the K-point within the Brillouin zone no
longer exists and therefore the graphene sheet loses many of its exceptional electronic
properties.

Substitutional doping of graphene has been explored in a bid to create analogues of

classical p-n field effect devices from graphene [169, 176-179], to create an electronic band
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Figure 2.13: Annotated DOS diagram for graphene. Effective addition of negative charge
to the graphene sheet n-dopes the graphene channel, shifting E to the right and the
graphene I;5/V, curve to the left, as shown at the right hand side of the figure. Conversely,
effective removal of negative charge from the graphene sheet shifts E left and the I,5/V,
curve right.

gap within graphene [167, 180], to alter the electronic [176, 178, 181] and electrochemical
properties of graphene [35, 182, 183] or to increase chemical sensing capabilities [35, 183,
184].

As a significant section of this thesis is concerned with unintentional inclusion of
nitrogen into the graphene lattice during CVD, it is important to understand the markers
associated with nitrogen-doping of the graphene lattice. Nitrogen substitution into the
graphene lattice results in the addition of approximately 0.5 electrons per nitrogen to the
graphene sheet [167, 185, 186], except in the case of H-free pyridinic nitrogen substitution
[186]. Boron doping shares many similarities, although the electronic signature is the
reverse of nitrogen doping [180].

Of more interest to this research is the investigation of nitrogen substitution into
the graphene lattice via spectroscopic methods, as atmospheric p-doping of transferred
CVD graphene can obscure the electronic signature of nitrogen inclusion. There are two
widely used spectroscopic methods within this field which are Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS). Raman spectroscopy is not directly chemically

sensitive, but can be used to investigate the doping, strain and carbon vacancy density
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of graphene [175, 179]. As nitrogen inclusion typically results in the creation of carbon
vacancies, the carbon vacancy densities can be used as an approximation of nitrogen in-
clusion, if calibrated against a chemically sensitive, quantitative technique such as XPS
[168, 178, 179, 187]. XPS has been used extensively to study nitrogen content in in-
tentionally N-doped graphene [168, 179, 187-189] and is able to detect the presence of

nitrogen within the graphene lattice at concentrations of ~ 0.3 at% [190, 191].

2.3.2 Adsorbate Doping

Another form of graphene doping is caused by adsorbates which cause local field disrup-
tions through charge exchange interactions. Adsorbates physisorb or chemisorb on the
graphene surface, which results in partial or full charge transfer, respectively, between the

graphene and the adsorbate [173].

Unintentional Dopants

In the context of CVD graphene devices, undesirable adsorbates often originate from the
transfer process required to remove the graphene from its growth surface for use on a
dielectric substrate [192]. Residues from the polymer support layer typically used during
graphene transfer are a major source of p-doping and charge mobility reduction within
graphene devices [192, 193] and as such, considerable research has been carried out to
find methods for minimising or removing polymer residues. Additionally, as most transfer
protocols use a wet etch to remove the growth substrate, followed by a water rinse,
trapped water between the graphene film and the target substrate contribute to p-doping
and charge carrier mobility reduction of the overlying graphene channel [194-197].

A number of different approaches have been investigated to combat unwanted graphene
adsorbates originating from the transfer process. Annealing of graphene films within a
high-vacuum or reducing environment [193] can improve the properties of transferred
CVD graphene by removing adsorbates via pyrolysis or evaporation. However, Tripathi
et al. recently demonstrated how the extended annealing treatments required to fully
remove transfer-related adsorbates have been found to cause the graphene film to crack
and tear [198].

Methods to reduce the the number of adsorbates from the transfer process have also
been investigated, with many focussing on alternative polymers or supporting layers for

improved support removal. For instance, both Lafkioti et al. and Hu et al. demonstrated
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reduced p-doping and increased charge carrier mobility within GFET devices by treating
the target substrate with hexamethyldisilazane (HMDS) prior to transfer to make the
surface hydrophobic and thus reduce or eliminate trapped water underneath the graphene
sheet [196, 197]. Hallam et al. demonstrated that the use of nitrocellulose, which is more
easily solvated than the typical poly(methyl-methacrylate) (PMMA) [199]. More recently,
Zhang et al. demonstrated graphene transfer through the use of rosin which naturally
sublimes in an ambient atmosphere, thus ultimately leaving the transferred graphene clean
[200]. A similar strategy was employed by Belyaeva et al. who used cyclohexane as a
support layer by leveraging the difference in freezing points between water and cyclohexane
to provide a liquid/solid /liquid supporting material within the etching/transfer/support
removal stages [201]. This approach has the advantage of allowing the strain within the
graphene sheet to relax prior to transfer but requires very tightly controlled temperatures
to succeed. Paraffin has also been demonstrated as an effective transfer support by Leong
et al., due to the ability of paraffin’s thermal expansion to remove wrinkles within the
graphene prior to transport and the fact that paraffin is a short chain alkane which does
not strongly interact with graphene, thus resulting in flat, largely residue-free transfer

202].

Intentional Dopants

Beyond undesired adsorbates, the creation of hybrid graphene/nanoparticle structures
provides a route towards tailoring GFET-based device properties. Many different graphene/
particle systems have been explored with most based upon decoration of the graphene
sheet with metal or metal-oxide nanoparticles.

For example, Lee et al. found that the deposition of Ag (Au) nanoparticles on graphene
induced n- (p-)doping of the underlying graphene sheet [203], whilst in a contradictory
study, Huh et al. reported that the application of Au nanoparticles produced n-doping
of the graphene channel [204]. A first principles study by Khomyakov et al., suggested
that the doping of the graphene sheet by a physisorbed metal such as Cu, Au or Ag is
related not only to the work function of the metal but also the separation between the
graphene and metal and may provide an explanation for this discrepancy, although it
must be noted that within this work, Au was found to only act as a p-dopant towards
graphene [173, 205]. Figure 2.14 displays Khomyakov’s results on the alteration of the

graphene Fermi level by physisorbed metals at separations of the graphene monolayer
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van-der-Waals thickness of 3.3 Aand at a long-range separation of 5 A [173]. Within this
plot, the work function of graphene covered metal is denoted by W and W refers to
the work function of freely standing graphene [173]. It is interesting to note that even
though the work functions of Ag and Cu are greater than the surface chemical potential
of graphene, direct contact between graphene and Cu or Ag should result in n-doping of

the graphene sheet.
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Figure 2.14: Calculated Fermi energy shift with respect to the conical point, AEg (dots),
and W - W¢ (crosses) as a function of the clean metal-graphene work-function difference
Wiy - W, W denotes the work function of graphene-covered metal. The lower (black)
and the upper (green/gray) points are for the equilibrium (d ~ 3.3 A) and large (d = 5.0
A) graphene-metal-surface separations, respectively. The insets illustrate the position of
the Fermi level with respect to the conical point. The units and increments on the RH
axis are the same as those displayed on the LH axis. Taken from Khomyakov et al. [173].

Graphene-nanoparticle systems have also been explored using a wide variety of non-
metal particles. Meyer et al. demonstrated efficient charge injection/extraction into
OLED devices using a MOj/graphene double layer [206], wherein MOj3 was found to p-
dope the graphene layer. Z. Zhang et al. demonstrated the use of SnO, nanoparticles
[207], whilst D. Zhang et al. demonstrated the use of ZnO nanoparticles [208] to create
GFET-based gas sensors sensitised towards Hy and CH,4 respectively. In fact gas sensors
based on graphene/metal oxide nanoparticle hybrid devices are an active area of research,
with Singh et al., Kodu et al. and Song et al. demonstrating ppm detection of CO and
NH;, NH3 and propanal respectively [37, 209, 210]. In addition, semiconductor nanopar-
ticles [98, 211, 212], poly-oxy-metallates(POMs) [213] and 2D materials such as MoS, or
graphene oxide [40, 214] have been applied within hybrid graphene-particle architecture,

with all efforts aimed at increasing the chemical sensitivity of the underlying graphene
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architecture.

2.4 Gas Sensing

Because of the atomic thinness, high specific surface area, low charge carrier density and
low electronic noise of graphene [33, 39, 215], it should be an exceptional material for
chemical or gas sensing [216, 217]. Typically graphene based sensors are based upon
FET architecture [39, 217], as displayed in Figure 2.15. If prepared correctly, small
changes in charge carrier concentration within the graphene sheet, resulting from charge
transfer interactions between the analyte and the graphene sheet, can produce appreciable
resistance changes of graphene devices [218]. In exceptional circumstances, it is possible
to detect the adsorption and desorption of single molecules using a pristine graphene
device as demonstrated by Schedin et al. [33], although it must be mentioned that to
achieve this detection a Hall device geometry was used, which would be impractical for
most applications. As well as extreme sensitivity, one of the major appeals of graphene-
based sensors is the reduced device power consumption, because graphene-based devices
can operate at lower temperatures [219] than the 200 °C — 500 °C operating temperature

range required by metal-oxide gas sensors [217].

Figure 2.15: Image of a typical interdigitated GFET on 80nm SiO,, used as the basis for
graphene-based gas sensing device architecture. The contacts are Au evaporated through
a shadow mask over pre-transferred graphene.

The detection of gases by graphene-based devices is mainly through observation of

conductance changes upon the adsorption of analyte species. However, due to the low
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density of defects and therefore low density of chemically active sites within the graphene
basal plane, species adsorbed on graphene interact through physisorption, rather than
chemisorption. Leenaerts et al. demonstrated, through DFT simulations, that even polar
molecules, such as NO,y, which strongly physisorb to graphene, only charge exchange
the equivalent of 0.1e per NOy molecule [172]. Because of the small exchange interaction
between graphene and physisorbed species, the cleanliness of the graphene used within gas
sensors has a significant effect on device sensitivity. Figure 2.16 displays results recorded
by Guay et al., which demonstrate the effect of poly-(methyl-methacrylate) (PMMA)
residue density on the response and reproducibility of graphene based gas sensing [218].
Reduction of PMMA residue density on the graphene sensor surface, achieved first via
acetone rinse and subsequently by sample baking for extended periods shows marked
improvement not only to device sensitivity, but also to device baseline recovery which is

extremely important for successfully reproducible gas sensing behaviour.
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Figure 2.16: Evolution of resistance as a function of time for graphene sensors that have
had the following surface treatments (a) rinsing in acetone (b) baking in forming gas for 1h
(c) baking in forming gas for 10h. (d) Graphene sensor covered with 60 nm PMMA. The
sensors were exposed to concentrations of 1400, 2730, 4000, and 5200 ppm, respectively
in this order. Note that a baseline was subtracted from the data for clarity. Image taken
from Ref [218].

Chemisorption on the other hand results in the charge exchange of 1e either from or to
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the chemisorbed specie, due to the ionic or covalent nature of chemisorption. One route,
which is garnering much interest is the improvement of the sensitivity and selectivity
of CVD graphene based sensors through the use of catalytic particles to create hybrid
graphene /particle systems [36, 40, 93, 94, 98, 208-210]. The basic principle is to leverage
the increased interaction strength of chemisorption, using an appropriately selected metal
or metal oxide nanoparticle, whilst providing a highly conductive transport layer for
charge transport with the underlying graphene film.

A number of graphene/nanomaterial hybrids have been demonstrated for increased
sensitivity towards both oxidising and reducing analytes; a number of examples are given
below. NOs detection at 10 ppm was demonstrated at room temperature by Dimicoli-
Salazar et al. through the use of Ge quantum dots deposited onto a CVD graphene [98].
Even greater sensitivity to NOy was achieved by Hong et al., who reported sub ppm
detection of NOy over a wide temperature range of 25°C to 200 °C through the use of
MoSs decorated CVD graphene [40]. Detection of NH3 at a concentration of 58 ppm at
room temperature was demonstrated by Gautam et al. via gold-decorated CVD graphene
[36], whereas Kodu et al. showed further improved detection of NHj at a concentration
of 0.1 ppm through the use of VoO5 on graphene [209]. Zhang et al. used ZnO/rGO
hybrid sensors to achieve CH, sensitivity of 100 ppm at an operating temperature of
190 °C [208], and although not gas sensing, Salvo et al demonstrated pH sensing within an
aqueous environment through the use of undecorated graphene chemisistors [94]. Further
examples of NOy detection [37, 92, 101, 111], NH3 detection [37, 111], Hy detection [113,
207, 220], CH,4 detection [221], CO detection [37] and solvent detection [222], demonstrate
that graphene-particle hybrid systems have significant potential for next generation gas-
sensing devices, whilst the hither-to scatter-gun approach within this nascent research
field suggests that methodical studies of different graphene-particle systems would be of

significant merit.
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Chapter 3

Methods

3.1 Fabrication

3.1.1 CVD

Graphene is grown throughout this project within a hot-wall CVD reactor. The distinc-
tion of reactor heating method is of importance to results presented within Chapter 5,
as the presence of a heating element within the reactor chamber may lead to Ny disso-
ciation and consequently graphene film doping. There are two classes of reactor which
use heating elements to provide energy to the reactor space and are known as hot-wall
(HWR) and cold-wall reactors(CWR). HWRs use a heating element external to the reac-
tion space to provide temperature control, whereas CWRs employ an internal element to
provide local heating to a specific area within the reactor. As only a small area requires
heating within CWRs, CWR reactor design tends to be more compact. Heating and
cooling of the reaction area can also be achieved much more quickly within CWRs than
within HWRs as the thermal mass of the heating unit is reduced. However, the large
thermal gradient between the heated area and the cold walls of the reactor can lead to in-
homogeneous heating near the reaction surface. The reduced volume of the reactor space
also often leads to turbulent gas flow, which again causes reaction heterogeneity across
the reaction area [223]. Both of these effects are detrimental for homogenous graphene
growth. Whilst heating within HWRs requires more energy, the HWR design provides
stable, homogeneous heating throughout the reaction zone and the long tubular shape
ensures approximately laminar gas flow throughout the reaction zone [223, 224]. This is
important for reproducibility of results. The reproducibility of furnace behaviour means

that hot wall tube reactors are widely employed within the field of graphene CVD research
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Figure 3.1: A schematic representation of the tube CVD reactor used within this work.

[58, 63, 64, 68, 85, 152, 225] and is why a HWR is chosen for the research presented within
this thesis.

A schematic representation of the CVD reactor and its control systems are displayed
in Figure 3.1. The reactor space is a quartz tube which is ~ 2 m in length from end-cap to
end-cap, with an internal diameter of 50mm and an outer diameter of 54mm, which is fed
through the middle of a Carbolite 3-zone tube furnace. The Carbolite furnace, placed at
the middle of the quartz tube length is 750 mm long with an external diameter of 350 mm,
and has an internal bore of 60 mm. The end zones of the Carbolite furnace are controlled
by a pair of Eurotherm 2132 temperature controllers. These are slaved to the central zone
which is controlled by a Eurotherm 3216 temperature controller. As the reaction space
must be isolated from the ambient atmosphere, end-caps were designed to adapt between
the quartz reactor tube and KF fittings. A nitrile O-ring is compressed between the end-
cap body, a back ”collar” and the quartz tube to create a seal. These joins have been
measured to have a leak rate of less than 1.38 x 107 mbar.L.s™! for the system used within
this research. Gas flow from each bottle into the reactor is regulated a by MKS G-series
mass-flow-controller (MFC) with analog control input on each gas line. Within standard
operation, three gas lines are used. The MFCs used for the research presented within
this thesis have flow rates of 1000 standard cubic centimetres per minute (sccm) on the

nitrogen and nitrogen/hydrogen line and 200 sccm on the nitrogen/methane line. These

33



700 0
- -04 3
i 600 S §
S 08= 2
o 2
D -~z
= 900 1.2 =
= T
400 e

0O 100 200 300 400 500
SiO, Thickness (nm)

Figure 3.2: Colour map of graphene/substrate contrast for graphene placed on top of
Si0s capped Si as a function of illuminating wavelength and SiOs thickness.

flow rates were selected to provide the widest possible operating window, whilst following
flow rates reported by various groups within the literature [58, 63, 64, 68, 85, 152, 225].
In general, large graphene domains (domain diameter in excess of 100 pm) are achieved
with high hydrogen:methane ratios, and so MFCs were selected to provide the option of
tuning the hydrogen:methane ratio from 1:20 through to 250:1.

3.1.2 Polymer Assisted Graphene Transfer

Within this research, graphene is grown on copper foil. In order to investigate the
graphene’s properties, it is best to separate the graphene from its metal growth substrate
and place it on a suitable insulating substrate.

The insulating substrate used most frequently throughout the research presented here
is thermally grown SiOs on Si, with SiOs thicknesses of 85 + 5 nm or 295 + 10 nm
as these provide the optimum optical contrast for a single layer of graphene placed on
top of the bare substrate [21]. Figure 3.2 displays a colour map of the optical contrast
between a single layer of graphene and the underlying SiO, on Si substrate as a function
of oxide thickness and incident wavelength. It is seen that, for wavelengths between 500
nm and 550 nm, which correspond to green light and the human eye’s region of greatest
sensitivity [21], that greatest contrast between the overlaying graphene and the underlying
substrate are at 80 nm and 285 nm. These “magic” oxide thicknesses also provide positive

interference for light-based characterisation techniques, such as Raman spectroscopy [226].
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Figure 3.3: Schematic representation of wet graphene transfer from the copper growth
foil to a SiO4/Si substrate.

To transfer the graphene from the copper growth substrate to useful substrates for
electrical and material characterisation, a polymer assisted transfer method is employed.
It is necessary to use such a procedure because a monolayer of graphene is only one atom
thick and, even with its exceptional mechanical properties [11], it is incredibly fragile to
handle. By applying a polymer layer to graphene prior to removing it from its copper
growth substrate, the graphene is supported and protected from damage enough for gentle
handling. The polymer assisted transfer of graphene was first reported by Li et al. [62],
wherein they employed PMMA as the supporting layer during graphene transfer, which
has, since then, remained the prototypical polymer used for graphene transfer.

A 2014 paper by Hallam et al. [199] found that nitrocellulose resulted fewer contam-
inating residues on the transferred graphene surface due to easier solvation. Therefore,
nitrocellulose was used as the supporting polymer layer for all work presented within this
thesis, unless otherwise specified.

The polymer assisted transfer method is displayed schematically within Figure 3.3 and

is described stepwise below:
1. Graphene on copper foil is obtained following CVD. It is important to note that
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10.

graphene is grown on both sides of the copper foil.

. A 200 nm layer of nitrocellulose (NC) is spin cast from a 2% solution in ethyl acetate

(Sigma Aldrich, item number 09817) via spin coating at 700 rpm for 15 s followed
by 2000 rpm for 45 s, onto the desired side of the graphene/copper/graphene stack.

The graphene/copper/graphene/NC stack is floated, NC side up on a copper etching
solution of 0.5 M ammonium persulphate (APS). APS is used instead of FeCls as it

leads to fewer residues on the graphene after transfer [199, 227].

. To remove graphene grown on the reverse side of the foil without damaging the

target graphene layer, the foil/graphene/NC stack is gently handled and the reverse
side is either repeatedly dipped through the meniscus of a fresh beaker deionised
(DI) water, or rinsed under a flowing DI water tap, until the foil becomes too thin
to handle. Reverse side graphene removal is carried out every 2 minutes, starting
5 minutes after the etch is initiated. It is important to remove the reverse side
graphene, because otherwise it detaches, scrolls up and sticks underneath the desired

graphene film, degrading the quality of the transfer.

Once the copper has been completely removed by the APS, the graphene/NC stack

is gently ‘dredged’ from the etchant solution with a clean microscope slide

. The graphene/NC is gentle re-floated off of the slide onto a fresh beaker of DI water

to rinse etchant residues from the graphene. The graphene is transferred in a similar

manner to fresh DI water at least three times.

. After rinsing on deionised water, the graphene/NC stack is similarly dredged onto

the target substrate and is then allowed to dry overnight.

Following air drying, the substrate/graphene/NC is placed within a dish of acetone,

to dissolve the supporting polymer layer for at least 2 hours.

The substrate/graphene is then taken from the dish of acetone and placed into a

dish of isopropyl alcohol for 5 minutes.

Finally, the substrate/graphene is removed from the isopropyl alcohol and blow

dried with a compressed air gun.
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Figure 3.4: a)Image of a typical GFET fabricated within this work, with Cr/Au contacts
on a Si chip capped with 300 nm SiO;. The transferred graphene film is outlined by
the yellow dashed line for increased clarity. b) cartoon schematic of the GFET channel
dimensions, which is the same for all devices analysed within this work.

3.1.3 GFET Fabrication

Graphene devices studied within this research are based on graphene field effect devices
(GFETs). Figure 3.4 displays an image of a typical GFET chip fabricated during this
project. GFETs were fabricated by transferring CVD graphene over electrodes which
were pre-patterned onto 300 nm thermally grown SiOs on degenerately p-doped Si wafers.
The underlying Si wafer resistivity is within the range of 1 - 102 cm, which allows the
underlying Si substrate to be used as a global back gate during experiments. Transferring
graphene onto pre-deposited electrodes was found to be more effective for batch processing
GFETs and provided a greater yield (~ 60%) than evaporating electrodes through a
shadow mask onto pre-transferred graphene films (~ 5%). The reason for this is not clear
and further investigation would be required to understand why this is the case.

