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Abstract

Commercial interest in graphene is increasing, and at a pace. The concurrently high
mechanical robustness and electrical conductance make the material suitable for use in a wide
array of emerging flexible electronics devices. Theoretically, graphene is stronger than
diamond, more conductive than copper, and more flexible than rubber - it has much potential
for use in a myriad of flexible electronics applications. However, upon transfer, monolayer
graphene has been reported to have poor mechanical robustness and low electrical

conductivity relative to theoretical estimates. This has limited the commercial adoption.

This thesis presents the author’s efforts towards the development of two new graphene
transfer methods; Hot Press Laminate (HPL), and Ultra Violet Adhesive (UVA) transfer, both
of which have been shown to enhance the degree of adhesion between the as-grown graphene
and the polymer carrier substrate. To assess the feasibility of the transfer approach, sheet
resistance (Rs) maps and optical transmittance (%7T) maps of the transferred graphene using
the two approaches have been measured, alongside a number of metrological studies to better
understand the means though which the adhesion is improved and the effects such improved
adhesion has on the transport within these two-dimensional thin films. The adhesion of
transferred graphene on a substrate has been examined using conventional peel-off tests and
the mechanical robustness of the transferred graphene was investigated by measuring
resistance as a function of bend angle with repeated bend-relax cycles in a fully-automated,

custom-built bend system.

Because of its transparency and high conductivity graphene is especially useful in
applications requiring transparent contacts, such as in organic light emitting diodes (OLEDs).

To further increase the electrical conductivity and tune the work function of the as-grown
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graphene for such applications, chemical doping has been investigated using common metal
chloride compounds; AuCls, FeCls, SnCly, IrCl; and RhCl;. The spatial and temporal
variation in Rs, %T, and contact angle have been measured for nominally pristine and doped
graphene samples. Micron-scale spatial mapping of the conductivity has also been conducted
revealing edge-mediated conduction in doped graphene. It was determined that the high
electrical conductivity of the doped graphene was principally due to charge transfer from the
dopant to the graphene, with such charge transfer resulting in a notable work function shift.
This work function shift, a critical parameter for various systems such as field electron
emitters and OLEDs, was independently quantified using Ultra-violet Photo-Spectroscopy
(UPS), Kelvin Prove Force Microscopy (KPFM), Hall measurement, and Density Functional
Theory (DFT) and was subsequently compared to the Gibb’s free energy and standard
reduction potential of the composite metal ions within the metal chlorides. Temperature-
dependent transport studies (I-V) suggested that the Fermi level shift of doped graphene
enhanced charge carrier transport by increasing the transmission coefficient associated with
intrinsic potential barriers within the graphene, such as the carbon atoms and grain
boundaries. Variable Range and Nearest Neighbour Hopping were found to dominate the
transport in the undoped graphene, whilst transport in doped graphene is principally
attributed to combined Nearest Neighbour Hopping and diffusive transport.
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Chapter 1 Introduction

1.1 Motivation

For several decades, the electronics industry has utilised silicon and inorganic transparent
conductors, such as fluorine-tin-oxide (FTO) and indium-tin-oxide (ITO), for large area
transparent electronics in almost every display and television we see day-to-day. Such large
area electronic devices are increasingly being confronted by the requirements for their use in
flexible electronics. The flexibility of FTO and ITO have proven insufficient upon bending;
both fracture and become irreversibly damaged at strains of only 1.2 — 1.4%.[11 Organic
materials have been studied as one alternative.”>) However such organic devices have an
undesirable characteristic hue and use either FTO or ITO as a primary electrode,”! with the
brittleness of these composite materials producing serious problems in the electrical

performance of the fabricated devices, especially during flexing.!3!*]

Much effort has been invested in finding alternative materials which are mechanically stable,

st4211 and  silver

electrically conductive, and optically transparent. Carbon nanotube
nanowires'?>2%l have attracted significant attention and have been widely integrated into
many devices as ITO and FTO replacements. However, the surface roughness of such
ensemble nanomaterials, when dispersed on substrates, is a major issue causing areal non-
uniformity in the electrical performance!>’>"! as well as temporal degradation by electrical
short-circuits under repeated bending.”®’ As an organic electrode, poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)?-% 3% has been used widely
due to its comparatively low cost and ease of integration. It is readily spin coated. However,

PEDOT:PSS is water-soluble and inherently sensitive to moisture; it is thus atmospherically

unstable.”’l Consequently, devices based on PEDOT:PSS must be encapsulated or



hermetically sealed to prevent moisture ingress, with such devices unable to be cleaned with

deionised (DI) water - a necessary passivation stage during photolithography.