Positive photolithography with AZ5214 photoresist was used to define the electrodes
by exposing photoresist to UV light through the same shadow mask used during thermal
evaporation. E-beam evaporation is then used to deposit electrodes using 10 nm chromium
and 40 nm gold. Chromium is used as an adhesion layer for the gold, which is used as the
capping layer and contact metal as it resists corrosion and is known to reliably provide
low contact resistance to graphene [228]. For these reasons, gold is used as the contact
metal to graphene throughout much of the literature. A schematic of the process steps
for electrode deposition is displayed in Figure 3.5 with step numbers corresponding to the

description below:
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. Use a clean, dry wafer.

. Spin on photoresist (AZ5214e) at 4000 rpm for 60s to create a layer of photoresist
~ 1.2 m thick. This should be followed by a soft-bake at 90 °C for 10 minutes.

. Place shadow mask over the substrate/photoresist stack. The mask should be as
close to contact across the substrate as possible to minimise feature loss due to

diffraction.

. Expose the photoresist to UV light through the mask for 12 s. The UV light breaks

bonds within the photoresist, making it more soluble.

. Use photoresist developer (Microchem AZ 326 MIF Developer) to dissolve the UV

exposed regions of photoresist. Pattern development typically takes ~ 30 s.

. Using a BOC-Edwards e-beam evaporator, deposit a 10 nm Cr/ 40 nm Au metal
stack across the entire substrate. Metal film thicknesses are determined by a quartz

crystal balance within the evaporation chamber.

. Dissolve the remaining photoresist in a high-vapour pressure solvent such as NMP
or DMF. This will “lift off” metal overlaying photoresist, leaving behind only the

desired electrode pattern.

. Pre-prepared copper/graphene/NC is then cut to the same size as the channel area
across the electrodes and is transferred via the method described in Section 3.1.2

to create a chip with 11 GFET devices.

3.2 Analysis

3.2.1 Raman Spectroscopy

Raman spectroscopy is a non-destructive material analysis technique, which provides in-

formation on the crystalline or molecular nature of the material under interrogation. Ma-

terial information is provided via the energy shifts of photons re-emitted from the sample

when under intense monochromatic illumination, conventionally expressed in wavenum-

bers (cm™!), which are referenced to the illuminating light source.

These energy shifts occur because of light-matter interactions between the illuminating

photons and phonon modes within the illuminated material. Such photon energy shifting
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Figure 3.5: Schematic representation of photolithography, metallisation lift off and
graphene transfer to create GFETs.

is known as Stokes scattering and is an example of inelastic light scattering, wherein the
energy of a photon is changed during the photon-matter interaction. Figure 3.6 displays
a schematic representation of Rayleigh (elastic) and Stokes and anti-Stokes (inelastic)
scattering. As displayed within Figure 3.6, Rayleigh scattered photons are re-emitted
(represented by the down arrow) at the same energy as they were absorbed (represented
by the up arrow). However, Stokes (anti-Stokes) scattered photons are re-emitted at lower
(higher) energy than their original energy upon absorption. This occurs, because for a
small fraction of absorbed photons, interaction between the photon and the absorbing
material leads to photon-phonon interaction, which results in the photon losing (gaining)
energy to (from) the phonon and resulting in a Stokes (anti-Stokes) energy shift of the
re-emitted photon. A high intensity light source is required for illumination, because only
a small fraction of photons (~ 107°) will be Stokes shifted [229]. It is also important
to use monochromatic light so as to be able to filter out the illuminating frequency, as
Stokes shifted signals are much less intense than the signals from Rayleigh scattered light.
Finally, the spectral linewidth of the illuminating source sets a limit on the spectral
resolution of the measured Raman spectra [230]. Thus, the illuminating source should
have the narrowest practicable spectral linewidth. For these reasons, lasers are typically
used as the illuminating source.

Raman spectroscopy has been used extensively for the characterisation of carbon based
nanomaterials [231], and since the isolation of graphene, Raman spectroscopy has proved
to be an invaluable tool for rapid, non-destructive graphene characterisation. In fact,

Raman techniques are particularly powerful when applied to graphene, because the ab-
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Figure 3.6: Schematic representation of Rayleigh and Stokes and anti-Stokes scattering
through light-matter interaction. The decrease (increase) in energy of (anti-) Stokes
scattered light is due to losing (gaining) energy from (to) a phonon, or vibrational state,
within the matter.

sence of a band-gap makes all wavelengths of incident radiation resonant and therefore
the Raman spectrum of graphene contains information about both atomic structure and
electronic properties [231]. Additionally, the atomic thickness of graphene means that the
entire thickness of the graphene sheet under illumination is measured — a condition which
holds at least until to the generally accepted limit for “graphene” of 10 layers [232].

Raman spectroscopy has been shown to be a powerful tool for investigating the quality,
doping and strain of graphene which is usually determined via the study of only three
or four major peaks common to sp? hybridised carbon networks [233-235], which remain
well defined even until the graphene film is severely damaged. The quality of graphene
is generally considered to be based upon a measure of the carbon vacancy defect density
within the graphene sheet under investigation [231, 236-243].

Figure 3.7 displays the Raman spectra obtained from a) pristine, and b) defective
graphene sheets. Raman spectra from pristine graphene only show two major peaks —
G and 2D. The G peak is related to the shearing mode between adjacent carbon planes
within the graphene lattice, as illustrated above the G peak in Figure 3.7 a). The 2D peak
is the first overtone of the D peak, which is discussed in more detail below. Unlike the
D peak, which requires a defect centre to become momentum allowed, the 2D peak is a
photon-double-phonon interaction involving two phonons of equal magnitude but opposite
direction, and as such is momentum allowed without the presence of defects [232].

Figure 3.8 displays a schematic diagram of the photon-phonon interactions for the
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Figure 3.7: Comparative spectra taken from pristine and defective graphene, showing the
characteristic D, G, 2D and D’ Raman peaks. Images taken from Malard et al.[242].
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band phonon:

Figure 3.8: Schematic representation of the photon-phonon interactions responsible for
the most common spectral peaks within Raman spectroscopy. Taken from reference [242].

most commonly discussed graphene Raman peaks — the G, D, 2D and D’ [242]. Turning
the discussion to the D and D’ peaks, Figure 3.8 displays the requirement for the presence
a defect to activate the D and D’ peaks, which are particularly important to the work
presented within Section 5. The D mode is related to the carbon ring breathing mode
which is displayed above the D peak within Figure 3.7 b). Both the D and D’ modes are
due to double resonance effects, but relate to inter- and intra-valley interactions respec-
tively [232]. Most importantly, a defect must be present to allow the D and D’ modes
to become Raman-active and as such they can be used as a measure of carbon vacancy
densities within the graphene sheet [236, 239-242]. By plotting the positions, intensities,
widths and asymmetries of the D, G, 2D and D’, a wealth of information becomes avail-
able regarding the defect density, strain, doping and number of layers of the graphene
sheet under investigation [231, 236-243].

As modern Raman spectrometers are capable of recording a single spectrum within 1
s, Raman spectrum maps with 256 pixels x 256 pixels across areas of 100 pm x 100 pm
can easily be recorded which allows detailed analysis of the quality and homogeneity
of graphene films. It should be mentioned that, in general, Raman spectroscopy is not
capable of measuring chemical composition. To address this, Raman spectroscopy is often
paired with chemically sensitive techniques such as XPS or TOF SIMS [191].

Within this thesis, high resolution Raman spectra were recorded using a Horiba Jobin
yvon HR800 UV fitted with a Symphony Solo liquid nitrogen cooled detector. A 100x
objective lens was used, with an excitation wavelength () of 514.5 nm, laser spot size

of 0.70 pm and an incident laser power of 4 mW at room temperature. Spectra were
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recorded as the average of two measurements per spectral window with an acquisition
time per measurement of 5 s, unless otherwise stated. Large area Raman spectrum maps

were carried out at CRANN, Trinity College Dublin, using a WITec alpha 300 R.

3.2.2 Atomic Force Microscopy

Since its first demonstration in 1986 [244], the atomic force microscope (AFM) has been
one of the foremost tools for the characterisation of nano materials. AFM uses a sharp tip
mounted at the end of a cantilever which is brought into close proximity to, and rastered
across, a sample surface to produce a map of surface information. In its most basic usage,
the information returned will simply be the surface topography, but modern AFMs are
capable of mapping information on the mechanical, electrical, electronic, magnetic and
thermal properties of a sample. The working mechanisms of AFM topography measure-
ments as well as Kelvin Probe Force Microscopy (KPFM) — a method which measures the
surface work function on the nano scale are described in detail later in this section.

As the tip is scanned across the sample surface, atomic forces between the tip and
sample surface lead to deflection of the AFM cantilever. Because the tip/cantilever mass
is small and AFM cantilever force constants are small (typically < 42 N/m), it is possible
to resolve sub-angstrom height profiles in ideal operating conditions and on the angstrom
scale even within an ambient environment [244]. When the tip-sample distance is very
short, such as when the AFM is operated in contact mode, the tip-sample forces are
repulsive, due to electrostatic repulsion between the tip atoms and the surface atoms [244].
If relatively larger separations are used, such as in non-contact mode, the tip-sample force
becomes attractive due to long range van-der-Waals forces. Figure 3.9 displays how the
tip-sample force varies with tip-sample separation and marks the force regimes within
which contact and non-contact modes are operated.

The deflection of the cantilever is measured by reflecting a laser off of the back of the
cantilever and measuring the change in position of the reflected laser spot on a position
sensitive photodiode (PSPD). The change in laser spot position on the PSPD is fed back
through the AFM controllers to maintain a constant separation or force between tip and
surface. Figure 3.10 provides a schematic representation of the AFM operation to measure
sample topography in non-contact mode, although contact mode operation is conceptually
similar. AFM tips and cantilevers are typically made of silicon and have a tip radius of

curvature of ~ 10 nm [246], which allows resolution of features as small as ~ 20 nm across,
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Figure 3.9: Relationship between the tip-sample force and separation; taken from reference
[245].

if using a fresh tip.

The Park Systems XE-150 AFM used within this research uses two separate piezo-
electric stages to separately control the x-y motion of the sample and the z-motion of the
scanning tip. The separation of these stages allows relatively large scan areas, with scan
side lengths of up to 100 pm and with a maximum z-range of 12 pm. However, whilst it is
possible for the AFM to manage multi-micron vertical steps, feature details begin to be
lost even for sharp features with heights in excess of a few 10s of nm due to tip-sample
convolution and finite system feedback response.

AFM data presented within this thesis was obtained with a Park Systems XE-150
AFM, unless otherwise stated. The XE-150 was used with different modes to provide
topographic and beyond-topographic information about the our graphene samples. Com-

mon AFM operation modes and the modes used within this research are discussed below.

AFM Topography Modes

There are three main AFM modes for topographical measurements — contact, non-contact
and tapping — upon which all other methods are based. We discuss the two topographical
scan modes available — contact and non-contact — with the Park XE-150 below.

Contact mode: This mode measures surface topography via cantilever deflection caused

by the electrostatic repulsive forces between tip and sample. Within contact mode, the tip
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Figure 3.10: (a) shows the scanning electron microscopy image of CDT-NCHR AFM tip,
(b) displays a schematic representation of Park Systems XE 150 AFM setup and (c) the
attractive force experienced between tip and the sample surface when operated in non
contact mode; taken from reference [245].

makes contact with the sample surface and the force between the tip and sample surface
is kept constant by the AFM feedback hardware. Changes in sample height cause the
cantilever to bend and thus the laser spot to change position on the PSPD. The feedback
from the PSPD is used to ensure that a constant force is applied between tip and sample
surface and to build up a topographic map of the sample. Soft cantilevers with low spring
constants, typically around 2 N/m should be used within this mode to avoid excessive
damage to both tip and sample. Contact mode is the easiest way to achieve very fine
z-resolution, but this comes with the cost of potential damage to the tip or sample surface,
and a high likelihood of tip contamination. Because contact mode drags the tip across
the sample surface it is unsuitable for use with soft samples as it is likely to cause sample
damage and tip contamination.

Non-contact mode: Within non-contact mode, the tip is held away from the sample
surface by the AFM, at a separation at which the attractive van-der-Waals (vdW) forces
are the dominant force between sample and tip. Within this regime however, the forces
between tip and sample are very low, and it is therefore not possible to directly measure
the sample surface through the deflection of the cantilever position. Instead, the cantilever
is vibrated at a frequency just above its resonant frequency, typically between 100 kHz

and 400 kHz, with an amplitude of a few nm. When scanning with the cantilever vibration
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Figure 3.11: Illustration of the shift in the non contact AFM tip resonance curve due to
tip-surface interactions; taken from reference [245].

set at or near to its resonant frequency, the attractive vdW forces cause a shift in the
cantilever’s spring constant from its intrinsic spring constant(kg). The shifted spring

constant is called the effective spring constant (k.ss), and is described by Equation 3.1:

keps = ko — F' (3.1)

where F’ is 6 F'/9, or the force gradient. Accordingly, the closer the tip comes to the sample
surface, the greater the force acting upon the tip and the greater the difference between k
and k.¢r. The effective spring constant is then related to the effective cantilever resonant

frequency via Equation 3.2:

kery
off = 2
Jery - (3.2)

where f.;;r and m are the effective frequency and the mass of the tip/cantilever system
respectively. Therefore, if the AFM is set up such that the operating frequency, fi, is
set at a frequency just higher than the natural resonant frequency of the tip, fo, small
changes to kesy and ferr, caused by changes to the tip-sample forces, due to changes
in tip-sample separation, lead to a large change in cantilever amplitude at the selected
frequency, fi. This effect is displayed in Figure 3.11, where f represents the cantilever’s
natural resonant frequency and f.ss represents the modified resonant frequency resulting
from reduced tip-sample distance. Because the f.;¢ resonance curve has shifted leftwards
— that is, the resonant frequency of the tip is now lower — a large change in tip amplitude,

AA is measured at the preselected frequency, fi;. Therefore, the change in amplitude, AA,

46



at f1 provides an indirect, but highly sensitive measurement of topographical variation.
Changes in f; are monitored by the z-scanner feedback loop which is used to maintain a
constant tip-sample distance to map the sample surface without the tip making physical
contact. Non-contact mode therefore preserves both tip and sample condition and is much
less prone to tip contamination than contact mode. It is particularly useful for imaging
soft or delicate sample surfaces which would otherwise be excessively damaged or lead to
tip contamination upon contact. The majority of AFM data presented within this thesis

has been captured via non-contact mode.

KPFM

Kelvin prove force microscopy (KPFM) is a technique based on non-contact AFM, which
measures the contact potential difference (CPD) between a conductive AFM tip and the
sample surface [247]. CPD is defined as:

(btip - ¢sample (33)

—€

Verp =

where ¢, and @sampre are the work functions of the tip and sample respectively, and e is
the charge of an electron.

When the AFM tip is brought close to the sample surface, the difference between the
tip and sample Fermi energy levels creates an electric force between sample and tip. A
feedback loop nullifies this force by applying an external bias to the sample or tip (Vpe),
with the same magnitude as the Vopp. Therefore, the surface work function, or electron
potential for non metals, can be calculated if ¢;, is known.

By driving the AFM tip with an AC voltage (Vac), at a frequency distinct from the
mechanical driving frequency (f1), plus a DC voltage (Vpc), KPFM measures the work
function of the sample. V4o generates oscillating electrical forces between the AFM tip
and the sample surface, whilst V¢ is applied to nullify the oscillating electrical forces
that originated from the CPD between tip and sample surface.

The electrostatic force (F.) between the AFM tip and sample is given by:

F(z) = —%5&/2%&) (3.4)

where z is the direction normal to the sample surface, AV is the potential difference

between Vepp and the voltage applied to the AFM tip, and dC/dz is the gradient of the
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capacitance between tip and sample surface. When V sosin(wt)+Vpe is applied to the

AFM tip, the voltage difference AV will be:
oV = V;gip + VCPD = (VDC + VCPD) + VACsz'n(wt) (35)

Note that the + sign depends whether the bias (Vp¢) is applied to the sample (+) or the
tip (-). In the case of the Park Systems XE 150, the sign will be - as V¢ is applied to
the scanning tip. Substituting Eq. 3.5 in Eq. 3.4 gives the expression of the electrostatic
force applied to the AFM tip:

146C(z)

Fes(2,1) = 2 62

[(VDC + VCPD) -+ VAcSin(wt)]2 (36)

which can then be divided into three parts:

Fpe = _5(;5) B(VDC + VCPD)Q] (3.7)
Fw = _56(;22) (VDC + VCPD)VAC : sin(wt) (38)
Fy = 50522) }lvjc lcos(2wt) — 1] (3.9)

Fpe results in a static deflection of the AFM tip and F,,, with frequency w (Eq 3.8) is then
used to measure Veopp. Fo, can be used for capacitance microscopy, but is not relevant
to this research.

When electrostatic forces are applied to the tip by V¢ and Vpe, additional oscillating
components are superimposed upon the mechanical oscillation of the AFM tip. To avoid
crosstalk between the AFM topography measurements and KPFM measurements, it is
necessary to choose w of V¢ such that the frequency of V40 is both far away from the
driving frequency for topographic measurements and neither the frequency of V z¢ or the
mechanical oscillation are overtones of each other.

A lock-in amplifier is employed to measure Vopp, by extracting the electrical force
component with frequency w, which is a function of Vopp and Vue. The output signal
of the lock-in amplifier is then directly proportional to the difference between Vopp and
Vpe and thus Vepp can be measured by applying Vpe to the AFM tip, such that the
output signal of the lock-in amplifier is nullified and F,, equals zero. Subsequently, the

value of Vpe is acquired at each point on the sample surface and a map of the surface
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work function or surface potential is created [247].
The surface potential maps created by KPFM are used within this research to explore
how charge transfer occurs between graphene and an overlaid nano/micro particle, with a

view on how that impacts the gas-sensing properties of the overall GFET /particle system.

3.2.3 TOF-SIMS

Time-of-flight secondary-ion-mass-spectroscopy (TOF-SIMS) is a highly chemically sensi-
tive surface analysis technique, which is capable of providing detailed information on the
chemical composition of investigated samples. The basic principle of SIMS is to use heavy
primary ions to ablate a sample surface and measure the mass of the ejected secondary
ions.

Unlike other SIMS techniques, TOF-SIMS pulses the primary ion source, which has
been excited and filtered to ensure that the primary ions all have the same mass. As
the primary ions all have the same mass, they will all reach the sample surface at the
same time which then means that the secondary ions, or ion clusters, are all emitted
from the sample surface at the same time. The secondary ions are then accelerated by
an electric field up a flight tube towards a detector. As the secondary species are all
ejected at the same time, but have different rates of acceleration, the arrival time of the
secondary species at the instrument’s detector can be correlated with the specie’s mass.
It is possible, via TOF-SIMS, to resolve mass differences of 0.01 atomic mass unit and
therefore distinguish between fragments which have nominally identical atomic masses,
due to mass differences which arise from atomic binding [248, 249].

TOF-SIMS is used within this research because, even within non ideal conditions,
atomic species can be detected at concentrations on the order of 0.01 atomic % (at%)
[191]. However, although TOF-SIMS provides quantitative analysis, it is necessary to pair
the technique with other quantitative methods, particularly in the case of the research
presented within this thesis because of the commonality of C/N/O fragments which are
the primary elements of interest within this study.

In the case of this research, XPS and Raman spectroscopy were used as the support-
ing quantitative methods alongside TOF-SIMS for the analysis of chemical and defect
composition within graphene films. TOF-SIMS still plays a vital role due to its capability
to probe for the presence of chemical species in much smaller concentrations than XPS

and because Raman is only defect sensitive within graphene Raman analysis. TOF-SIMS
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data presented within this thesis was obtained at the Universitiat der Bundeswehr, Mu-
nich, with a Physical Electronics TOF-SIMS system, using Ga+ ions as the primary ion

source and a 30 kV acceleration beam and measurement areas of 400 pm x 400 pm.

3.2.4 X-Ray Photoelectron Spectroscopy

X-Ray Photoelectron Spectroscopy (XPS) is a surface analysis technique which returns
information on the chemical composition and chemical configuration the sample surface.
XPS measurements are based on the photoelectric effect, which is achieved by using
monochromatic x-rays to excite electrons sufficiently to escape from core atomic levels
within the sample [250]. The energies of emitted photoelectrons are measured and a spec-
trum of intensity as a function of energy is created. The energy of emitted photoelectrons

are related to their original binding states by Equation 3.10:

hy = Ek + EB + ¢ (310)

where hv is the energy of the incident x rays, E; is the kinetic energy of the photoelectron,
Ep is the binding energy of the photoelectron’s original energy level and ¢ is the work
function of the sample. As photoelectrons have a short mean free path (A) within solids
of ~ 4 nm [251], photoelectrons generated deeper within a sample cannot escape.

Therefore, XPS is limited to surface analysis of samples. This is advantageous for
the study of graphene and other 2D materials, as XPS spectra reveals information of the
entire material’s depth, in direct contrast to that of bulk material analysis.

Ultrahigh vacuum (~ 107 millibar) is used in XPS spectrometers due to the short
mean free paths of generated photoelectrons and is required to ensure that photoelectrons
reach the detector without losing energy.

XPS provides stoichiometric analysis of a material’s composition, through the compar-
ison of emission intensities for different elements. It is possible to detect chemicals within
a material at parts per thousand [191] with XPS, although this is dependent on material
surface roughness [252] and the chemical matrix within which the chemical species is sited
[253]. Whilst XPS does not have the sensitivity of TOF SIMS or Raman spectroscopy, it
provides another quantitative method for probing the chemical composition of thin films.
XPS is therefore utilised as a complementary method alongside TOF-SIMS and Raman
spectroscopy (non-specific defect density measurement) for the analysis of graphene film

composition within this research.
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XPS data presented within this thesis was taken at the Universitiat der Bundeswehr,
Munich, with a PHI VersaProbe III, using a micro-focused monochromated Al K-alpha
source (1486.6 eV). Measurements were conducted with a spot size of 100 microns and a

pass energy of 26 eV using PHI SmartSoft VersaProbe software.

3.2.5 Electronic characterisation

To use GFETs as functional devices, their behaviour and performance need to be known.
Electronic characterisation provides a measure of the quality of the transferred graphene
sheet which can be determined by extracting the field effect mobility (urg) and the doping
of the graphene channel within GFET devices. Within this research, the gradual channel
approximation (GCA) [254] is used to characterise GFET behaviour. The GCA is selected
as an appropriate method, as it is widely used within the field of 2D materials research
[1, 255-259] and thus provides a direct comparison of the devices fabricated throughout
this research with those reported within the literature.

A Cascade probing station, in conjunction with a Keithley 4200A parameter analyser
is used to record I,/V, sweeps from the fabricated GFETs. This equipment is used
because it provides a large dynamic range for recording channel current, from nA to mA.

Figure 3.12 displays a typical 145/V, sweep, or transfer curve, taken from a GFET fab-
ricated during this research, which displays the typical "V’ shape expected from graphene
[1, 10, 194]. The 'V’ shape indicates that graphene is a bipolar conductor, with holes
(electrons) being the majority charge carriers to the left (right) of the conduction min-
imum [194]. The value of V, at the minimum point of the transfer curve corresponds
to the charge neutrality point (CNP) for the graphene device, denoted by Vonp. By
calculating the capacitive value of the dielectric layer, an estimate for the doping density

of the graphene channel can be extracted, using Equation 3.11 [194]:

_ Venp - Cop

- (3.11)

o

where ng is the residual doping density of the graphene channel, expressed as n per cm?,
C,. is the capacitance of the dielectric layer (SiO,) per cm? and q is the unsigned electronic
charge. As q is used, a positive (negative) value for ng indicates that the graphene channel
is p-doped (n-doped).

It is also possible to extract charge carrier mobility from GFET transfer curves. Within

this research, charge carrier mobility is extracted through the use of the gradual channel
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approximation (GCA), which begins with the well known expression for source-drain

current, given in Equation 3.12 [260]:

W %
Ios = T/LFECOI ((Vg — Vi)Vas — 5’) (3.12)

where I4, is the drain-source current, L and W are channel length and width respectively,
C,. is the capacitance of the dielectric layer (SiOy) per cm?, ppp is the field effect mobility,
V, and V; are the gate and threshold voltages respectively and Vg is the source-drain bias.
By differentiating Equation 3.12 with respect to V,, an expression for transconductance

(gm = ‘;I‘i:) independent of V; is achieved, as displayed in Equation 3.13:

0144 W
_ — . .V 1
5% 9Im L HFE Ooac ds (3 3)

which can then be rearranged for g, to provide Equation 3.14:

gm

L
- . Jm 3.14
Hre w Co:c . V;ls ( )

The field effect mobility is then extracted graphically by first plotting the transconduc-
tance, g, of the GFET against V,, as shown in Figure 3.13 The values of g,, at the
inflection points of the g,,/V, plot are then substituted into Equation 3.14 to return val-

ues for ppp. Each up/down 145/V, sweep therefore provides two values for the electron
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Figure 3.12: A characteristic transfer curve obtained from a GFET fabricated within this
project.
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and hole mobility, with both up sweep and down sweep values extracted as standard

procedure.

—— up sweep O
0.2 down sweep

O ht
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Figure 3.13: The transconductance curve obtained by numerically differentiating the
transfer curve displayed in Figure 3.12. The g, values to be substituted into Equation
3.14 are highlighted by red (blue) circles for hole (electron) g, values.

The gradual channel approximation provides a simple, FET-compatible method for
extracting important metrics relating to GFET operation and quality of graphene transfer,

but rests upon a number of assumptions [254]. These assumptions are:

1. The electric field between gate and source is much greater than the electric field

between source and drain.

2. The device under measurement is not saturated, and that therefore the potential

gradient is constant between source and drain contacts.
3. Conduction takes place only within a thin (2D) channel.
4. Charge accumulation underneath channel contacts is neglected.

Assumptions 1-3 make the gradual channel approximation particularly suitable for appli-
cation to GFETs, as graphene is 2D in nature, cannot be saturated due to a continuous
density of states [1, 10] and the oxide thickness means that V, must be swept over a range
which is orders of magnitude greater than the applied Vg5 of 1 mV to observe significant

modulation, as displayed on the x-axis in Figure 3.12.
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The GCA does have limitations however, and is known to underestimate charge carrier
mobility in devices as it does not take contact resistance [260], or changes in p with
respect to V, [261, pp. 500-501], into account. However, a threshold voltage is required
to calculate a meaningful effective charge carrier mobility (p.rr) instead of pgp, and as
the current within GFETs is typically only modulated by a factor of 2-5, threshold voltage
is not a meaningful concept within this work. The GCA is also widely used by researchers
who have not, or can not, acquire hall carrier mobility measurements [194, 255, 262-265],
meaning that the use of the GCA provides a direct comparison for devices fabricated
within this research against devices reported within the literature. We therefore conclude
that the GCA provides a suitable method for charge carrier mobility extraction from

three-terminal graphene-based devices.
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Chapter 4

Chemical Vapour Deposition of
Graphene Using Industrially Safe

Conditions

This chapter introduces chemical vapour deposition (CVD) of graphene and the instru-
mentation used within this project to achieve CVD growth of graphene. The “hot plate”
technique is introduced as a rapid method for assessing post growth graphene coverage
on copper foil. Optimisation results are presented for graphene recipes aimed towards full
coverage of the catalytic foil with graphene combined with increased domain area and
reduced graphene domain density.

For graphene to move beyond being a laboratory curiosity, methods for mass produc-
tion must be developed. Various techniques for wafer-scale production of graphene have
been demonstrated, such as silicon sublimation from silicon carbide [44-46, 137, 141],
solution-based processing of graphene or graphene oxide suspensions [51-54] and chemi-
cal vapour deposition (CVD) [85, 157, 159, 160, 266].

Of these, CVD has become the foremost method for the production of electronic-
grade graphene, as it is possible to produce high-quality, single-layer graphene with a
total graphene film area limited only by the size of foil growth substrate used during
CVD [58], but whilst commercial production of graphene via CVD is now possible [267],
it is far from optimised. Process safety and cost reduction are two areas which are only
now beginning to receive attention within the graphene literature [58, 85, 268], as much
of the research to date has been examining the fundamental behaviours of graphene CVD

growth [75, 157, 159, 160, 269, 270] and the graphene CVD recipes presented within this
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chapter aim to address both of these issues.

To increase process safety, the explosive precursor gases, hydrogen and methane, are
diluted below their lower explosive limits (LELs) of 4% and 5% respectively within a
buffering gas [58, 85]. However, diluted precursor gases must be flowed into the reaction
space at much greater volumes when compared with the used of pure precursor mixtures
to achieve the required precursor partial pressures for graphene growth reactions to take
place [85]. The use of large total gas flow rates results in the rapid consumption of
the buffering gas, which is then a major cost concern when considering commercial-scale
growth. As discussed previously, argon is predominantly used as the buffering gas because
it is chemically inert, which means it should not interact with the growing graphene film.
However, the cost of flowing sufficient argon for graphene production within industrial
settings is likely to become prohibitively large.

A cheaper alternative to argon is nitrogen, as it makes up ~ 80% of Earth’s atmo-
sphere, rather than < 1% for argon. Nitrogen, whilst existing as a diatomic molecule, is
also inert within most conditions, due to the triple bond between nitrogen atoms within
a di-nitrogen molecule [86-88]. Therefore, replacing argon with nitrogen when using high
gas flow processes to produce graphene provides a simple step for cost reduction. The in-
crease of gas flow rate also necessarily increases the pressure within the reaction chamber
above the millibar range typically reported within literature, if similar precursor pressures
are to be maintained within the reactor [59, 271, 272].

The work presented within this chapter demonstrates the successful development of
growth recipes for graphene grown under an a-typical 10 - 100 millibar pressure regime
within a nitrogen, rather than an argon, atmosphere. In addition, as the main focus
of this chapter is the development of graphene CVD recipes using low cost techniques,
the “hot plate technique” is introduced and verified as a simple and cheap, yet effective

method, for the characterisation of CVD graphene growth on copper foils.

4.1 Graphene CVD Optimisation

CVD graphene growth on copper is possible under a wide variety of process conditions,
but not all recipes will grow graphene of equal quality [164]. Ideally, graphene grown via
CVD would nucleate from a single nucleus and grow into a monocrystalline film. How-
ever, in general, graphene domain nucleation is a continuous process leading to multiple

domains nucleating, which grow and stitch together to create a large continuous sheet of
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polycrystalline graphene [225, 273]. The presence of domain boundaries and rotational
domain misalignment degrades electronic and mechanical properties [273].

As a route to film improvement, domain boundary density should be reduced, hence
domain nucleation density (pp) must be reduced, which in turn means that domain area
must increase to achieve full coverage. It has been observed that increased temperature
[70, 274], increased Hy:CHy ratio [58, 162], reduced Cu foil surface roughness [275, 276]
and a non-reducing pre-growth atmosphere [63, 70, 74] all contribute towards achieving
large domain area, low domain density CVD graphene.

Within this chapter, the optimisation of graphene CVD is explored, with the primary
aim of providing continuous graphene coverage on the copper growth foil whilst also
minimising domain density. Copper is used as the catalytic growth foil because of the low
solubility of carbon within copper — a trait which is atypical of transition metals [277] —
which means the reaction is dominated by surface interactions and monolayer graphene
growth is favoured [62]. To ensure that processing remains industrially safe, both methane
and hydrogen are supplied as 2% balance within an inert buffering gas, below their lower
explosive limits of 5% and 4% respectively [58, 278].

Growth optimisation is carried out in a step-wise fashion, starting with foil pretreat-
ment, followed by temperature, Hyo:CH, ratio, trace oxygen inclusion and finally a revisit
to Hy:CHy ratio. Temperature is chosen as the first in-growth parameter to study as it
interacts weakly with the other parameters of interest. Hy:CHy was chosen as the next
parameter for investigation as it has been widely reported to have a significant effect on
graphene nucleation and growth. Trace oxygen inclusion was then studied following a
number of publications in 2016 which brought the idea to our attention [66, 75, 154, 165]
Finally, Hy:CH, was revisited following some unexpected results from the inclusion of

trace oxygen.

4.1.1 Hot Plate Method for Graphene Nucleation and Growth
Analysis

Graphene grown on copper is invisible to the naked eye, normally requiring complex equip-
ment to inspect without further processing. Instead, within this section, the hot plate
method (HPM) is introduced as a low-cost technique for rapid assessment of graphene
growth behaviour. Unlike common techniques for graphene analysis such as Raman spec-

troscopy and transmission electron microscopy (TEM) which require instruments which
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Figure 4.1: Images displaying graphene visualised on, a), growth foil via the oxidation of
uncovered Cu, and, b), the corresponding image of transferred graphene on 300nm SiOs.

typically cost £100,000s or £1,000,000s respectively, the HPM requires only a hot plate
(~ £200) and a microscope. It also allows analysis of foil areas, depending on the size of
graphene domain grown during CVD, on the cm? scale.

Figure 4.1 displays micrographs of graphene domains visualised, a), on oxidised foil
and, b), after transfer to 300nm SiO, on Si from the same sample. Graphene domains
correspond to the yellow regions in Figure 4.1 a) and the darker regions in Figure 4.1
b). To produce the colour contrast viewed in Figure 4.1 a), the Cu foil is heated on a
hot plate after graphene growth at 120 °C for 5 minutes. As graphene acts as an oxygen-
impermeable barrier, the Cu underneath graphene does not oxidise whilst the uncovered
Cu foil will oxidise [68, 279].

To verify the validity of the HPM, partially grown graphene is transferred from foil
to SiOs capped Si using the polymer-assisted transfer method, which is described in
detail within Chapter 3. Transfer of the graphene from the foil to SiO, is necessary as
it is difficult to decouple the properties of graphene from its native growth substrate for
analysis. 300nm SiO, is used as the capping layer, because it renders thin graphene layers
visible due to thin film interference effects and the contrast between an imaged graphene
flake and the adjacent bare SiOy substrate can be used to estimate the graphene layer
thickness [21]. As an example of thickness identification, the area of increased contrast
highlighted by the blue ring in Figure 4.1 b) indicates a region of double-layered graphene
which, given its location at the centre of the graphene domain, is likely situated at the

nucleation site for the graphene domain [275, 280].
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Figure 4.2: a) Micrograph of graphene domain transferred to 300nm SiOjon Si with
the path and points of the Raman line map indicated by the green line and green dots
respectively.

It is observed that the domain size and morphology is comparable for graphene imaged
on oxidised foil and on SiO,. Images were not taken from the same growth area before
and after transfer, because of the homogeneity of growth behaviour across the foil and
difficulty of retaining feature orientation throughout the transfer process. Both images
display lobed domains, with diameters of approximately 30 pm and lobe lengths of between
5pm and 10 pm. The inter-domain separation is also similar. As graphene morphology
should be preserved during polymer-assisted transfer, as reported by Reina et al. [281],
it is therefore reasonable to conclude that the yellow regions observed on post-growth
oxidised foils are representative of graphene coverage on the copper foil and that the HPM
is an acceptable technique for rapid, low cost analysis of graphene growth behaviour.

Raman spectroscopy is used to verify that the domains observed on SiO, are graphene,
by recording a map of Raman spectra across a lobe of the graphene domain displayed in
Figure 4.2 a). Raman spectroscopy provides a powerful, non destructive method for
analysing graphene quality, but becomes time consuming when large areas of material
must be analysed, and is discussed in detail in Chapters 3 and 5. Figure 4.2 b) displays
a plot of the D, G and 2D peak intensities as a function of position extracted from the
obtained Raman spectrum linemap. The D peak requires the graphene lattice symmetry
to be broken to become Raman-active, and as such can be used as a measure of defect
density within the graphene lattice [236, 240, 282]. Here, we see that the 2D peak intensity
remains approximately constant, regardless of graphene layer number, as shown by the
multi-layer region at the centre of the domain, and subsequently the 2D /G ratio is often

used as an indication of whether graphene is single- or multi-layer [226]. The plot in
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Figure 4.2 b) shows that the defect density is below the detection limit of the Raman
spectrometer settings used across the graphene domain, except for at the domain centre
where the multi-layer nucleus is observed. The increase in D intensity is explained by the
presence of non-zig-zag edges at the adlayer domain edges [283], which are Raman active
due to the presence of incomplete six-fold carbon rings [236, 240, 282]. The homogeneity of
the D/G ratio indicates that our CVD graphene is largely defect free within the graphene
domain.

Because the graphene domain edge is not necessarily Raman D-peak active, the HPM
is a better tool for quantifying domain boundary density, as the lack of a D-peak at the
graphene domain edge displays that domain boundaries may not necessarily be identified
via Raman spectroscopy. The HPM also allows rapid assessment of entire images with
areas on the mm? scale, whereas assessment via Raman mapping would require lengthy
measurement times and analysis periods to achieve a similar outcome. In addition, whilst
it was necessary to complete at least one transfer of graphene to SiOy to confirm that the
HPM is suitable for graphene visualisation, the polymer assisted transfer method intro-
duces undesired residues and damage to the graphene film, highlighted by the red and
green rings respectively in figure 4.1 b). The introduction of these features during trans-
fer can obfuscate graphene domain details, hindering the analysis of growth behaviour.
Greater colour contrast is also generally observed between graphene and oxidised copper,
than graphene on SiO5 and SiO,, which makes it easier to extract graphene coverage data
from images of graphene on oxidised copper, particularly when inhomogeneous lighting
across high-magnification microscope images is taken into account. Analysing graphene
coverage on the copper foil also removes a process step, allowing for better process flow

and more rapid growth behaviour analysis.

Parameter Extraction

To characterise variations in growth behaviour under different conditions using the HPM,
graphene growth is deliberately terminated before adjacent graphene domains stitch to-
gether to accurately determine pp and domain size at each parameter stop. At least 5
images are collected from across each oxidised foil in order to capture growth behaviour
variation across the catalytic Cu surface. Using ImagelJ, the images are converted into
black and white, as displayed in Figure 4.3 to analyse pp and domain area. As the copper

foil used within this research is polycrystaline, with crystal domains of typically a few
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Figure 4.3: Images displaying graphene visualised on, a), growth foil via the oxidation of
uncovered Cu, and, b), the same image after conversion to black and white for particle
analysis with ImageJ. Blurring at the corners of image a) are due to these regions being
out of focus because the foil is not perfectly flat post growth.

hundred pum across after the pre-growth annealing stage, many different crystallographic
orientations of copper are present within the underlying foil. This means that the colour of
the oxidised copper varies between different images and between different areas within the
same image, meaning that a variety of different approaches are required to convert images
to black and white for analysis. Due to the wide range of foil areas imaged throughout
this chapter, a hierarchical process using ImageJ /FiJi [284] for graphene domain feature
extraction was used to create the black and white image for particle analysis.

Feature retention is important for much the analysis within this chapter. Therefore, a
set of increasingly manual techniques were required for satisfactory extraction of graphene
coverage from the HPM images.

The most automatic method, which was most prone to feature loss, was the use of
the native ImageJ colour threshold function. Colour thresholding typically worked with
high magnification images, but often failed for lower magnification images because more
copper grains were imaged, resulting in a wide spread of oxide colours.

If colour thresholding did not work, the image being analysed would be split into its
RBG channels and a simple greyscale threshold would be applied. This method is less
sensitive to copper oxide colour variances, but still struggles with shadowing caused by
foil surface features such as grain boundaries.

Finally, if full image thresholding did not acceptably reproduce the cover and morphol-

ogy of the imaged graphene domains, manual feature extraction was carried out through
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the combined use of a colour wand and manual outlining.

Once a black and white image of the domains on the copper surface has been suc-
cessfully created without significant loss of detail, ImagelJ’s particle analysis tool is used
to extract particle data from the image. Data for the number of domains, total domain
area fraction, individual domain area and individual domain perimeter are recorded from
each image and analysed to provide values for graphene pp, graphene domain coverage
ratio, graphene domain area and graphene domain growth rate. From these extracted
parameters it is then possible to quantitatively compare the quality of CVD graphene
films grown under a variety of parameters, based on the pp and domain area of the CVD

graphene.

4.1.2 Copper Foil Polishing

When received from the supplier, the copper foils used for CVD are generally quite rough.
To improve graphene growth and reduce batch-to-batch variability, electropolishing is used
to reduce surface roughness and remove contaminants ingrained within the top layers of
the copper foil [154, 274-276, 285]. Topological features on the copper foil surface, such
as protrusions or depressions created during foil fabrication, and boundaries between
copper grains within the foil, create regions with effectively reduced radius of curvature
for the surface copper atoms. Because of the reduction in radius of curvature, there is
an enrichment of dangling bonds from the copper surface atoms which provides increased
opportunity for interaction between the copper foil and adsorbed CH4 molecules [286, 287].
These areas of increased interaction have a greater chance of dehydrogenating adsorbed
CHy4 to form CH,, where 3 >y > 0. As a result, the concentration of active carbon
species increases around topological features, meaning that carbon supersaturation, which
is required for graphene nucleation, is achieved more easily. By reducing surface roughness
and therefore the density of surface features, which promote graphene domain nucleation,
via electropolishing, the density of graphene domains can easily and reproducibly be
reduced [154, 274-276, 288].

Copper foil is electropolished in a home-built eletrochemical cell, pictured in Figure
4.4. The vessel used as the electrochemical cell is a thin layer chromotography (TLC) tank
from Sigma Aldrich (Z146226), chosen specifically as the straight side walls of the TLC
tank promote an even electrical field across the cell which assists homogeneous polishing

of the foil. An 85% phosphoric acid (H3PO,) solution is used as the electrolyte during
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electrochemical polishing with two similar sheets of copper foil acting as the electrodes.
The copper foils are connected to a Keithley DC source meter which provides the potential
across the electrochemical cell to drive electropolishing. Material is removed from foil
attached to the anode (positive terminal), polishing the foil during the process; at the
same time, material is deposited on the foil connected to the cathode (negative terminal).
As our electrochemical set up lacks a reference electrode, a suitable polishing potential
is identified empirically by observing the potential at which bubbles appear on the Cu
surface to be polished. The optimum polishing potential is set below this point to avoid

significant pitting of the foil during polishing, and is found to be 2.0 V within our system.