(a)

Figure 1.1. Conceptual images of graphene application to flexible electronics. (a) flexible displays, (b)

bendable transparent touch screens, and (c) flexible solar cells. Images adapted from 131-3¢,

Graphene, a 2D material is widely believed to be one of the most promising materials for
realising flexible electronics after it was first isolated in Manchester in 2004.1*”) The Hall
mobility of mechanically exfoliated graphene is predicted to be 10° — 10° cm?/Vs, for a
charge carrier concentration ~10'> ¢cm™2.[*8 There is mounting evidence to suggest that

graphene is extremely well suited for use in transparent electronics.*>*’! Studies on the



properties of graphene have been, to date, largely carried out on small samples (< 10 mm x
10 mm) under typical near-ideal situations, such as the absence of surface impurities or lattice
defects, which likely do not reflect real graphene obtained on a large scale in an industrial
context, certainly in the near-term at least. Although there have been many graphene-based
concepts reported®!*¢] (Figure 1.1), there has been little in the way of successful
manufacturing of flexible electronics using graphene, with a few reports of stable and long-
lasting operation under repeated mechanical flexing. To enable the use of graphene and its
unique properties in large-scale flexible electronics it is critical to overcome some
commercialisation barriers including reproducibility and operational durability under

repeated flexing.

Many approaches have been developed to synthesize graphene. Mechanical exfoliation is
perhaps the most common. Here, graphene is made by peeling layers from highly oriented
pyrolytic graphite (HOPG) using scotch tape.*”! Such exfoliated graphene cannot be easily
scaled and the size of the graphene grains is limited to < 0.5 mm[*”> *8lin diameter, typically,
which makes it extremely challenging for such materials to be used in practical electronics
given the challenges associated with multi-layer fabrication and device spatial registration.
Graphene devices can also be manufactured with the use of graphene inks produced by
electrochemical exfoliation of graphite in ionic liquids.[*%. However, such devices lack
truly layered structures, with the resulting films formed from highly disordered graphene
flakes that adopt no known, or predictable ordering or configuration. Such a lack of short-
range order smears the nascent mechano-opto-electronic properties of the pristine graphene
on which they are fabricated.®!*¥ Many such disadvantages associated with the use of
mechanical or electrochemical exfoliation can be remedied through the use of chemical
vapour deposition (CVD). CVD allows for the synthesis of true monolayer, planar graphene
on large area (> 50 cm x 50 cm) substrates with large grains (> 1 mm)!*>>%! and high yields

(>90%).157-651

At present to realise flexible electronics devices with CVD graphene, large-area compatible
single layer transfer techniques must be developed alongside various methods to grow
directly on technologically useful flexible substrates. Only limited progress has been made on

graphene transfer, with polymer-supported transfer methods being the most commonly



employed.[®*7% Manual PMMA-based transfer requires skilled users, is costly, has low
through-put, and is not compatible with large area electronics in mass-production. Moreover,
polymer residues often cause problems in latter fabrication steps.’!’ The adhesion of
graphene on a substrate is another critical requirement for the realisation of flexible
electronics, however graphene transferred via polymer-supporting approaches results in a
material that is only bonded to the destination substrate via short range, weak van der Waals
forces!”’l. These provide insufficient adhesion to sustain repeated flexing. In this thesis, the
author has developed two new CVD-graphene transfer approaches for large flexible
electronics offering improved mechanical robustness with strong and long-lasting adhesion

between the graphene and the destination substrate.

With the transfer method introduced in this thesis, the transferred graphene obtained
mechanical stability, but to be used as a transparent conductor, the electrical resistance of
graphene was found to be too high, in most cases, for commercial applications. Monolayer
graphene has a sheet resistance of 2 - 5 kQ/sq. with a transmittance of 97 — 98%. [7*78! which
is too high for use in commercial applications, such as touch screens (Rs < 500 /sq.) and
OLEDs (Rs < 100 Q/sq.).” Hybrid structures, consisting of metallic nanowires have been
investigated elsewhere and shown to be capable of decreasing the electrical resistance of
pristine graphene,®-%21 however the areal non-uniformity of nanowire networks is still high
compared to pristine graphene. Substitutional doping is a well-established doping approach
for polycrystalline and amorphous silicon!®** and has been researched elsewhere for
graphene.®>-86] Nevertheless, doping causes unintentional dislocation in the graphene basal
plane arrangement and subsequent line defect formation, which degrades the mechanical
robustness of these doped graphene platforms.[®®! To avoid these issues, chemical doping has
been considered as one of the most viable means of decreasing Rs without compromising

[87-93] This thesis addresses the chemical

graphene’s as-synthesised optical transparency.
doping process through the use of metal chloride compounds. The electrical resistivity and
optical transparency of graphene were inspected immediately following doping and the time-
dependency of these properties was monitored to evaluate their temporal stability. The
temperature dependence of the electron transport of the doped graphene was also investigated,

with a focus on the shift in work function.