O+

Figure 4.4: A top down view of the home-built electrochemical cell used for copper foil
polishing prior to graphene CVD. The foil to be polished is connected to the anode of a
DC power supply, with a second foil acting as the counter electrode.

Figure 4.5 displays AFM traces at 50 pm and 5 pm scan sizes taken from Alfa Aesar foil
(part number 46365) before electropolishing (a-b) and after 10 minutes (c-d), 20 minutes
(e-f) and 30 minutes (g-h) of electropolishing. Both 50 pm and 5pm scan lengths are
used to provide a more complete picture of copper surface roughness evolution. Foil RMS
roughness (R,) is observed to decrease with increasing polishing time, with the greatest
reduction of roughness occurring within the first 20 minutes. A minor reduction of R,
from 5.7 nm to 5.1 nm is seen between 20 and 30 minutes polishing at the 5pm length
scale, which suggests that polishing for much longer than 30 minutes would have little
effect on the copper surface. This is not unexpected, as the majority of large protrusions

are likely to have been removed within 20 minutes of polishing. The 20 minute 50 pm
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scan returns an anomalous increase in surface roughness when compared with the AFM
data for 10 minute polished foil. The increase in roughness is explained by tip-surface
tracking artefacts, seen in the bottom half of Figure 4.5 e). It is observed that if the image
is cropped to remove these features, R, reduces to 59.64 nm. The relatively large RMS
values returned from the 50 um scans are therefore attributed to long-range texturing
of the copper foil, but are included to demonstrate that the foil becomes smoother at
both the micro and macro scale with increased polishing time. Ultimately, the foil is
found to decrease from 182.7 nm and 92.1 nm for unpolished foil to 82.4 nm and 5.16 nm
for 50 pm and 5 pm scans respectively after 30 mins electropolishing at 2.0V. Finally, as
electropolishing removes mass from the polished surface, extended polishing causes the foil
to thin, and 30 minutes was found empirically to be the upper limit for electropolishing
time, as polishing time longer than 30 minutes meant that the foil became too fragile to
handle.

The images in Figure 4.5 raise an interesting question however, as to how graphene
is able to grow continuously across a foil surface when, as indicated in Figure 4.5, the
foil surface has much greater R, of ~ 5.6 nm, and steps and features on the order of 10
nm, than the graphene monolayer thickness of 3.3 A even after extended electropolishing.
The surprisingly high-quality of graphene grown on such comparatively rough copper can
in fact be attributed to multiple factors. Graphene can be considered, mechanically, to
be polymeric in nature [289], evidenced by its high flexibility [14, 113, 200], which allows
graphene to grow conformally across the copper surface. Indeed, graphene domains are
frequently observed to grow across even large copper surface features such as crystal
boundaries [161, 162, 289-291], a behaviour which is observed throughout this research,
most clearly within Figure 4.14. Additionally, throughout the heating and annealing
stages, the copper grains enlarge and the copper surface becomes smoother [292], with
extended (multiple hour) annealing within an Hy environment capable of creating surfaces
with sub-nm RMS roughness [293]. Finally, the growing graphene domains are found to
cause the underlying copper surface to restructure into smooth steps, which is widely
observed within the literature [161, 290, 293-295| and is ascribed to pinning of the copper
surface features by the growing graphene [289] and oxidising defects on the copper surface
[293].

Figure 4.6 a) displays an AFM image taken from a partial graphene growth still on
its copper foil growth surface. The graphene was grown on electropolished copper foil

using gas flow rates of 600 sccm Hy and 200 sccem CHy at a growth temperature of
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Figure 4.5: AFM images acquired from copper foil (a,b) as received; ) after 10 mins
polishing; (e,f) after 20 mins polishing and (g,h) after 30 mins pohshmg.

1050 °C and a chamber pressure of 25 mbar for 1 minute. Smooth, stepped regions are
observed where the graphene has grown over the copper surface, similar to foil surface
behaviour reported elsewhere within the literature [293, 295], whereas the bare copper foil

shows relatively increased roughness. We attribute this increased roughness of the bare
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copper foil to copper sublimation from the uncovered foil surface throughout the graphene
growth process [161]. By masking the graphene covered regions within the AFM image
it is possible to assess the RMS surface roughness of the bare copper foil and graphene-
covered copper foil separately. R, values are found to be 11.8 nm and 7.83 nm for bare
and graphene-covered foil surfaces respectively. Whilst this appears to return a slight
increase in R, from the minimum recorded post-polishing foil R, these values correspond
to a scan area of 20 ym x 20 pum, which is of a scale more comparable with the large area
scans presented in Figure 4.5. As such these RMS values indicate a substantial reduction
in surface roughness throughout graphene growth. However, the surface roughness of
even the graphene-covered copper foil indicates the presence of surface features which
are an order of magnitude greater than the monolayer graphene thickness. To explore
this further, line profiles were extracted from across and along the terraces observed in
graphene-covered copper regions, which are plotted in Figure 4.6 b). Figure 4.6 ¢) displays
the height profile measured along a copper terrace in isolation, so that the profile features
can be more clearly observed. The R, of these lines are then calculated via Equation 4.1

[296]:

R, = (%2 \ZZ(x)]) 2 (4.1)
where X is the number of data points taken and Z(x) is the deviation of the height value
at point x from the mean height value of the height profile. It is found that the R, of the
line taken across step edges (line 1) is 5.54 nm, whereas the R, of the line taken along
a step facet (line 2) is 0.39 nm. Therefore, the relatively large R, of these graphene-
covered regions to with graphene monolayer thickness, is dominated by the observed step
edges. Indeed, within step facets, the surface roughness is comparable with the thickness
of a graphene monolayer, which goes some way to explaining the growth of largely defect
free graphene via CVD. Finally, as mentioned above, graphene can be considered to act
mechanically similar to a polymer [289], which explains how it is capable of growing
continuously around or across comparatively large surface step features.

To observe the effect of foil roughness on graphene nucleation behaviour, partial
graphene growth is carried out by flowing 1000 sccm Hy and 100 scem CHy at a growth
temperature of 1050 °C for 5 minutes. Figures 4.7 a) and b) display optical micrographs of
graphene (yellow regions) grown on unpolished foil and foil prepared by electropolishing
for 30 minutes respectively. Graphene domain pp is observably lower and domain size is

greater for graphene grown on polished foil than that for graphene grown on unpolished
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Figure 4.6: a) AFM scan of partial graphene coverage still on its growth copper foil; b)
plot of line profiles extracted from the indicated lines within a); ¢) individual plot of line
2 to allow feature visualisation.

Figure 4.7: Images taken from partial graphene growths under the same condition on a)
unpolished and b) 30 min polished foil.

foil. Figures 4.8 a) and b) display the mean nucleation densities and domain areas respec-
tively, extracted from multiple micrographs taken across hot-plate tested growth foils.
The extracted values show that overall mean pp reduces from 13 000 mm~2 to 5000 mm 2
and that overall mean domain area increases from 30pm? to 155pm?2. The reduction
of mean domain density is explained by the reduction of copper foil surface roughness,
reducing nucleation sites for graphene growth. The reduction of nucleation sites increase
the probability that carbon fragments are captured by a growing graphene domain rather
than forming a new domain nucleus which therefore leads to lower domain density and
increased domain area. As reduced foil surface roughness both reduces domain pp and

increases domain area for CVD, all subsequent graphene growth presented within this

thesis is carried out on copper foil which has been electropolished within 85% phosphoric
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Figure 4.8: Boxplots displaying values for a) domain density and b) domain area extracted
from multiple optical images of partial graphene coverage on polished and unpolished
copper foil.

acid for 30 minutes at a potential of 2V.

4.1.3 Growth Temperature

Temperature, which is chosen as the the next stepwise growth optimisation is discussed
within this section. Growth temperature is known to influence the nucleation and growth
kinetics of graphene CVD. Increasing growth temperature should result in a), increased
domain growth rate, and b), decreased domain pp [83, 164, 274, 297-299].

We first discuss the effect of increased domain growth rate with increased growth
temperature. For graphene domains to grow, there must be active carbon species available
to join the edge of the domain. Considering CH, as the carbon feed-stock, gaseous CHy
must undergo the following steps, illustrated in Figure 4.9 for the carbon to join a growing

graphene domain:
1. CH4 adsorbs onto the copper surface.

2. The copper foil catalyses the dehydrogenation of the CHy to create CH, species,

where 3 > y > 0. CH,, fragments will often join together to form C,H, species.
3. C,H, species diffuse across the Cu surface.
4. The C,H, fragment attaches to the growing edge of the graphene domain.

All of the above steps are rate dependant upon temperature, following an Arrhenius
relationship, A = Agexp(—E,/kgT), where A is the successful reactions per second, Ay

is the attempt rate per second, E, is the process activation energy, kg is Boltzmann’s
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Figure 4.9: Schematic representation of the processes and interactions C-species undertake
on the Cu surface during graphene CVD.

constant and T is temperature. Increased temperature results in a greater rate of reaction
for each step. During graphene CVD with a sufficiently large partial pressure of CHy4, Kim
et al. show that the rate limiting step — the single reaction step with the largest activation
energy — is that of carbon attachment at a growing graphene edge, with E, = 2.6 + 0.5
eV [274, 300]. If the carbon concentration is reduced significantly, then the rate limiting
step may change to carbon surface diffusion [301]. Regardless of the rate limiting step,
as T increases, all intermediate steps for graphene growth occur with increased frequency
and therefore domain growth rate increases with increasing temperature.

Conversely, pp decreases with increasing temperature. pp is affected by the compe-
tition between the processes of carbon-adatom capture by existing nuclei, carbon-surface
diffusion and re-evaporation of carbon-adatoms [274] (labelled processes 4, 3 and b re-
spectively in Figure 4.9). At elevated temperatures, the number of carbon-atoms required
to form a stable nucleus increases [158], increasing the probability that an adatom on the
copper surface will desorb before joining or forming a stable nucleus. During graphene
CVD at temperatures >870 °C, the desorption rate (process b in Figure 4.9) is significant
when compered with the surface diffusion of the carbon-adatoms (process 3) [274]. The
carbon-adatom lifetime and domain nucleation rate can then be considered to be desorp-

tion controlled, with increased growth temperature leading to increased adatom desorp-
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tion and thus reduced pp. Additionally, increased temperature results in increased copper
evaporation from the foil surface (process i), which removes surface bound C-species with
evaporating copper[302]. This effect will also lead to reduced pp with increased temper-
atures at constant chamber pressure.

In this section the effect of growth temperature on graphene pp and domain growth
rate is investigated using the HPM. Temperature is chosen as the first parameter for in-
vestigation after foil pre-treatment, as the interpretation of the results should be largely
independent of the other growth parameters. Graphene growth is carried out at temper-
atures between 900°C and 1050 °C in 50°C steps. 1050 °C is chosen as the maximum
growth temperature as the melting point of copper is 1083°C at 1 atm [303]. We use a
base growth recipe using Hy and CHy diluted to 2% within Ng, which are flowed into the
chamber at a rates of 600 sccm and 200 scem respectively, resulting in a growth pressure
of 25 mbar. This is a combination of recipes from Hussain et al. [304] and Wu et al.
[58]. To improve the economy of use of the 2% Hy/N, mixture, a reduced rate flow of
100scem is used during the ramping and annealing phases prior to growth, which results
in a chamber pressure of 7mbar. This reduced flow rate is used prior to growth during
all the subsequent graphene growth experiments reported within this thesis. Copper foil
from Alpha Aesar, electropolished for 30 minutes at a potential of 2V, is used as the
growth substrate and growth is terminated after one minute to provide partial graphene
coverage of the copper foil for nucleation and growth analysis. No appreciable growth is
observed within our system at growth temperatures of 900 °C or below.

The HPM images in Figure 4.10 clearly show that the graphene domains (yellow
regions) increase in area with elevated growth temperature. A reduction in domain density
with increasing temperature is also observed, which is most apparent between the images
taken from growth temperatures of 1000 °C and 1050 °C. The domains grown at 950 °C,
seen in image 4.10 (a), are compact but have not enlarged enough for detailed morphology
to be observed. Domains grown at 1000 °C, Figure 4.10 (b), are considerably larger those
grown at 950°C and are compact in morphology with larger domains appearing to be
irregular hexagonal in shape. The domains seen in image 4.10 (c¢) are yet further enlarged
with widely varying morphology between flakes. As with the lower temperature growths,
the domains are compact in nature but are inconsistent in morphology, although often
hexagonal.

Values for the mean domain area and pp after one minute of growth are plotted against

temperature in Figures 4.10 (d) and (e) respectively. Mean domain area clearly increases
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Figure 4.10: Images showing graphene growth behaviour at temperatures of 950 °C (a),
1000 °C (b) and 1050°C (c); scale bars are 10 pm. Figure (d) displays a plot of pp and
graphene coverage ratio against growth temperature.
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2

as a function of temperature, from a mean area of 0.1 pm* at a growth temperature

of 950°C, to 4.8 pm? at 1050 °C. Additionally, pp displays a decreasing relationship as a
function of temperature, with mean pp decreasing from 2.8 x 105 cm™2 to 0.8 x 10° cm ™2
when the temperature is increased from 950 °C to 1050 °C. As decreased pp, increased
domain area and increased domain growth rate are all desired for improved industrial

CVD graphene growth, all future graphene growth reported within this work is carried

out at 1050 °C, unless otherwise stated.

4.1.4 Hydrogen:Methane Ratio

Hydrogen is normally used during graphene CVD to provide a protective reducing at-
mosphere to avoid unwanted oxidation [163, 271, 305]. Beyond providing a protective
atmosphere, the ratio of Hy:CHy present within the CVD chamber has a significant effect
on graphene nucleation and growth behaviour [152, 157, 163, 164, 271, 302, 306, 307]. By
tuning the Hy:CHy ratio, it is possible to control the pp and domain morphology of CVD
graphene [157, 163, 164, 291, 306, 307]. Within the literature, there are many different
reports on the effect of growth gas mixture on graphene growth. However, the general
reported trend is that increasing the ratio of hydrogen to methane reduces the pp of
CVD graphene on copper, but it must also be emphasised that recipes are not directly
transferable between reactor systems.

It should also be understood that there are upper and lower bounds to this general
trend — below a Hy:CHy ratio of ~ 1:1, there appears to be little change in growth be-
haviour, whilst at very high Hy:CH, ratios, typically above a few 100:1, graphene becomes
thermodynamically unstable and does not grow [164]. Additionally, it has been shown
that Ho:CHy ratios for stable graphene growth are temperature dependant [164]. We
therefore explore the effect of Hy:CHy variation on the growth of graphene films at our
optimised growth temperature of 1050 °C, as identified in the previous section. Due to
system limitations, neither the hydrogen or methane flow could be kept constant across
all experiments; Table 4.1 summarises the parameters used during each growth. As seen
in the first column of Table 4.1, Hy:CHy ratios of 3:1, 10:1, 100:1 and 250:1 were studied
within this section. The Hy:CHy ratios of 10:1 and 100:1 were chosen to observe growth
behaviour variation across an order of magnitude change in Hy:CHy ratio. The Hy:CHy
ratio of 3:1 was retained from Section 4.1.3 as the lowest ratio setpoint, because it was

considered that the use of a 1:1 Hy:CHy ratio, whilst providing an order of magnitude
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H, : CHy | Hy flow rate . scem | CHy flow rate . scem | Pepgmper. mbar | Ty, minutes
3:1 600 200 25 1

10:1 1000 100 35 5

100:1 1000 10 33 15

250:1 1000 4 33 30

Table 4.1: Growth parameters used during each variation of gas mixture.

. Increasing H,:CH,

Figure 4.11: Images (a) to (d) display graphene nucleation and growth behaviour with
H,:CHy ratios of 3:1, 10:1, 100:1 and 250:1 respectively.

variation below 10:1, would result in too great a deviation in chamber pressure from
that observed at other ratio setpoints. Finally, the Hy:CH, ratio of 250:1 was chosen
as it represents the highest stable ratio set point available within our system. Further
ratios between 10:1 and 100:1 were not studied within this section due to the revisiting
of Hy:CHy ratios between 10:1 and 100:1 within section 4.1.6.

Figure 4.11 displays HPM micrographs for graphene grown on copper foil after visual-
isation with the hot plate test, and the extracted values for pp and domain growth rate at
each Hy:CHy ratio are plotted in Figure 4.12. From both Figure 4.11 and Figure 4.12, it
is clear that increasing the Ho:CHy ratio has the desired effect of reducing pp. However,
there is an appreciable reduction in domain growth rate between growths carried out at
10:1 and 100:1 with the reduction of carbon availability being the dominant cause of this
effect. As this section of the project is geared towards the development of industrially ap-
plicable graphene growth, 10:1 is selected as the optimum point within this optimisation
stage, as it yields both reduced pp and rapid domain growth rates.

It is also observed within Figure 4.11 that the growth mode of the graphene domains
changes with the Hy:CH, ratio, in general agreement with existing literature [72, 157, 163,
291]. Ignoring the growth behaviour at 3:1 for now, because it returns poor graphene,

there is a clear change in growth mode between 10:1, and 100:1 and 250:1, from lobed or
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Graphene domain

e Carbon

Jflux = Jedge Jflux < Jedge

Figure 4.13: Schematic diagram of rates for incoming carbon attachment to a growing
graphene domain (J f1,,,;) and subsequent diffusion of the freshly joined carbon around the
domain edge (Jeqge- The lower panels provide a crude illustration of how the graphene
domain growth mode differs with changing relationship between J g, and Jegge. This is
included here as a reminder of the model described within the background chapter.

dentritic, to regular compact hexagonal. By using a models from literature regarding the
growth of thin epitaxial films, the shapes obtained at these different Hy:CH,4 ratios can
be understood in a qualitative manner, as previously described within Chapter 2.

As displayed schematically in Figure 4.13, the relationship between the rate of adatom
attachment to the graphene domain (J s, process 1) and adatom diffusion along graphene
domain edges (Jeqge, process 2) determine the final graphene domain morphology [157,
158, 291]. For example, when J s, < Jedqe, compact, regular hexagonal domains result,
similar to those displayed in Figures 4.11 ¢) and d), as there is sufficient time for freshly
attached carbon adatoms to diffuse around the growing carbon domain edge to energeti-
cally favourable sites before further adatoms join the growing domain and interrupt the
initial adatoms relaxation [157, 291]. Conversely, if Jfu; > Jedge, adatoms have insuffi-
cient time to relax around the graphene domain boundary and dendritic or lobed growth
results, as seen in Figure 4.11 b).

Finally, the graphene growth mode observed for graphene grown within a 3:1 atmo-
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sphere (Figure 4.11 a)) does not easily fit within this framework. The growth behaviour
observed at 3:1 is thought to result from an abundance of active carbon — carbon from suc-
cessfully fully /partially dehydrogenated CH4 — across the entire copper surface. With such
large concentrations of carbon, nucleation due to carbon supersaturation occurs rapidly
and at more than an order of magnitude more locations than observed for Hy:CHy ratios
of 10:1 or more. The high carbon concentration also means that once nucleated, graphene
domains grow rapidly and with irregular morphology due to rapid, almost isotropic attach-
ment of further carbon atoms. Because of increased pp, growing domains are constrained
by their neighbouring domains, necessarily resulting in small domain areas, despite rapid
domain growth rate. As the irregular graphene grown at 3:1 is of undesirable quality it
will not be included in the subsequent discussion.

Explaining graphene growth modes with J;,, and J.4. provides an easily digestible
conceptual framework, but glosses over the many interplaying processes which are involved
within these mechanisms. From the data presented in Figures 4.11 and 4.12 as well
as other existing research [307], the ratio of hydrogen to methane present during CVD
has a clear effect on the balance between Jyy,, and Jeqee. Increasing the relative ratio
of hydrogen within the system should reduce Jy,,, through a composite effect of many
proposed mechanisms.

As hydrogen is generally accepted to be an anisotropic etchant for graphene, favouring
the creation of zig-zag edges at the edge of graphene domains or etched holes [163, 308],
an increase in hydrogen relative to methane can be considered to decrease Jy,,, overall.
Increased presence of hydrogen within the reaction chamber, due to copper-surface occu-
pation by atomic H, shifts the dominant surface-bound carbon species from Cy to CH,
lowering total C availability and again reducing J g, [309]. The detachment barrier for
freshly attached carbon species at the graphene domain edge has also been shown to be
lower for CH (1.08 eV) fragments than for Cy (2.19 €V) [309]. This leads to a reduction
of carbon detachment energy from existing graphene domain edges, which increases the
removal of carbon from graphene domain edges, resulting in a further reduction of J ;.

Additionally increasing the partial pressure of hydrogen within the system leads to
greater H-termination of graphene domain edges. Various simulation studies have demon-
strated that the energy of attachment for carbon increases at H-terminated edges when
compared to metal terminated edges [307, 309], and again leading to reduced J sy, with
increased hydrogen partial pressure.

Unfortunately, there is a lack of literature regarding the rate of relaxation for carbon
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atoms around the perimeter of growing graphene domains within CVD as a function of
hydrogen partial pressure. However, even if making the assumption that J.q. remains
approximately constant under all CVD conditions, the above points coupled with the
data from this research should convince the reader that hydrogen plays an important role
within graphene CVD, and that by selecting the appropriate Hy:CHy ratio, a wide range
of domain nucleation densities and shapes can be selected as desired.

Finally, a comment upon the reduction of carbon concentration between growing lobes
within a dendritic growth mode. As copper is required to act as a catalyst for methane
dissociation [310], areas between advancing lobes experience reduced catalytic activity.
This leads to a reduction in carbon available for domain growth between the advancing
lobes and may result in incomplete coverage [310]. The inhomogeneous carbon concen-
tration on the copper surface may also lead to the advancing lobe fronts capturing more
carbon than the edges between lobes, increasing growth rate for the lobe edges and thus
reinforcing the lobed morphology. With this in mind, whilst 10:1 has been selected as the
starting point for the next stepwise optimisation, the lobed growth behaviour observed
at 10:1 may mean that the growth mode results in defective areas within the completed

graphene film.

4.1.5 Use of a Non-Reducing Atmosphere Pre-Growth

The previous section showed that pp can be tuned by altering the ratio of Hy and CHy
within the reactor, but also that there is a lower pp limit imposed by the equipment and
gas mixtures. Recently, several studies have shown that oxidising pre-treatment of the
copper substrate can effectively reduce the pp of graphene domains by at least an order of
magnitude [63, 66, 70, 75, 153, 165, 266, 285]. Within this section, we explore the effect of
using a non-reducing pre-growth anneal to improve upon the graphene growth achieved
within Section 4.1.4.

When carrying out the experiments within Section 4.1.4, a reducing atmosphere was
maintained within the reaction space throughout the entire CVD process by flowing hy-
drogen through the reactor. Chemically, reduction is the opposite of oxidation; an atom is
reduced when it receives an electron from an interaction with another atom. Conversely,
the oxidation of an atom occurs when it donates an electron (or more) to an oxidising
atom. Therefore, the presence of hydrogen within the reaction space prevents the copper

foil from oxidising during growth and reverses the oxidation of any oxidised copper via
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the reaction: CuO 4+ Hy —— Cu + HyO. Whilst extended hydrogen annealing of copper
foils prior to CVD graphene growth has been show to reduce copper surface roughness
and, consequently, pp [311], hydrogen annealing has also been shown to leave carbon
present within the copper foil catalyst [285]. The presence of residual carbon within the
copper foil, after annealing and prior to growth, means that super-saturation of carbon
on the foil surface, which is required for graphene nucleation, is reached more easily at
the start of the CVD growth phase, leading to increased pp [164, 285]. By avoiding the
use of a reducing atmosphere during the pre-growth annealing of the copper foil, trace
oxidising impurities present within either the inert feed stock gas, or from ambient leaks
into the CVD reactor, have the effect of mildly oxidising the copper foil. Such a nominally
inert, but mildly oxidising atmosphere is referred to within this thesis as a non-reducing
atmosphere, rather than an oxidising atmosphere, to avoid connotations of intentionally
added oxygen above that present from ambient system leaks and feedstock impurities.

Oxygen is a much more effective etching agent for carbon than hydrogen [274, 285]
and by mildly oxidising the foil during the ramping and annealing stages prior to graphene
growth, carbon is scrubbed out of the copper foil, meaning that carbon supersaturation
during CVD growth results from the presence of the carbon feedstock only, and not any
pre-present carbon within the copper foil [164, 285]. Oxidation of the copper foil has
also been suggested to passivate nucleation points on the copper foil surface, by interact-
ing with the areas of increased dangling bonds which would otherwise become efficient
dehydrogenation sites for CH,, where 4>x>0 [70]. By occupying, and thus passivating,
graphene nucleation sites, surface oxygen increases the likelihood that a carbon species
diffusing across the foil surface will join a growing domain, rather than forming a new
graphene nucleus.

To study the effect of a providing a non-reducing atmosphere throughout the ramping
and annealing stages of CVD graphene growth, graphene was grown to partially cover the
copper growth foil using the optimum Hy:CHy ratio of 10:1, as identified within Section
4.1.4. To provide graphene foil coverage suitable for analysis, graphene was grown using
a growth duration of 2.5 minutes. Figure 4.14 displays microscope images of graphene
domains visualised on copper growth foil after partial coverage growth preceded by a), a
reducing atmosphere anneal, and b), a non-reducing atmosphere anneal. Both reducing
(2% Hy/N2) and non-reducing (N3) atmospheres were supplied to the reactor at 100 sccm
throughout the ramp and anneal stages, resulting in a pre-growth chamber pressure of

7mbar.
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a) Reducing Anneal Atmosphere b) Non-reducing Anneal Atmosphere

Figure 4.14: Microscope images illustrating the change in growth behaviour between using,
a), a reducing atmosphere and, b), a non-reducing atmosphere throughout the ramping
and annealing stages.

The graphene domains grown after a non-reducing anneal are significantly larger than
those grown after a reducing anneal. The increased domain area, coupled with the re-
duced growth time (2.5 minutes compared with 5 minutes for non-reducing and reducing
anneals respectively) means that domain growth rate is greatly increased after a non-
reducing anneal. Domains grown following a non-reducing anneal are also found to be
more dendritic than those grown after a reducing anneal. Both the increased growth rate,
and increased dendricity are thought to originate in part from increased carbon mobility
across the copper surface, as foil oxidation has neutralised carbon trapping defects [70].
This makes sense within the Jy;/Jedge model because increased surface mobility will
increase J f1,,;. This effect is discussed in more detail later regarding domain dendricity.

Unlike the domain growth observed after a reducing anneal, displayed in Figure 4.14
a), where domains are all approximately the same area, the graphene grown after a non-
reducing anneal, imaged in Figure 4.14 b), displays large domains alongside significantly
smaller domains. Because domain growth rate should remain approximately constant
throughout the majority of the duration of an incomplete coverage growth [58], the smaller
domains can be assumed to have nucleated after the larger domains, illustrating that
graphene nucleation is a continual process throughout the entire duration of CVD growth.

Extracted mean values for pp and domain area are plotted as box and whisker plots
within Figure 4.15. When a non-reducing ramp and anneal is used, pp (domain area)
is found to reduce (increase) by approximately one order of magnitude. The observed
change of an order of magnitude in domain area and density is in agreement with similar

investigations reported elsewhere in the literature [66, 76].
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Figure 4.15: Box and whisker plots for mean nucleation densities (LH y-axis, blue) and
mean domain areas (RH y-axis, red) from graphene grown within a Hy:CH, mixture of
10:1, following reducing and non-reducing anneal steps.

However, simple domain area and pp do not provide a full picture of the graphene
growth behaviour in this instance. As mentioned above, the domain growth rate of
graphene grown after a non reducing anneal is greater than that of graphene grown fol-
lowing a reducing anneal. The domains grown after a non reducing anneal are also more
dendritic in nature than those grown after a reducing anneal.

To investigate these effects, We quantify the increased domain growth rate observed
after a reducing anneal. The top 1% of extracted domain area values from graphene grown
after a reducing and non reducing anneal are selected for analysis, to avoid under-reporting
graphene growth rate because of graphene domains seeded by secondary nucleation events.
The domain areas are then divided by the growth time for each data set and the results
are plotted in Figure 4.16. The growth rate is found to accelerate by almost an order of
magnitude from 45 4 17 gm?minute™! to 346 4 63 pum2minute!.

As stated above, the increase in growth rate after a non-reducing anneal means that
the oxidation of the copper surface is increasing J s, by either assisting surface methane
decomposition, increasing the surface diffusion rate of surface-bound carbon species, or
creating a composite of these two effects. As mentioned above, foil oxidation has the
effect of increasing surface bound carbon mobility by passivating surface features that

would otherwise act as carbon traps [70]. Additionally, DET studies have calculated that
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Figure 4.16: Box and whisker plot of mean domain growth rates for graphene grown after
a reducing and non-reducing anneal step.

the energy barrier for methane dehydrogenation reduces on an oxidised copper surface
in comparison to pristine copper and that CH, is more stable on copper oxide than on
pristine copper surfaces [312]. The increased stability of surface bound CH, means that
generated CH, fragments have a greater probability of joining other CH, fragments or
growing domains than desorbing from the copper surface, in comparison to CH, species on
a pristine copper surface. Also, because nucleation points are passivated by surface-bound
oxygen, surface bound CH, fragments have increase probability on an oxidised copper
surface of joining a growing domain rather than nucleating a new graphene domain.
When considered through the lens of commercial graphene growth, increased domain
growth rate after a non-reducing anneal is a positive result, as it means shorter process
times are required to create graphene of increased quality.

We now consider the increased dendricity of the graphene grown after a non-reducing
anneal in more detail. Because graphene grown at a Hy:CH, ratio of 10:1 after a non-
reducing anneal displays such pronounced lobes, the issue of graphene growing between
two advancing lobes is no longer trivial. Graphene lattice mismatches may arise from
inter-lobe stitching across imperfectly flat growth surfaces, and as lobed domains have
greater perimeter per domain area, the total area of imperfect inter-domain graphene will
be increased. The more dendritic the resultant domains are, the lower the quality the
final graphene sheet will be, for a complete sheet of graphene composed of similarly sized
domains.

Therefore a new metric is required to compare the dendricity of the graphene domains
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Figure 4.17: a) Domain perimeter plotted against domain area for graphene grown after

reducing and non-reducing anneal stages; b) provides a magnified plot from panel a),
highlighting the region where reducing and non-reducing areas are comparable.

and we suggest a simplified fractal analysis method based upon the relationship between
graphene domain perimeter and area. As perimeter scales o< r and area scales o 12, it
is not possible to quantify this analysis via a simple ratio. Instead, by plotting domain
perimeter against domain area, domain dendricity behaviour for different recipes can be
compared by comparing the locations of the perimeter/area curves on a perimeter/area

plot and fitting the plotted points with a power law model, given in Equation 4.2:
P=a- A" (4.2)

where A and P are the domain areas and perimeters respectively, a is a scaling factor and
n is the fitted exponent. The more dendritic the growth mode of the graphene analysed,
the larger the exponent, n, will be.

Figure 4.17 displays such a plot for graphene grown after reducing and non reducing
anneals. A trace for regular hexagon perimeter/area is included as a guide for analysis
because the arrangement of carbon atoms within a graphene lattice means that a regular
hexagon is the optimum domain shape. The curves in Figure 4.17 show that graphene
grown after a non-reducing anneal is more dendritic than graphene grown with a similar
recipe after a reducing anneal, with fitted exponentials of 0.74 and 0.62 respectively. The
increased dendricity is another indicator that Jy,, is greater after a non-reducing anneal

is greater than Jg,, for domains after a reducing anneal, as if the assumption is held
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H, : CHy | Hy flow rate . scem | CHy flow rate . scem | Pepgmper- hPa | Ty minutes
50:1 1000 20 33 15
75:1 975 13 32 15
100:1 1000 10 33 15

Table 4.2: Growth parameters used within each variation of gas mixture following a non-
reducing anneal period.

that carbons relax at similar rates around the edges of growing domains, an increase in
dendricity is an indication of increased carbon impingement on the domain.

Within this subsection, it is shown that the use of a non-reducing annealing atmosphere
reduces (increases) the domain density (area) by approximately one order of magnitude,
and also increases the areal growth rate of graphene by a factor of ~8. However, the mor-
phology of the graphene domains is found to be less compact, which has been attributed
to increased rate of attachment of carbon onto growing domains. Because domain growth
rate is increased by the use of a non-reducing anneal prior to CVD, and increasing the
H,:CHy ratio should give lower domain density and domain dendricity, further optimisa-
tion is explored within the next section, via increasing the Hy:CHy ratio after the use of

a non-reducing anneal.

4.1.6 H,:CH, Following Non-Reducing Anneal

Because the growth rate of graphene domains grown following a non reducing anneal
is greatly accelerated, Hy:CH, is revisited to further optimise the graphene growth.
Graphene is grown within Hy:CHy ratios of 50:1, 75:1 and 100:1 following a non-reducing
anneal; the growth parameters used within these experiments are displayed within Table
4.2.

Representative optical micrographs of the resulting graphene domains grown within
atmospheres of Hy:CHy ratios of 50:1, 75:1 and 100:1 are displayed in Figures 4.18 a), b)
and c) respectively. As the Hy:CHy ratio increases, foil coverage decreases, which holds
for the step from 50:1 to 75:1 and 75:1 and 100:1. This is expected, as the growth time
was consistent across all experiments and the reduced carbon partial pressure leads to
reduced growth rates due to scarcity of graphene precursor. If only the larger domains
within Figure 4.18 b) are considered, it is seen that across all Hy:CHy ratios, the graphene
domains all possess similar six-fold morphology and upon cursory inspection, similar levels
of dentricity.

However, there is an appreciable appearance of second generation domains within

83



Figure 4.18: Optical micrographs of graphene domains on copper foil. Graphene domains
were grown with Hy:CHy ratios of a) 50:1, b) 75:1 and c) 100:1.

Figure 4.18 b) which is representative of all images acquired at this Hy:CHy ratio. Second
generation domains are defined here as domains with domain area of less than %1 of the
largest domain area grown under the same conditions. These second-generation domains
appear because the presence of hydrogen within the reactor during growth gradually
reduces the foil surface, which was oxidised during the annealing step. As the surface is
reduced, it becomes favourable for increased density nucleation of graphene, as discussed
in the previous section. Eventually, it becomes possible for many domains to nucleate
rapidly, leading to a proliferation of second generation domains.

This effect is not observed for graphene grown within Hy:CH, mixtures of 50:1 and
100:1. Within the case of graphene grown under a H,:CH, ratio of 50:1, we surmise
that the first generation domains grow too quickly to allow the formation of significant
numbers of second generation domains at the point that the foil surface becomes reduced.
The explanation for the lack of graphene grown at 100:1 is the same as graphene grown
following a reducing anneal. Whilst the reduction of the foil surface still occurs, the partial
pressure of CH, within the chamber is insufficient to quickly nucleate further domains at
the point of surface reduction, meaning that no secondary nuclei are observed.

It should be mentioned that it is possible to observe some second generation domains
within Figure 4.18 a), within the bottom right corner. This is significant, as these second
generation domains have appeared within a sizeable open area between first generation
domains which demonstrates how the presence of existing domains prevents the nucleation
of further generations through domain-edge carbon capture, as discussed within Section
4.1.4. Interestingly, the diameter and morphology of the second-generation domains are
similar between 50:1 and 75:1, indicating that foil surface reduction and resulting sec-
ondary nucleation events occurred at a similar point within both experiments. This is

not unexpected as the Hy partial pressure was similar within both experiments.
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Figure 4.19: Box and whisker plots of domain densities (LH y-axis) and mean domain
areas (RH y-axis) as a function of Hy:CHy ratio following a non-reducing anneal step.

pp and domain area as a function of Hy:CHy ratios of 50:1, 75:1 and 100:1, following
a non-reducing anneal, are now discussed. Figure 4.19 displays a box and whisker plot of
nucleation densities and mean domain areas as a function of Hy:CH,4 ratio, plotted against
the left- and right-hand y-axes respectively. The nucleation densities for graphene grown

2 and

at Hy:CH, ratios of 50:1 and 100:1 are similar, with nucleation densities of 204 mm™
41 mm~2 respectively. The variance of nucleation densities across these foils is found to
be low, at £ < 50 mm~2 for both Hy:CH, ratios, excluding outlying maximum points
at 470 mm~2 and 415 mm~2. These large outlier points relate to the upstream end of
the growth foils, where the highest carbon concentration is found across the foil surface
[279, 302], resulting in increased nucleation rates and densities.

The pp for graphene grown at 75:1 is found to be much greater, with a median pp
of 1966 mm~2. This increased pp is coupled with a large variance of nucleation densities
between sample images of between 565 mm~2 and 4018 mm~2, with an interquartile
range for pp for graphene grown at 75:1 ranges from 1212 mm~2 to 3005 mm~2. The
increased domain pp and wide variance of nucleation densities for graphene grown in a
75:1 atmosphere means that this mixture is inappropriate for CVD growth of high-quality

graphene, because homogeneity of growth behaviour is important for reproducibility of

ultimate devices.
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Looking now at the mean domain areas from the growths carried out in Hy:CHy
mixtures of 50:1, 75:1 and 100:1, it is clear that the growth carried out within a Hy:CHy
mixture of 75:1 resulted in a lower mean domain area than graphene grown in Hy:CHy
mixtures of 50:1 or 100:1. The median of mean areas for graphene domains grown at
75:1 is 255 pm? with an interquartile range between 194 pm? and 433 pm?. This is
a lower median mean area than for graphene grown at a Hy:CHy4 ratio of 10:1 and is
due to the majority of nucleated domains resulting from the second-generation domain
nucleation. Whilst this method fails to capture the presence of larger domain areas within
the graphene grown at 75:1, it provides a useful indication of the high density of domain
boundaries which would result within graphene grown within a 75:1 mixture.

Considering graphene grown within Hy:CHy ratios of 50:1 and 100:1, it is observed
that the mean domain area grown within a 100:1 mixture is larger than that of graphene
grown within a 50:1 mixture, with median of mean areas of 3757 um? and 6734 pm? for
50:1 and 100:1 respectively. This is an unexpected result, as the growth time was the
same within both 50:1 and 100:1 experiments, but the carbon partial pressure within the
100:1 mixture was half that of the 50:1 mixture. A reduction in carbon partial pressure
would be expected to yield reduced graphene growth rates, but this is not found to be the
case. This is because the metrics presented within Figure 4.19 do not provide a complete
picture of the growth behaviour.

Figure 4.20 displays a plot of mean graphene foil coverage for graphene grown within
Hy:CH, mixtures of 50:1, 75:1 and 100:1 following a non-reducing anneal step. The foil
coverage reduces linearly between Hy:CHy ratios of 50:1 to 100:1, from 81% to 23%. De-
viations of ~ 7% from the mean value are observed for the 50:1 and 100:1 growths which
suggest that graphene growth behaviour under these conditions is reasonably homoge-
neous, whereas the 75:1 growth displays much greater deviation of ~ 20%. The large
range of foil coverage within the 75:1 growth is attributed to the behaviour of the second-
generation domain nucleation and growth and is a further reason why this growth recipe
is the least optimal recipe of those investigated within this section. The difference of
58% foil coverage between the 50:1 and the 100:1 is pertinent to the point raised above
regarding mean domain area. As the pp is a slightly greater for graphene grown within a
50:1 mixture, mean domain area is restricted by adjacent growing domains.

Furthermore, as Figure 4.20 displays, graphene grown within a Hy:CH, mixture of
100:1 has covered less than 30% of the foil after 15 minutes growth. Because domain

nucleation is an on-going process throughout graphene CVD growth the pp for graphene
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Figure 4.20: Plot displaying the foil area coverage of graphene after a 15 minute growth
period following a non-reducing anneal step within Hy:CH4 mixtures of 50:1, 75:1 and
100:1. The fitted trend displays a linear relationship to the methane partial pressure
within the system.

grown within a Hy:CHy mixture of 100:1 is certain to increase. Additionally, as the
copper foil surface is also being reduced throughout the process, the nucleation of many
smaller domains becomes increasingly likely the longer the process continues. Because
foil coverage rate is low within a 100:1 mixture, extended growth times, on the order of
one hour, would be required to achieve full foil coverage and because this work is aimed
towards optimising graphene growth for mass production, extended growth times are
undesirable. However, graphene grown within a mixture of 50:1 is close to full coverage at
approximately 81% foil coverage, and it is reasonable to assume that the domain density
will remain constant until full foil coverage is achieved, due to the fact that new carbon
fragments are more likely to be captured by existing domains, rather than nucleating new
domains.

To provide a full set of metrics from this recipe optimisation step, Figure 4.21 displays
a plot of domain perimeter against domain area, with fitted guides, to investigate the
dendricity of graphene grown within Hy:CH4 mixtures of 50:1 and 100:1 alongside data
from first-generation domains grown within a Hy:CH, mixture of 75:1. A power law model
is fitted to the plotted data as before and the n values for 50:1, 75:1 and 100:1 are found
to be 0.94, 0.62 and 0.61 respectively. The n-values given above, coupled with Figure

4.21 clearly displays how dendricity reduces as Hy:CH,y ratio increases. This is explained
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by a reduction in carbon partial pressure as Hy:CHy ratio increases, which leads to a
reduced Jy;,, and allows carbon fragments newly attached to a growing domain to more
fully relax around the perimeter. However, graphene grown at 50:1 was found to have an
n value greater than than graphene grown at 10:1, at 0.94 and 0.74 respectively. This is
attributed to decreased pp within the 50:1 growth, compared to the 10:1 growth, resulting
in an increase in the surface carbon mean free path, providing increased effective mobility
and thus increased J ¢

Although graphene grown within a Hy:CHy mixture of 50:1 performs less well on this
metric than the other recipes investigated within this section, graphene growth using
a mixture of Hy:CH,4 at a ratio of 50:1 provides the optimum point for mean domain
area coupled with rapid growth within the system used during this research. It is worth
mentioning that although full coverage graphene has been achieved with domain diameters
of over 1 mm [70, 75, 288], required growth times were greater than an hour. It should
also be mentioned that this data suggests that the use of further reduced methane partial
pressures should drive graphene domain growth closer to regular hexagonal morphology.
However, whilst this may be preferable for the quality of individual domains, it may

compromise too far on growth rate and foil coverage to be practical.
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Figure 4.21: Plot of domain perimeter against domain area for graphene grown within
H,:CH, ratios of 50:1, 75:1 and 100:1.

Finally, having specified an optimised recipe for graphene growth within the system

used throughout this research, as growth within a Hy:CH4 mixture of 50:1 following a
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non-reducing anneal, full coverage graphene was grown and transferred onto SiO, for
characterisation. Figure 4.22 displays a micrograph taken from the foil with full graphene
coverage following the HPM prior to graphene transfer. No areas with colour contrast
are observed, as expected for full graphene coverage, due to the protective nature of
the overlying graphene against copper foil oxidation [279]. The underlying copper foil
crystal structure is easily observed with the crystal edges shown by the heavy black
lines within the image. It can be seen that the copper foil grains are now hundreds
of microns in diameter due to copper grain enlargement throughout the annealing and
growth steps. The texturing of the copper foil surface, shown within this image as lighter
troughs surrounding darker dimples, is an artefact of foil flattening between a stack of
clean room wipes — the texture of the clean room wipe is transferred to the foil when
pressed upon, but is found to keep the graphene film intact. Importantly, no colour
contrast is observed at the copper grain boundaries, which indicates that graphene grows
continuously across even large surface features. The continuous nature of the graphene
film is corroborated by the homogeneous colour of the transferred graphene film on 80
nm SiOy on Si, as displayed in Figure 4.23 a), which indicates an unbroken transferred

graphene film.

Figure 4.22: Optical micrograph of full coverage graphene on copper foil following the
HPM.

Figure 4.23 a) displays a representative image of full-coverage graphene grown at 50:1

after transfer to Si capped with 80 nm SiO,. Wrinkles and tears, which are typical of
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large area graphene transfer, are visible within the image, corresponding to the darker,
thread-like features and small areas of increased brightness respectively whilst no multi-
layer regions are observed. This demonstrates homogeneous, monolayer graphene growth,
which is desirable for graphene electronics. A characteristic Raman spectrum from the
transferred graphene is displayed in Figure 4.23 b). No D peak is visible near 1350 cm™?,
indicating low carbon vacancy defect density within the graphene sheet. Both Figures
4.23 a) and b) demonstrate the high quality graphene grown using the optimised recipe.
Figure 4.23 ¢) and d) show non-contact AFM scans of the transferred graphene surface.
Alongside the folding typical of transferred CVD graphene, a high density of residues can
be seen on the graphene surface. These most likely originate from the transfer process and
indicate that transfer protocols require improvement. However, no tearing of graphene
or gaps within the coverage are visible, indicating the growth of a continuous graphene

layer.
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Figure 4.23: a) Optical micrograph of full coverage graphene grown within a Hy:CHy
mixture of 50:1 transferred onto Si capped with 80 nm SiOs; b) Raman spectrum obtained
from transferred graphene; c¢) and d) AFM images of transferred graphene topography
taken with 20 ym and 5 pm scan side lengths respectively.
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4.2 Conclusion

Within this chapter, the optimisation of CVD graphene growth using hydrogen and
methane diluted within nitrogen to below their lower explosive limits has been inves-
tigated. A step-wise method for the optimisation of CVD graphene growth has been
presented for the equipment used within this research and provides a logical set of exper-
iments to follow for other groups who are trying to improve the quality of their graphene
CVD. Additionally, the hot-plate method, which provides a rapid, low-cost method for
the visualisation of graphene domains grown on copper foil is introduced and shown to be
a suitable method for graphene growth analysis without the need for expensive equipment.
The successful rapid growth via industrially safe CVD of continuous graphene comprised
of domains with diameters of ~ 200 pm has been demonstrated. This research should
provide a valuable way forward for the industrial scale growth of graphene via CVD.

In addition, a simple method for measuring graphene dendricity, which is an impor-
tant metric for the growth of graphene with minimal domain boundary defects has been
demonstrated. A simple conceptual framework, explained via the relationship between
J fuz and Jeqge, has also been introduced, which should be helpful for researchers trying
to optimise their own recipe by providing a simplified description of graphene growth ag-
gregate behaviour. Finally, the recipes demonstrated throughout this chapter on the way
to graphene optimisation provide indicative recipe settings for a wide range of graphene
domain morphologies and densities, which may be of use for the production of ‘de-tuned’

graphene for applications requiring enhanced chemical or catalytic capabilities.
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Chapter 5

Nitrogen as a Suitable Replacement
for Argon within Hot-Wall
Methane-Based Graphene Chemical

Vapour Deposition

Work within this chapter published under the same title within PSS(b)

doi: 10.1002/pssb.201900240

Within this chapter we investigate replacing Ar with Ny as the buffering gas during CVD
growth. The practice of buffering CVD precursor gases with an inert gas has been used
by many groups as a method to increase the total system pressure [85, 163, 313, 314], to
provide a very low methane flow rate [163, 314, 315], or to dilute explosive gases below
their lower explosive limit (LEL) [58, 85]. Argon is used almost ubiquitously as the inert
gas within these roles because it is a monatomic Nobel gas, which means it remains
chemically inert under the conditions commonly used during CVD.

As described in the previous chapter, both methane and hydrogen are critical to the
CVD process. However, as argon plays no chemical role within graphene CVD, the possi-
bility to replace argon with a cheaper alternative should be an attractive prospect when
shifting from lab production to commercial synthesis. Due to its abundance, nitrogen is
both environmentally and monetarily cheaper than argon, and represents the only inert

gas which may provide such cost reductions.
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5.1 Possible Issues Arising from the use of Nitrogen

To explore the suitability of nitrogen as a buffering gas within graphene CVD, the po-
tential issues arising from nitrogen use should first be considered. Nitrogen exists as a
diatomic molecule and there is a risk that Ny might dissociate during CVD. Dissociated
nitrogen would be able to substitute into the graphene film, as shown schematically in
Figure 5.1, causing doping and disruption to the lattice. However, the N=N bond is one
of the strongest bonds known, requiring 5.19eV to convert N=N to H-N=N-H [88] and
9.76 eV to fully dissociate to Ny to atomic nitrogen [87]. The large bond strength means
that the probability of Ny dissociation during CVD is vanishingly small, suggesting that
nitrogen substitution into the graphene lattice is unlikely. Additionally, and importantly,
copper does not act as an efficient catalyst for the dissociation of Ny [316].

As the dissociation of Ny into N radicals capable of graphene-lattice incorporation is
unlikely, it is expected that Cu catalysed graphene grown via CVD using Ny as the buffer
gas will produce graphene indistinguishable from graphene grown via Ar buffered CVD.
Recently, a small number of groups have reported the growth of graphene using N as
the inert buffering gas [85, 166, 317]. The Raman data published from all these studies
report small Ip /I ratios from their graphene samples, suggesting a low defect density
within the graphene sheet [236, 241, 242, 318, 319]. In addition, G. Zhong et al. reported
a charge carrier Hall mobility of 5270 - 6040 cm? V~! s7! for their graphene transferred to
SiO9 on Si which also suggests high quality, defect free graphene [85]. However, as none
of these groups studied the inclusion of nitrogen into the graphene lattice in detail, it can
not be taken as a foregone conclusion that the use of nitrogen as a buffering gas during
graphene CVD does not lead to nitrogen inclusion within the graphene lattice.

As stated above, N-doping of the graphene lattice via the dissociation of N=N is
the major concern within this work. Previous theoretical and experimental studies on
deliberately N-doped graphene have identified the following general positions that N-
heteroatoms occupy within the graphene lattice [176, 179, 187, 320], illustrated in Figure
0.1

o Pyridinic N atoms preserve the form of the 6-membered ring it is part of, but causes

vacancy defects within the adjacent carbon rings.

o Pyrrolic N atoms both reduce their host carbon rings to 5-membered rings and

introduce vacancy defects within adjacent carbon rings.
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@ Carbon ®Pyridinic N atom
® Graphitic N atom @Pyrrolic N atom

Figure 5.1: Configuration of substitutional pyridinic-, pyrrolic- and graphitic-N within
the graphene lattice.

o Graphitic N atoms preserve the form of the graphene lattice. However, the differ-
ence in atomic mass and the addition of an electron introduce perturbations to the

phonon dispersion within the graphene lattice.

5.2 Comparison of Ny, and Ar buffered samples

To ascertain whether Ny is a suitable buffering gas within copper catalysed graphene CVD,
samples are fabricated within Ar and Ny atmospheres using our recipe for full coverage
monolayer graphene, discussed in Chapter 4. Multiple chemically sensitive spectroscopic
techniques are then employed to probe the graphene for N-related signals. The techniques
used within this section, in descending order of sensitivity to the presence of atomic
nitrogen within the graphene lattice are: Raman Spectroscopy, Time-of-Flight Secondary
Ion Mass Spectroscopy (TOF-SIMS), and X-Ray Photon Spectroscopy (XPS).

After graphene is grown on the copper foil, multiple samples from both regimes are
transferred to Si substrates capped with 300 nm or 80nm SiO,. Graphene is also studied

on the copper foil via XPS and TOF-SIMS to avoid false nitrogen signals which may
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originate from contamination introduced during the transfer process.

5.2.1 Raman Spectroscopy
Background

Raman spectroscopy is a powerful non-destructive tool for graphene characterisation. A
Raman spectrum acquired from defective graphene, grown during this project, which is
selected so that an example of the D peak may be clearly observed, is displayed in Figure
5.2. The three major peaks used for Raman spectroscopic characterisation of graphene

are highlighted and are discussed below:

o The 2D peak is useful for analysing the number of graphene layers present [232]
and the strain and doping of the graphene sheet [238, 321] but is not of significance

within the following section.

e The D peak is associated with the breathing mode of the carbon rings within the
graphene lattice. The D peak is a single-phonon Raman mode and is momentum
disallowed within pristine graphene. The presence of defects within the graphene

lattice break the crystal symmetry allowing the D mode to become active [240, 241].

e The G peak is related to the shearing mode of adjacent rows of carbon atoms within
the plane of the graphene lattice. The G peak intensity is related to the number of
lattice rings illuminated by the laser and is not significantly altered by the presence
of defects within the graphene lattice within the range of defect densities explored

within this research [240, 241].

Within highly damaged samples, there may also be a smaller subsidiary peak present
on the high-wavenumber side of the G peak which is referred to as the D’ peak. As
the relative G peak intensity remains constant before the appearance of the D’ peak, it
provides a useful normalisation tool for Raman spectroscopic analysis of graphene. The
intensity ratio of the D peak to the G peak can then be used to measure the point defect
density of graphene [231, 236, 240, 241, 243, 318] via Equation 5.1 [240], where np is the
carbon vacancy density within the graphene lattice per cm?, Ay, is the wavelength, in nm,
of the illuminating laser light used and Ip and I; are the relative intensities of the D
and G peaks respectively. Equation 5.1 is a culmination of theoretical and empirical work

carried out by Lucchese et al. [241], based upon the Raman active area of carbon vacancies
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Figure 5.2: Raman spectrum of defective graphene grown during this research. The D/G

ratio suggests a defect density of ~ 2.57 x 10*° cm=2.

within a graphene sheet, which was then developed further empirically by Cancado et al.
[240]. Using this equation, the Raman spectrum in Figure 5.2, acquired using a laser of
wavelength 514.5 nm, relates to a graphene sheet with a carbon vacancy defect density of
2.57 x 10 cm~2.

(5.1)

1.8+0.5 x 10?2 [Ip
TN (T)
Equation 5.1 refers specifically to the density of defects formed by the removal of single
carbon atom from the graphene lattice. As both pyridinic and pyrrolic nitrogen substi-
tutional positions also create carbon vacancy defects within the graphene lattice, it is
reasonable to assume that these substitutional positions are at least as Raman active as
simple carbon vacancies within the lattice. Previous studies show however, that graphitic
nitrogen defects are less Raman active than carbon vacancy defects within the graphene
lattice [167, 187]. We therefore extrapolate an empirical relationship, defined in Equation
5.2, between graphitic nitrogen density per cm? (ny) and the Ip/Ig ratio from Raman

spectra published by Guo et al. for graphene sheets doped with purely graphitic nitrogen
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substitution [167]. The data from Guo et al. is used as it provides the most consistent
Raman spectral trend we could find within the literature, based on graphitic nitrogen

substitution density within graphene.

I ,
ny = (I—D + 0.9542) x 10' (5.2)
G

To assess nitrogen inclusion within the graphene matrix, the minimum resolvable nitrogen
inclusion must be considered, based on a minimum resolvable Ip /I ratio. The minimum
detectable limit is defined as the peak-to-peak amplitude of the background signal divided
by the G peak prominence. Figure 5.3 illustrates the effect of increasing spectrum acqui-
sition time on the minimum resolvable Ip /15 ratio, wherein Raman spectra are acquired
from graphene samples grown within this research, at a Hy:CHy ratio of 50:1 following a
non-reducing anneal, with a Horiba Jobin yvon LabRam 800HR coupled with a Symphony
Solo detector and a grating of 2400 cm™!. It is found that increased acquisition time re-
sults in increased defect sensitivity due to a decreased minimum Ip /I ratio. However,
as each spectrum is captured across five spectral windows, the use of longer acquisition
times result in significantly increased spectrum capture time, as annotated within Figures
5.3 a) - d). A 5 s acquisition time was found to provide the optimum balance between

defect sensitivity and spectrum acquisition time.

Raman Spectroscopy of Argon and Nitrogen Buffered Graphene

Figure 5.4 a) displays characteristic Raman spectra taken from argon and nitrogen buffered
graphene after transfer to Si capped with 80 nm SiOsusing the optimum Raman spec-
trometer settings discussed above. Both the G and the 2D peaks are clearly visible and
the Iyp /I ratio of 2, coupled with the single Lorentzian curve fit of the 2D peak indicate
monolayer graphene [243]. Figure 5.4 b) displays a magnified view of the D peak region
and it is observed that no D peak is clearly resolvable above the noise limit of the system
within either spectrum. Taking the peak-to-peak noise amplitude, a minimum resolv-

2

able carbon vacancy defect density of 2.23 x 10° ecm~2 is calculated. A corresponding

2 or 0.26 at.% is found, using

minimum graphitic nitrogen density of 9.73 x 10'%? cm™
our relationship extrapolated from Guo et al [167]. The reduced Raman sensitivity to
graphitic substitutional nitrogen atoms is expected as the hexagonal atomic arrangement

is retained within this configuration.
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Figure 5.3: Raman spectra acquired from graphene grown during this research at a
H,:CHyratio of 50:1 following a non-reducing anneal. The spectral window acquisition
times decrease from a) to d) providing an increase in the minimum resolvable I, /I ratio.
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Figure 5.4: a) Raman spectra taken from argon-buffered graphene and nitrogen-buffered
graphene; b) magnified view of the D-peak region.
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Figure 5.5: Schematic representation of the gas and temperature profiles used to grow
domains within alternating nitrogen and argon atmospheres.

Raman spectroscopy of Nitrogen/Argon Phased Growth

In order to eliminate variations in Raman signal between samples introduced during the
process of transferring graphene to Si/SiO,, large isolated graphene domains were grown
using a 50:1 Hy:CHy recipe, as introduced in Chapter 4, which was periodically switched
between nitrogen- and argon-buffered atmospheres to produce domains with concentrically
banded regions grown under a nitrogen or argon atmosphere[62]. The gas mixture used
during growth is displayed schematically in Figure 5.5. The time required to exchange
the buffering gas environment within the CVD chamber was found to be 20 s and the
duration of each gas phase within a cycle was 3 minutes. The length of the evacuation
time in relation to the length of time of each phase means that regions which are only
nitrogen or argon buffered should dominate within the graphene film.

Following the growth of isolated domains approximately 300 pm across, radial line
scans are recorded using a Horiba Jobin yvon Raman LabRam HR800 spectroscope. Fig-
ure 5.6 displays a microscope image of one such domain with lines 1-4 indicating the
paths of the radial line scans. Magnified images of the line scan paths are displayed in

Figure 5.7 a), ¢), ¢) and g). The plots displayed in Figure 5.7 b), d), f) and h) show the
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Figure 5.6: Optical micrograph of a graphene domain grown under periodically switched
nitrogen and argon atmosphere. Lines 1-4 indicate the paths taken by the radial line
scans. The scale bar represents 100 pm.

corresponding Ip/Ig ratios extracted for each point along the line scans. The grey/blue
regions at the bottom of each plot indicates a conservative minimum resolvable Ip /I ra-
tio of 0.018. Data points indicated within the grey/blue regions represent automatically
extracted Ip /I ratios which lie below the conservative minimum detection limit for the
Raman spectrometer. Two prominent features above the minimum detection limit are
observed in Figure 5.7 b), marked i and ii on Figures 5.6 and 5.7 a). The feature at i
can be identified as a large fold in the graphene flake. Folds such as this are known to
produce an increase in the D-peak signal, because of the graphene sheet breaking crystal
symmetry due to a small radius of curvature [199]. The second large peak correlates with
the edge of the graphene flake and is due to the presence of non zig-zag flake edges which
are also known to be D-mode active [283]. The increase in Ip /I ratio close to the 0pm
position can be ascribed to the edges of the multilayer graphene found at the centre of the
flake which are also not purely zig zag. Due to the graphene transfer process, folds and
tears are present within all analysed flakes. Increases in the Ip/Ig ratio are universally
observed at these features and at the middle and edge of flakes of every flake measured,

as shown in Figures 5.7 ¢) - h). Importantly, the periodicity of the Ip /I ratio increases
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Figure 5.7: Magnified images of linescans 1-4 indicated in Figure 5.6, a, ¢, e and g
respectively and the associated Ip/Is plots b, d, f and h respectively.

do not match that of the carrier-gas variations introduced during growth as demarcated
by the dashed lines and labels in Figures 5.7 b), d), f) and h). The lack of corresponding
periodicity within Figures 5.7 b), d), f) and h) and the correlation of large increases in
the Ip /I ratio to macroscopic defects is further confirmation that nitrogen has not been
incorporated into the graphene during growth, within the sensitivity of our spectrometer.

The demarcated regions are considered to be the best possible approximation for
the expected nitrogen- and argon-buffered regions. This approximation is based on the
assumption that the analysed graphene domains grew at a linear rate with respect to
radius throughout the entire growth period, rather than a growth rate that was linear

with respect to area, and is thought to be valid for the following reasons:

1. Carbon-domain edge-attachment, rather than carbon-surface diffusion, was the rate
limiting step, evidenced by the ‘feathered’ graphene domain edges [157]. Graphene

domain morphology based on growth rate limiting steps is discussed in more detail

in Section 4.1.4.

2. At the point of growth termination, graphene foil area coverage was < 80%, meaning

that:

(a) sufficient copper foil surface was still available to catalyse CH4 decomposition

to maintain growth rates [58, 62, 164] and
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Figure 5.8: Averaged radial linescan values from the graphene domain displayed in Figure
5.6.

(b) inter-domain growth competition had not begun, meaning growth rates were

maintained throughout [58, 164, 322].

Indeed, the linear radial growth rate has been demonstrated experimentally by Li et al.
[323] and Srinivasan et al. [322], via the use of similar protocols, within which *C and *C
were alternated between throughout the graphene growth period. As the location of the
Raman peaks from graphene grown with *C are downshifted with respect to graphene
grown with 2C [62, 322, 323], the resulting maps of Raman peak locations displays a
clear radially linear growth rate [322, 323].

To reduce the impact of local features on the Raman linescans, Figure 5.8 displays
the mean Ip /I value from all the radial line scans obtained from the graphene domain.
Apart from the two spikes in I /I signal, which are an artifact of the features labelled
as i and ii in Figures 5.7 a) and b), the mean Ip /I ratio remains below the minimum
detection limit across all line scans. It is important to emphasise again that increases in
Ip/1g ratios show no relation to the gas switching periodicity, indicated by the dashed
lines and labels within Figure 5.8.

To further confirm the absence of banded Ip /I increases, micro-Raman mapping was
carried out on graphene domains grown under switched nitrogen and argon atmospheres.
The micro-Raman maps were recorded using a WITec alpha 300 R with a 532 nm exci-
tation laser, a 20X objective lens and a spectral grating with 600 lines/mm. Maps were
taken over an area of 160 um x 160 um with spectra acquired in 1 um steps in the x and
y directions (i.e. 160 x 160 spectra) using an acquisition time of 0.05 s for each spectrum.
Optical micrographs of graphene domains transferred onto 80 nm SiO2 on Si are displayed
in Figures 5.9 a), b) and c). The corresponding Raman maps are displayed in Figures

5.9 d), e) and f). Figures 5.9 b), ¢), e) and f) are from the same domain, with Figures
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b) and e) displaying the centre of the graphene domain and c) and f)displaying the edge
of the graphene domain. This is done to show that the Ip /I ratio behaviour remains
homogeneous throughout the entire graphene domain. Using a similar process to the one
described for the data displayed in Figure 5.7, the minimum resolvable peak height from
spectra obtained with the micro-Raman instrument corresponds to an Ip /I ratio of 0.03.
This returns a minimum detection limit of 7.71 x 10° cm~2 for point defects, or 9.84 x
10'2 em™2 for graphitic nitrogen. As explained previously, the substitution of nitrogen
into the graphene lattice during nitrogen-buffered CVD would be expected to result in
increased D-peak intensity. The lack of observable banding within both domains further
indicates that nitrogen is not present in the graphene sheet within the detection limit of

the micro-Raman instrument.

5.2.2 XPS

As Raman spectroscopy does not return explicit chemical information about hetero-atoms
or defects within the graphene lattice X-ray photoelectron spectroscopy (XPS) was em-
ployed for its chemical sensitivity, as another method to probe graphene grown under
argon and nitrogen atmospheres for the presence of nitrogen within the film. XPS data
was acquired with a PHI VersaProbe III, using a micro-focussed monochromated Al K-
alpha source (1486.6 ¢V) and dual-beam charge neutralisation. Measurements were con-
ducted with a spot size of 100 microns and a pass energy of 26 eV using PHI SmartSoft
VersaProbe software. Core-level spectra were acquired around the N1s and Cls binding
energies. These binding energies were chosen as the presence of nitrogen is most likely to
be observable within these energy envelopes, either due to the presence of nitrogen or due
to carbon-nitrogen bonding. Figure 5.10 displays the N1s core-level spectra obtained
from nitrogen-buffered and argon-buffered graphene on the copper growth foil (as-grown)
and after PMMA-mediated transfer to SiO2. The Nls spectra are corrected with a lin-
ear fit before plotting and visual inspection reveals no resolvable features within the
spectra taken from graphene transferred to SiO2 or from the as-grown nitrogen-buffered
graphene. A small peak is observed within the spectrum taken from the as-grown argon-
buffered graphene — as no nitrogen is expected within this sample this is an unexpected
feature and more investigation is required to understand this result. However, the height
of the peak observed is approximately the minimum resolvable height in relation to the

peak-to-peak amplitude of the background noise, which allows a minimum detection limit
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Figure 5.9: Optical micrographs of graphene domains transferred to 80nm SiOj0n Si,a),
b) and c¢) and the corresponding micro-Raman maps d), e) and f). Images b) and ¢) and
maps e) and f) are from the same domain but display the centre and the edge of the

domain respectively.
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Figure 5.10: Nl1s core-level XPS spectra obtained from nitrogen-buffered and argon-
buffered graphene on the copper growth foil (as-grown) and after PMMA-mediated trans-
fer to Si02.
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Figure 5.11: Cls core-level XPS spectrum recorded from argon-buffered graphene on the
copper growth foil.
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Figure 5.12: Cls core-level XPS spectrum recorded from nitrogen-buffered graphene on
the copper growth foil.

for nitrogen to be calculated. By extracting the areas of the resolvable N1s peak within
the Ar graphene on foil spectrum and the total area of the fit for the Cls peak acquired
from the as-grown argon-buffered graphene, displayed in Figure 5.11, after application
of the relevant sensitivity factors for nitrogen and carbon [253] the minimum detection
limit for nitrogen within graphene on copper is found to be 0.84 + 0.28 at.%. This is
greater than quoted values for minimum detectable nitrogen content within carbon [190)]
and can be ascribed to the increased peak-to-peak amplitude of the background signal due
to scattering caused by the roughness of the copper foil [252]. As the surface roughness
of the graphene transferred to SiO2 is much reduced, the peak-to-peak amplitude of the
background signal is reduced by a factor of 2.5 and thus the minimum detectable N1s
signal allows a minimum nitrogen detection limit of 0.34 £ 0.14 at.%, which is in good
agreement with values quoted elsewhere[190)].

Figures 5.11 and 5.12 display the Cls spectra for as-grown argon- and nitrogen-buffered
graphene respectively. Both spectra are well fitted by 3 Gaussian peaks at 285.3 eV, 287.3
eV and 291.6 eV in addition to the sp? peak centred at 284.5 eV. We assign these peaks to
C-C, C-H or C-N bonding, C-O-H or C-O-C bonding and C=0 bonding respectively [187].
As nitrogen is not expected within the argon-buffered graphene, we ascribe the peak at
285.3 eV within Figure 5.11 to C-C or C-H bonding. The area of the peak at 285.3 eV is
larger in Figure 5.11, obtained from argon-buffered graphene, than in the XPS spectrum
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from the nitrogen-buffered graphene, displayed in Figure 5.12. If taken in conjunction with
the N1s data, it is possible to conclude that the nitrogen concentration within nitrogen-
buffered graphene lies below the detection limit of 0.35 at.% for the X-ray photoelectron
spectrometer within the settings used. There are no observed increases in nitrogen-related
XPS signals within the graphene grown under a nitrogen-buffered atmosphere. The Cls
core-level spectra are not presented for graphene transferred to SiO2 on Si because XPS
signals from polymer residues containing C-C and C-O groups would obscure the relevant

energy envelope for exploring the presence of C-N bonding.

5.2.3 TOF-SIMS

TOF-SIMS was used to as a further probe to study the elemental composition of graphene
on copper and after polymer-assisted transfer to SiO,. Surface measurements were taken
with a PhiNano TOF II spectrometer using a Ga+ primary ion gun (30 keV; current:
3 nA), bunched mode and negative ion polarity. After data acquisition, spectra were
normalised by the total spectrum count number. Figure 5.13 displays the count frac-
tions of the relevant nitrogen bearing species (CN and CNO) recorded. The CN and
CNO count fractions are more than five times greater within the data recorded from the
nitrogen-buffered graphene on copper than the argon-buffered graphene on copper. As
mentioned previously, it is thought that nitrogen-bearing species dissolve into the copper
foil during growth. The TOF-SIMS data for both as-grown samples display a clear peak
at the mass/charge value for copper of m/z = 62.93, demonstrating sputtering of the
copper foil below the graphene during data acquisition. The count fractions of CN and
CNO within the spectra acquired from argon-buffered and nitrogen-buffered graphene on
SiOsare comparable. The count fractions for both species are slightly smaller within the
nitrogen-buffered graphene than the argon-buffered graphene, but are still easily resolv-
able within the count fraction detection limit of (5.09 & 3.58) x 10~° for the spectrometer
and measurement parameters. No copper signal is observed within either spectrum in-
dicating that the increased nitrogen signal originated from the copper foil rather than
the graphene. The TOF-SIMS data does not indicate that nitrogen substitutes into
the graphene lattice during nitrogen buffered graphene growth within copper-catalysed
methane-based hot-wall CVD.
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Figure 5.13: TOF-SIMS measurement count fractions of CN and CNO molecular frag-
ments, recorded from nitrogen- and argon-buffered graphene, after transfer to SiO, and
from graphene left on the copper growth foil.

108



5.2.4 Electronic Characterisation

Finally, electronic characterisation of GFETs can provide an indication of substitutional
nitrogen within the graphene lattice, due to n-doping effects from substitutional nitrogen
atoms. It is possible to measure the residual doping of the graphene channel by recording
the location of the GFET transfer curve minimum, or charge neutrality point (CNP),
denoted by Veonp. Recall from Chapter 3.2.5, that the CNP location can be equated to
residual doping via ng = Vonp: C,e/q, where ng is the residual channel doping density
per cm?, C,, is the oxide capacitance per cm? (11.505 nF ecm™2 for 300 nm SiO,) and q
is the unsigned elementary electronic charge.

Figure 5.14 displays characteristic transfer curves taken from GFETs fabricated using
N-graphene (N-GFET) and Ar-graphene (Ar-GFET). Both the N-GFET Veoyp and Ar-
GFET Vgnp are found to lie at 40 V, which corresponds to a residual p-doping density
of 2.87 x 10'2 cm™2. Uncertainties of -0.5 V for both Ar- and N-GFETs, and 4+0.5 V and
+1.0 V for Ar- and N-GFETs have been applied to the CNP, resulting in residual doping
densities confidence intervals of & 3 x 10! cm~2 for the Ar-GFET, and - 3 x 10 and
+ 6 x 10 em~2 for the N-GFET. As the residual doping densities of both the Ar- and
N-graphene channels are found to be similar and within the same V, interval, it is possible
to state that n-doping of the N-GFET graphene channel due to nitrogen inclusion within
the graphene lattice is not detectable within the sensitivity of this experiment or above the
p-doping effect of transfer residues. An increased uncertainty interval was applied to the
positive side of CNP of the N-GFET transfer curve, due to the reduced gradient observed
within the n-conducting region of the N-GFET. The reduced gradient of the N-GFET
transfer curve may be due to an increased density of polarisable oxygen-bearing groups,
such as water, adjacent to the graphene channel [194, 196, 324, 325] — the increased density
of which are likely an artefact of the N-GFET having been fabricated approximately a
year earlier within the project. However, more research would be required to confirm the
exact source of this behaviour. Additionally, the inclusion of nitrogen within the graphene
lattice would be expected to significantly reduce the charge carrier mobility within the
N-GFET [187], but the electron (hole) mobilities were found, via the gradual channel
approximation (see Chapter 3.2.5), to be 1700 cm? V~! s7! (1300 cm? V~! s7!) and
970 cm? V=1 s7! (1300 cm? V~! s71) for Ar-graphene and N-graphene respectively; both
well within the expected mobility value range for GFETs fabricated during this research.

Finally, the channel doping densities extracted from Figure 5.14, suggest that graphitic-N
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Figure 5.14: GFET transfer curves taken from Ar- and N-GFETs, showing that the CNP
lies within a similar range for both Ar- and N-GFETs, suggesting that nitrogen does not
substitute into the graphene lattice during nitrogen-buffered graphene CVD.

substitution cannot be present within the graphene lattice at levels similar to the minimum
spectroscopic detection limit of ~ 10'3 cm™2, as assuming that each nitrogen donates 0.5
e~ to the graphene sheet [167, 185, 186], the N-GFET CNP would have to lie at V, ~
-20 V. Only graphitic substitutional nitrogen is considered here, as both pyridinic and
pyrrolic substitutional nitrogen are assumed to be detectable, via Raman spectroscopy,
at densities of 2.23 x 10° ecm™2. This would correspond to a negligible CNP shift of ~
0.1 V in comparison to both the CNP shift and range of CNP shifts observed within this

research, as presented in more detail within Chapter 6.

5.2.5 Conclusion

The suitability of using nitrogen as a cheaper buffering alternative to argon within hot-
walled graphene CVD was explored by growing samples under argon-buffered, nitrogen-
buffered and alternating argon- and nitrogen-buffered atmospheres. Raman spectroscopy,

XPS and TOF SIMS were used to look for increased nitrogen signal within the graphene
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lattice. No evidence of increased nitrogen content within the nitrogen-buffered graphene
or within the nitrogen-buffered phases of the graphene grown under alternating nitro-
gen/argon atmosphere was observed within the detection limits of the spectroscopic tech-
niques used. Additionally, no comparative n-doping of N-GFET channels were observed
when compared electronically, via the recording of GFET transfer curves, with Ar-GFETs.
We therefore conclude that nitrogen is a suitable buffering gas for use within methane-

based hot-wall graphene CVD.
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Chapter 6

W;014-Graphene Hybrid (as

Sensors

Within this chapter, gas sensing devices based upon graphene field effect transistor
(GFET) architecture are explored. Graphene is investigated as a gas sensing material
because its unique combination of atomic thinness [1], small density of states close to the
graphene charge neutrality point [1, 10] and low noise [222, 326, 327], which means that
interactions between the graphene and physisorbed gaseous species should create measur-
able resistance responses to even small gas concentrations [33, 91, 328]. However, because
the graphene basal plane has few or no chemically active sites, gas sensing interactions
are due to physisorption and therefore graphene gas sensors have poor selectivity between
different gaseous species [172, 329]. In addition, graphene sensors sense all adsorbates on
the graphene channel, which means that residues introduced during GFET fabrication are
also sensed by the graphene channel and can lead to device desensitisation [218]. To ad-
dress this problem, hybrid graphene/particle sensors have been widely investigated with
a view to improving graphene device sensitivity and selectivity [40, 98, 101, 208, 220].

W;5014 is a sub-stoichiometric form of WO3, which has only become reliably producible
recently [330]. Last year, Yu et al. demonstrated high-sensitivity of W5O14 to 1 ppm HsS
at temperatures between 150°C and 375°C [331], due to chemisorption reaction charge
exchange. Because HyS acts as a reducing agent, graphene/W;014 hybrid systems should
display selectivity and increased sensitivity towards reducing agents, such as NH3, through
the activation of chemisorption based charge exchange between W50q4 and analyte gas,
followed by a change in the conductivity of the graphene channel.

This chapter is organised as follows: First, the mechanisms for gas sensing via chemisorp-
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tion and physisorption are introduced. This is followed by a discussion on the choice of
W;5014 microparticles for graphene functionalisation and data is presented for the deposi-
tion of W5014 microparticles from suspension in ethanol. The graphene/W5;014 material
system is then characterised at the micro scale via KPFM of W5014 particles on graphene.
Characteristic operation of GFETs used within this research is displayed, which demon-
strates behaviour consistent with reported values [262-265] and is used to discuss GFETs
doping effects. The macro-doping effect of W51, on graphene is then presented via gate
bias transfer curves which show the n-doping effect of W5014 on graphene. Finally, a com-
parison of gas sensing behaviour between non-decorated and W50Oq4-decorated GFETs is

presented.

6.1 Sensing Mechanisms

Whilst graphene has been shown to be sensitive to both reducing and oxidising gas species
[33, 91, 328], the mechanism responsible gas sensing on prisitine graphene is physisorp-
tion [328, 332]. When compared with chemisorption, the interaction between physisorbed
species and the underlying material is known to be weak [332, 333]. Indeed, using den-
sity functional theory (DFT), Leenaerts et al. calculated that NH3 weakly physisorbs on
pristine graphene with an energy of physisorption of approximately 35meV [172]. Addi-
tionally, a physisorbed NH3 molecule donates only 0.03e to the pristine graphene [172],
which would result in negligible channel resistance changes if a devices were to be operated
with direct current (DC) for resistance modulation observation.

The case is a little different for NOy, whose lowest unoccupied molecular orbit (LUMO)
hybridises more strongly with graphene due to the paramagentism of NOs molecules [172].
Leenaerts et al. showed that the energy of physisorption of NOy on pristine graphene
is greater than that of NHj at 67meV and the charge transfer to the NOy LUMO re-
sults in a charge transfer of 0.1le from the graphene to the adsorbed NOg [172]. Whilst
the interaction between NO, and graphene is greater than that of NHs on graphene,
physisorption interactions are still considerably weaker than chemisorption interactions
[332, 334]. Therefore, to increase device sensitivity towards NHs, a suitable material for
NHj; chemisorption should be selected. As W5014 has been shown to be sensitive towards
reducing gas species, with chemisorption as the sensing mechanism, we propose the use
of W5014 as a decorating particle for a graphene-hybrid system.

Figure 6.1 a) displays a schematic representation of the physisorption interaction be-
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tween NOy and NH3 on bare pristine graphene. Figure 6.1 b) shows a schematic represen-
tation of the chemisorption interaction expected between NH3 and W50Oq4 on graphene,
based upon the W50y, sensing results of Yu et al. [331]. The magnitude and direction
of charge transfer between the adsorbed gas molecule and either graphene or W5014 on
graphene is illustrated by the arrow labels and arrow directions respectively. From the
arrow labels in Figure 6.1 it can be seen that the magnitude of charge transfer occurring
in chemisorption is at least one order of magnitude greater than that within the ph-
ysisorption interactions. The chemisorption interaction between NOy and W50Oq4 is not
displayed, as temperatures considerably above the operational temperatures used within
this study are required to further oxidise W5014, whereas reduction of W504 has been
demonstrated within the operational temperature range used within this study [331]. A
representative schematic is displayed in Figure 6.1 c¢), where the highlighted green region
shows the area either side of the Fermi-level of pristine graphene which is most sensi-
tive to charge exchange. This region is most sensitive to adsorbates, because even small
charge exchange will have a large effect on the location of the graphene Fermi energy. Ar-
rows are provided as reminders of which way the Fermi-level moves upon p- or n-doping.
The arrows labelled chemisorb and physisorb represent the interaction strength between
graphene and a chemi/physisorbed molecule, with chemisorption having a greater effect.
Note that none of the arrows in Figure 6.1 ¢) are to scale and are only representative of

different interactions.

6.2 W;0, Particles

The success demonstrated by hybrid graphene-particle devices [40, 98, 101, 208, 220] in-
spired the investigation of hybrid W5014/graphene gas sensors to improve graphene-based
gas sensor device sensitivity towards NHz. As W5044 particles have already demonstrated
sensitivity toward another reducing gas, HoS [331], coupling W50;4 with an underlying
graphene channel is expected to result in improved device sensitivity and response times.

W50, is a sub-oxidation state of tungsten, which is typically found in the fully oxi-
dised stoichiometry, WO3 [105]. Saqib et al. showed that W5014 has distinctly different
material properties to WOj3. One key difference is that WO, changes from a semiconduc-
tor with a bandgap of between 2.5 ¢V - 3.2 €V when it has stoichiometry of WOj3 [335],
to a metallic conductor in W5014 stoichiometry [105, 330]. Electrical resistivity also

drops from approximately 10 Qcm [336] for WOs3, to 25 uQlem when the stoichiometry is
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Figure 6.1: Schematic representations of, a) physisorption of NOy and NHj, and b)
chemisorption of NHs, on pristine graphene. The magnitude and direction of charge
transfer between gas molecule and graphene is indicated by the arrow labels and arrows
respectively. c¢) displays a plot of the DOS in graphene. The highlighted green region
shows the area either side of the Fermi-level of pristine graphene which is most sensitive to
charge exchange. The size of the arrows labelled for chemisorption and physisorption rep-
resent the difference in interaction strength between graphene and a chemi/physisorbed
molecule. Note that none of the arrows are to scale and are only representative of different
interactions.

changes to W5014 [105, 330].

KPFM studies conducted by Saqib et al. of W5014 on freshly exfoliated highly ordered
pyrrolitic graphite (HOPG) show that W5O14 has a facet-dependant surface potential of
4.20 to 4.34 eV [105].

6.2.1 Deposition of WOx on Graphene

W;5014 particles were supplied by the Remskar group from the Solid State Physics De-
partment, at the Jozef Stefan Institute, Ljubljana, Slovenia. The W50, particles were
then suspended in ethanol before exploring deposition via spin-casting and drop casting
were investigated.

Spin casting was found to be ineffective as the W50, particles do not adhere strongly
enough to the underlying graphene to avoid re-dispersion upon subsequent W5Oq4 sus-
pension application. As material being spin cast experiences a centrifugal force which is
used to spread the material, re-dispersed W5014 particles are forced to the edge, and sub-
sequently off, the target substrate. This effect prevents surface coverage of W50y, from
increasing beyond that achieved within the first application (~ 2% surface coverage) and
is therefore considered and unsuitable method for W5Oq4 deposition.

Therefore drop casting was used for W5014 particle deposition as it allows W50y

surface coverage to be selected via dose application. Due to the rapid evaporation rate of
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Figure 6.2: Micrograph images of W50O14 microparticle density on SiO, substrate after a)
one 50 pl drop, b) five 50 ul drops and c), plot displaying substrate surface area coverage
of W5014 microparticles as a function of drops applied.

ethanol and the size of the W5014 micro particles, coffee-ring effects were not found to be a
major issue. The coffee-ring effect relates to the deposition of particulate matter within a
suspension in a ring-like fashion as a drop of liquid dries on a solid surface [337]. However,
as displayed in Figure 6.2 b), clumping of W50y4 particles begins to occur after multiple
suspension applications. Although this is not an ideal outcome, device area coverage by
W;5014 is the more important metric and so drop casting is used as the method for W50O14
deposition. Figure 6.2 displays optical micrographs of W50;4 surface coverage after a),
one application and b), five applications. An appreciable increase in area coverage is
observed and the area coverage is found to have an approximately linear relationship with
respect to the number of drop cast applications, displayed in Figure 6.2 ¢). This means
that it is possible to tailor the W50y, particle density, or coverage, by repeated drop
casting from the W50O14 microparticle suspension followed by visual inspection after each
drop application until the desired particle density is achieved. Optical microscopy is found

to be sufficient to visualise W5014 coverage which allows for rapid coverage assessment.

6.3 KPFM W;0;; on Graphene

KPFM is used to probe the electron surface potential of W5Oq4 on transferred CVD
graphene, to investigate relative material work functions thus allowing W50O14-graphene
charge transfer to be predicted. The working mechanism of KPFM is describe in detail
in Chaper 3. KPFM creates corresponding topographical and electron surface potential
maps across areas of interest which enables the investigation of the work functions of

graphene and W50Oq4. This, is turn, allows predictions to be formed regarding W5O14-
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Figure 6.3: AFM maps of a W504-nanowire on CVD graphene. a) displays topography;
b) displays the KPFM surface map; c) plot of line profiles extracted across the W5014
nanowire.

graphene charge transfer. The importance of W5014-graphene charge transfer is discussed
in more detail in Section 6.4.

Figure 6.3 displays a representative AFM /KPFM scan taken from W54 on graphene.
Before and after scanning, the work function of the AFM tip was calibrated against a thin
gold film to allow the direct display of measured work functions — a), topography and b),
KPFM surface maps are presented alongside c), a plot of the indicated line profiles ex-
tracted across the W5014 nanowire within a) and b). It can be seen from the KPFM
measurements that the electron surface potential is reduced across the W5014 nanowire,
with a work function (®wo.) of between 50 meV to 100 meV lower than that of the sur-
rounding graphene sheet. The difference between the graphene and W5014 work functions
are greater than expected from reported values by Leenaerts et al. for pristine graphene
on SiOy (4.35 €V) [104] and W5014 on Highly oriented pyrolytic graphite (HOPG) (4.20
eV to 4.34 eV) as measured by Saquib et al. [105]. The KPFM measurements suggest that
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the Fermi-level of the graphene sheet is slightly lower, i.e. ® g qphene is slightly increased,
when compared to the expected value for pristine graphene. The increase in @ g qphene is
also evidenced by the positive shift of the CNP from V, = 0 V, presented within Figure
6.5. The non-homogeneity of ®g.qhene across the graphene surface also shows that there
is localised p-doping of the graphene sheet. This p-doping most likely originates from
polymer residues introduced during the graphene transfer, as such work function puddles
are common to all KPFM measurements taken throughout this research, regardless of
whether the graphene sheet has been functionalised or not.

We now consider the KPFM profile of the W5014 nanowire. The stepped surface
potential profile across the W50Oq4 nanowire is observed within all KPFM scans carried
out throughout this research and is in agreement with observations reported by Saquib
et al. [105]. Small local decreases of ®y o, are observed in the centre of nanowire facets
and are thought to be related to increased oxygen vacancy defects [105]. As Py, is
measured to be lower than ®g,4pnene, there will be electron transfer from W50y4 particles
to the graphene, causing of n-doping of the graphene channel, which is discussed in more

detail within Section 6.4.

6.4 GFETs and GFET Doping

6.4.1 As-fabricated GFET Characteristics

GFETs are used within this project as a platform for gas sensing devices. The fabrication
process for these GFETs is described in detail within Chapter 3. Figure 6.4 displays an
11-device GFET chip fabricated on SiO, during this project. The contacts are defined via
UV-photolithography and contacts are deposited via e-beam evaporation of 40 nm gold
on 10 nm chromium, followed by photoresist lift-off, prior to CVD-graphene transfer. The
graphene channel is deposited on top of the pre-patterned contacts and is outlined with
a yellow dashed line within Figure 6.4 for increased clarity. GFET yield was found to
increase by fabricating GFETs this way, although the reason for increased yield is currently
unclear and requires further investigation to understand. Additionally, for the purposes
of this research, it is desirable to have more graphene exposed to the surrounding gaseous
medium as the metal contacts should not display sensitivity towards gaseous analytes due
to their continuous and large density of states. Therefore, the fabricating gas sensors by

patterning contacts first followed by graphene transfer is of benefit to device yield and to
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Figure 6.4: Image of a typical GFET fabricated within this work, with Cr/Au contacts
on a Si chip capped with 300 nm SiO,. The graphene channel is outlined by the yellow

dashed line for increased clarity. This is a duplicate image of Figure 3.4 included as a
reminder within this section.

sensor architecture.

Following fabrication, I;5/V, sweeps are performed on the GFETSs to extract values for
charge carrier mobility and channel doping density. Figure 6.5 displays a characteristic
curve obtained from an I,s/V, sweep. The curve displays the typical "V’ shape expected
from a GFET transfer curve [1, 10] and the blue and red circles indicate the locations of
the charge neutrality point (CNP) for the up and down V, sweeps respectively. As the
CNP for both up and down V, sweeps lies between 4+ 40 V < V, < 4+ 50 V, the GFET
is seen to be heavily p-doped [195]. P-doping is often observed for GFETs fabricated
from CVD graphene transferred from the growth foil using a polymer support layer and
wet etching and is caused by polymer contaminants on the graphene surface and water
molecules trapped between the graphene and target substrate [195, 329, 338-341].

Graphene charge carrier mobility can be extracted from the GFET transfer curve. As
discussed in Chapter 3, by taking the differential of I;; with respect to V, within the
linear regions either side of the CNP, an estimate for charge carrier mobility can be found

via the gradual channel approximation (GCA) [194, 255, 261] using Equation 6.1:

gm'L

=__Jm’ = 1
H W"/ds'coa: (6 )

where p is charge carrier mobility; g,, is transconductance, equivalent to dlzs/dV,; Vs
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is the source-drain potential, which is maintained at 1 mV throughout the I;/V, mea-
surements presented within this chapter; C,, is the capacitance of the SiO, layer and is
calculated to be 11.505 nF for a SiOy capping layer of 300 nm; W and L are the channel
width and length of 2 mm and 200 pm respectively. Maximum transconductance (g,,)
is selected from both electron and hole regions in both the up and down I;/V, sweeps
to calculate u, as detailed in Chapter 3. The GCA and the assumptions made when in-
voking it are discussed in more detail in Chapter 3, but it is generally accepted that this
calculation will provide an underestimate for charge carrier mobility within the device
[255, 261]. However, as the GCA is a widely used technique within graphene and 2D ma-
terials research, it is an appropriate method for comparing devices fabricated within this
research with those reported within the literature. The electron (hole) mobility extracted
from this transfer curve was found to be 1760 + 100 cm?V~1s™! (2195 4+ 35 cm?V~1s71),
which is similar to reported mobility values extracted via the gradual channel approxi-
mation from graphene transferred onto SiOy [262-264] and is better than similarly large
devices [265]. Measured charge carrier mobility is typically lower from devices of increased
channel area as the number of channel defects increases due to the increased likelihood of
channel defects. Whilst folding and tearing defect densities are independent of the CVD
graphene quality, improved graphene CVD growth reduces the graphene grain boundary
density and thus improves channel conductivity. The reduction of graphene domain grain
boundary density is discussed in detail in Chapter 4.

Figure 6.6 displays box and whisker plots compiled from the mobilities extracted, via
the GCA, from all successful GFETs fabricated throughout this research. As indicated on
the x-axes of Figure 6.7, 8 GFET chips were successfully fabricated and analysed. Each
GFET chip has 11 devices on it and thus, analysis from a total of 88 GFETs is presented
within this section. The electron and hole mobilities are typically between 1500 - 2000
cm?V~1s7!, which agrees with mobility values reported for similarly sized GFET devices
fabricated on SiOg [265]. GFET devices from this research which present low mobility
have significant tearing of the measured graphene channel which reduces the effective
channel width and reduces charge carrier mobility through sheet edge scattering [342].

The location of the CNPs with respect to V, (Venp) can then be used to calculate
the magnitude of the residual charge transfer doping within the graphene channel via

Equation 6.2, which is repeated here from Chapter 3 for convenience:

_ VCNP : Coa:
q

UN)

(6.2)
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Figure 6.5: Characteristic 145/V, sweep from GFET fabricated within this research. A
fixed source-drain bias of 1 mV is used during gate sweeps. The blue and red circles
highlight the CNP observed during the up and down gate sweeps respectively.

where ng is the residual doping density of the graphene channel, expressed as n per cm?;
C,e is the capacitance of the dielectric layer (SiOs) per cm? and q is the unsigned electronic
charge. As q is used, a positive (negative) value for ng indicates that the graphene channel
is p-doped (n-doped). Using Equation 6.2, the net residual charge density for the device
presented in Figure 6.5 is found to be 3.16 x 10'2 holes cm~2 and 3.37 x 10'2 holes cm ™2
for the up sweep and down sweep respectively. CNP hysteresis is observed within all
samples and is predominantly ascribed to polarisable silanol groups on the SiOs surface
and water molecules trapped between the graphene and SiO, substrate [194, 196, 324, 325].
Similar observations have been observed within carbon nanotube research [343, 344]. The
hysteresis observed between CNP points for up and down sweeps can be used to calculate
an approximate charge trap density and in the case of the device presented within Figure
6.5, the charge trap density is found to be 2.1 x 10! em™2. The doping densities and
hysteresis extracted from these devices are typical of graphene devices fabricated on SiO,
[195].

Figure 6.7 displays plots of mean and range extracted values of, a), residual channel
charge density for all GFET devices calculated from the location of the CNP measured
during the up-sweep, b), residual channel charge density for all GFET devices calculated
from the CNP location during the down-sweep and c), the charge trap density calculated
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Figure 6.6: Box and whisker plot of mobilities from all GFETs fabricated throughout this
research.
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from CNP hysteresis for all GFET devices. Devices values are plotted against their
corresponding GFET chip, to illustrate GFET behaviour variation.

We see from Figure 6.7 that the spread in residual charge can be as large as 2 x
102 holes ecm™2 between GFETs fabricated on the same chip, but also that the mean
residual charge values across all chips are within about 0.5 x 10'2 holes cm~2. Because
the graphene transfer step is carried out by hand, and GFET chips are batch made, such
a tight cluster of mean residual charge shows that the GFET fabrication technique is
acceptably reproducible, as is the subsequent behaviour of the fabricated GFET devices.
It is also observed that the GFET chips with large variations in residual channel charge,
are also typically the chips which display large variation in charge trap densities. These
variations are ascribed to the presence of polarisable species such as silanol groups and
water at the graphene-SiOs interface [194, 196, 324, 343, 344].

Having established that as fabricated GFETs are p-doped and that W5014 particles
should n-dope the transferred CVD-graphene, as shown by the KPFM data, we investigate
the macro-scale effect of W50y4 application to GFET via the evolution of 1,,/V, curves
upon successive W5014 depositions. Figure 6.8 displays the evolution of graphene channel
L4s/Vy sweep following multiple rounds of 0.5 ml W50O44 suspension application. After
each W50, suspension application, the graphene CNP experiences a negative shift. After
9 drop cast applications the Ve p has shifted from V, = 34.5 V to V, = 0 V. Thus, at this
point the W50, particles have donated 2.48 x 10'2 electrons cm? to the graphene sheet.
Subsequent applications are not found to cause further negative shifting of the graphene
CNP (data not shown). This is because pristine graphene has a work function which
is very close to that of W5Oq4 (4.35 €V and 4.34 eV respectively), and therefore, once
the Fermi-level of the graphene channel has been returned to its neutral point through
electron donation from W35014, the Fermi-levels are equal and thus there is no charge
transfer from W5O14 to the graphene.

The data presented in Figure 6.8 means that with the correct W5014 dosage, the
aggregate charge transfer into the graphene gas sensor channels from adsorbates and
W50y, particles can be tailored such that V, = 0 V lies within a region of the L;/V,
sweep with maximum transconductance (g,, = dlgs/dV,). This should result in increased
sensitivity to physisorbed gaseous analytes, as further charge transfer to or from the
adsorbed gasses should result in an increased change in I4;.

Figure 6.9 displays charge carrier mobilities extracted from the 1;/V, after each appli-

cation. Despite the addition of material to the graphene device, which would be expected
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Figure 6.9: Evolution of graphene charge carrier mobilities following multiple rounds of
W;5014 application.
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to increase charge scattering, the charge carrier mobilities remain close to their original
value. The retention of device charge carrier mobility makes post-transfer doping rec-
tification, through the application of W5014 or similar low work function particles, an

attractive prospective method for restoring GFET behaviour.

6.5 Gas Sensing

6.5.1 GFET Gas Sensors

Having successfully demonstrated reproducible device behaviour across devices on the
same chip, the sensing characteristics of undecorated graphene devices are investigated.
Sensing tests were carried out by Dr. Kangho Lee at the Universitat Der Bundeswehr,
Miinchen, within a custom-made gas-sensing chamber. During measurement, the sensing
chamber is maintained at 0.9 bar by continuously flowing 100 sccm Ny, which allows
for immediate gas exchange during all measurements. Measurements were conducted
by maintaining a potential, V45 = 10mV, across device channels whilst simultaneously
monitoring the channel resistance. NO, was then periodically pulsed into the chamber
at a concentration of 1ppm while devices were monitored for corresponding resistance
change.

Channel resistance is expected to change when gas species adsorb on the graphene
surface through a charge transfer mechanism between gas adsorbate and graphene chan-
nel [345]. A schematic representation of the expected charge transfer between idealised
graphene and an physisorbed NOy molecule is displayed in Figure 6.1 a). As discussed
within Section 6.1, the NO; LUMO hybridises with the graphene electron orbitals which
leads to the transfer of 0.1e from the graphene sheet to the NO,. This causes a down-
shift of the graphene Fermi-level into the graphene’s valence band, which has an effect
analogous to p-doping the graphene, shifting the graphene CNP right.

To remove unwanted atmospheric adsorbates, device chips are subjected to a vacuum
anneal treatment [193, 346] immediately prior to loading into the gas-sensing chamber.
The vacuum anneal is carried out within a vacuum chamber at a pressure of 8 x 107°
mbar and at a temperature of 100 °C for a period of at least one hour. Figure 6.10 displays
a representative plot of device response upon exposure to 1 ppm NOy, when operating
at room temperature and 162°C. It can be seen that no response to NOy is observed

at room temperature, but when run at an elevated temperature of 160 °C, a response of
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Figure 6.10: A plot displaying the sensor response upon exposure to 1 ppm NO, from a
representative device of chip EF6.

0.9% relative resistance decrease is observed. After a period of 1 minute following NO,
injection, channel resistance has stabilised, but at a reduced relative resistance value of
-0.2%. This suggests that repeated gas exposure could lead to device saturation and is a

well known issue for graphene gas sensing devices [38, 95].

6.5.2 W;0s-graphene Gas Sensors

After characterising the sensing behaviour of the graphene gas sensors upon exposure to
NO,, 0.5 ml of W50y4 dispersion is applied to half of the channels on the sensor chip, as
indicated in Figure 6.11.

As the transferred CVD graphene used within this research is heavily p-doped by
adsorbates and the effect of the W54 particles is to shift the graphene CNP left towards
V, = 0 V via electron donation, it is reasonable to suggest that W50O14 decoration will
increase the sensitivity of the GFET gas sensors towards physisorbed NO, by shifting the
transfer curve such that V, = 0 lies within a region on the GFET transfer curve with
increased transconductance. Figure 6.12 displays a comparison of representative NOs-
sensing behaviour between bare graphene GFETs and a W504-decorated GFETs, pre-
and post-W5014 application.

Figure 6.12 a) displays the resistance change of channel 3, a representative un-decorated

GFET device, upon exposure to 1ppm NOs before and after channels 5-11 are decorated
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Figure 6.11: Macroscope image of chip with 11 GFET devices for use as gas sensors.
The red circle demonstrates the area within which W50Oq4 particles were deposited. Text
highlights channel numbering from 1 to 11, with channel 1 at the top of the chip and
channel 11 at the bottom of the chip. Channels 5-11 are W5014-decorated on this device
chip.

with W5O1q4. It is seen in Figure 6.12 a), that the resistance response of the representative
undecorated channel reduces after decoration of W5O14 onto channels 5-11. This reduced
response may be due to partial saturation of the channel upon exposure to the ambient
atmosphere during W5014 drop casting.

However, this trend is not observed from channel 6, which is used as the representative
channel for gas sensing behaviour of W5014-decorated channels. Figure 6.12 b) displays
representative resistance response from a channel which received W5014 decoration be-
fore and after W5O14 application. W5014 decorated GFETs display very slightly increased
sensitivity to NOsfollowing W50O14 application, but this is accompanied by increased de-
vice reaction time and recovery time. We explain the small increase in sensitivity to NO,
of the W5O4-decorated devices by the leftward shift in graphene CNP due to charge
transfer between W50y and graphene [218]. Because W5014 should not provide a site
for NO4 physisorption at the temperatures used within this experiment.

Unfortunately, NH3 was not available for gas sensing tests within the time frame of this
project and so the hypothesis for improved sensitivity and selectivity of W50O14-decorated,

graphene-based gas sensors could not be tested.
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Figure 6.12: a) representative comparison of non-decorated channel resistance change
upon exposure to 1ppm NOy pre-and post-W5014 application to other devices on the
same chip; b) representative data of channel resistance response from a channel which
received W50Oq4-decoration, upon exposure to Ippm NO,. The red and blue curves refer
to channel resistance response before and after W5014 application respectively.
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6.6 Conclusion

Within this chapter, a conceptual framework for gas-sensor operation based around the
differences in graphene/adsorbate interaction depending upon whether the adsorbed gas
is physisorbed or chemisorbed is introduced. W5014 is introduced as a hopeful material
for increasing the sensitivity and selectivity of graphene-based gas sensors towards NHj
and other reducing gas species. KPFM data revealed a small work function difference
between transferred CVD graphene and W50O14 nanowires, as well as the presence of lo-
calised work function changes within the graphene which is thought to be due to residues
introduced during the polymer assisted transfer step. Despite the presence of polymer
residues, the reproducible fabrication of GFETs was demonstrated with minimal variance
in mean GFET behaviour. Detection of NOy at a concentration of 1ppm has been demon-
strated using bare graphene gas sensors and the addition of W50y4 was found to cause
minimal improvement of device sensitivity to NOy. The mechanism for this is though to
be due to electron transfer between W5014 and graphene counter-acting p-doping adsor-
bates introduced during the polymer assisted transfer step. Unfortunately, NH3 was not
available within the time frame of the project and so our hypothesis regarding improved
selectivity of W5014 towards reducing gas species could not be tested. We therefore con-
clude that graphene shows potential as a gas sensing material. In addition, graphene
based gas sensors can be operated at lower temperatures than conventional metal-oxide
based gas sensors. Improved graphene cleanliness would enhance device operation through
a reduction of p-doping which would place V, = 0 V at a location on the 1;/V, curve

with increased g,,.
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Chapter 7

Conclusions and outlook

The research within this thesis was intended to advance graphene CVD technology and
graphene based gas sensor technology.

Regarding the advancement of graphene CVD technology, the research presented
within this thesis addresses two areas which we believe will be of direct benefit to those
interested in moving graphene CVD growth to industrial-scale production. Firstly, a gen-
eralised path for the optimisation of CVD graphene growth has been identified, which
should be applicable to all CVD reactor systems. While the recipes presented within
this thesis are not directly transferable to other CVD systems, the suggested process flow
and relative process stops should allow any research group to improve the quality of their
CVD graphene growth. In addition, when compared with other copper catalysed CVD
optimisation recipes, further figures of merit, such dendricity, are discussed in relation
to the final continuous graphene film. However, questions still exist regarding whether
growth behaviour is similar within a nitrogen or argon atmosphere when the same recipe
is employed. Because the suitability of nitrogen as a buffering gas within CVD graphene
growth has been a major point of this thesis, a future avenue for study would be a truly
comparative set of growth carried out within recipes which are identical in everything but
the buffering gas.

The second advancement for mass production of graphene via CVD is the finding that
the use of nitrogen as a buffering gas within hot-wall methane-based graphene CVD does
not lead to the incorporation of nitrogen heteroatoms within the graphene lattice within
detectable limits. This is of profound significance for the mass production of graphene,
especially for systems which use open-ended roll-to-roll fabrication, because of the large

process gas flow rates required to maintain positive pressure within the reactor space to
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prevent ambient atmosphere ingression. Additionally, nitrogen is hugely abundant and
thus relatively cheap. It is not unreasonable to suggest that large scale operations would
use on-site nitrogen isolation which would further reduce costs; a tactic which would
likely be impractical if argon were used instead. However, as outlined above, there would
be value in assessing the commutability of argon-buffered and nitrogen-buffered recipes.
Another path for research could be the inclusion of a device within the reactor system,
which would allow for the deliberate dissociation of nitrogen during graphene growth, to
provide a flexible system for on demand growth of pristine or nitrogen-doped graphene.
The last section of this research investigated the suitability of graphene and graphene-
particle composite systems for use within gas-sensing devices. Even though the GFETs
used as the basic devices within this section were shown to be heavily doped by transfer
residues, sensing of NOy at 1ppm level was successfully demonstrated. The use of W5O14
microparticles appeared to have a small positive effect on device sensitivity, although it
is believed that the graphene-W;014 system should be more sensitive to NH3 rather than
NOs. Unfortunately, due to time and equipment limitations this hypothesis was not able
to be tested and is an obvious path to take for future gas sensing research. The application
of W50y, particles to the graphene sheet has been demonstrated as an effective way to
return the graphene charge neutrality point towards its natural 0 V, location. Thus, the
intelligent application of particle suspensions on graphene could be an interesting research
area to explore to unlock various graphene device behaviours. This section of research has
demonstrated that graphene transfer protocols which result in fewer surface contaminants

are of the utmost importance for graphene-based gas sensing projects.
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