1.2 Thesis Outline

This thesis continues, in Chapter 2, with a review of the background literature detailing the
fundamentals of graphene and its research history. Specifically, this includes; synthesis
methods and an introduction to common graphene applications including; field effect
transistors (FET), organic light emitting diodes (OLEDs), touch screens, and field emission

displays.

After reviewing the background, the developed graphene transfer approaches are introduced
in Chapter 3. The areal distribution of the electrical resistance and optical transparency of the
transferred graphene will be presented therein. It will be shown that the mechanical
robustness of the transferred graphene is enhanced with the author’s proposed approaches.
Such approaches are then compared to conventional means by comparing surface energy,

peeling strength, and bending stability.

In Chapter 4, I report on the light emission properties of an OLED fabricated using the
presented transfer approach using polyethylene terephthalate (PET) substrates with a
discussion on the relationship between the measured performance and the required electrical
properties. Chemical doping is then considered using; gold chloride: AuCls, iron chloride:
FeCls, tin chloride: SnCl, iridium chloride: IrCls, and rhodium chloride: RhCls. The areal
uniformity and temporal stability of doped graphene is detailed with Rs and %T maps, along
with contact angle measurements. The spatial distribution of dopant molecules is also
discussed in this chapter with results on Scanning Electron Microscopy (SEM) and Scanning

Spread Resistance Microscopy (SSRM) presented.

In Chapter 5, the work function of the doped graphene and the Fermi level effects associated
with the charge transfer from the dopant molecules are described. The amount of work
function shift is evaluated and compared with the chemical parameters of the metal ions in
the dopants, such as the Gibb’s free energy and the reduction potential. The temperature

dependence of the electron transport is then analysed with a discussion of previously



published transport models (Variable Range Hopping (VRH) and Nearest Neighbour
Hopping (NNH)). The models are found to be largely representative for pristine graphene or
reduced graphene oxide, but are not appropriate in explaining transport in doped graphene,

and thus the author suggests a new transport model in such doped graphene cases.

This thesis concludes by considering the future of graphene and its associated applications,

which are briefly presented by summarising the evidence outlined in earlier chapters.
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Chapter 2 Fundamentals and Applications of

Graphene

2.1 Introduction

The development of electronics has proceeded at an unprecedented pace in recent history; a
new generation of transparent, flexible and electrically conductive materials is coming to the
fore with the advent of graphene. To successfully integrate graphene heterogeneously and at
commercially viable large scales, a clear understanding of the fundamental characteristics and
means of synthesis and transfer are critical, as are a firm understanding of the underlying

physical properties of this unique material.

2.2 Two-Dimensional Carbon Sheets

Carbon atoms have six electrons distributed in the atomic orbitals as 1s* 2s 2p>. 1s core
electrons are essentially inert and do not contribute to the chemical bond and electron
transport. The four outer valence electrons are central to the action of chemical and electrical
actions.!!! In graphene, the 2s, 2px and 2py orbitals are hybridized to form three new planar
orbitals, termed sp?, which are the source of sigma bonds in carbon solids.””) The chemical
bonding of the carbon atoms in graphene is maintained by these three orbitals, and the
mechanical properties of graphene are therefore dependent on the bond strength of these

chemical bonds.>*!
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Graphene is an atomically thin planar sheet of sp?> bonded carbon atoms arranged in a
honeycomb lattice.>”! The honeycomb lattice consists of the combination of two Bravais
lattices, as illustrated in Figure 2.1 (a). An atom on the A sublattice (red sphere) has three
nearest neighbours in the same sublattice, situated at the upper right, upper left and lower
positions. The structure can be seen as a triangular lattice for a unit Bravais lattice rather than

a hexagon.®! The lattice vectors can be written as

a; = %(3, V3), a,= %(3, —V3) @1

where a = 1.42 A is the lattice constant meaning the distance between nearest neighbour

carbons. The three nearest neighbour vectors in real space area given by

6=5(1LV3),  8&=5(1,—V3), & =-a(10) .2)
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Q: A sublattice @ : B sublattice
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H v
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Figure 2.1 (a) Atomic structure of graphene in real space, (The vector a; and a: are basis vectors of the
Bravais lattice), (b) the reciprocal lattice (red hexagon) of the graphene lattice in momentum (k) space (b:
and b are the primitive lattice vectors and the pink area is the First Brillouin Zone). (¢) The linear

energy-momentum (E-K) relation of graphene at K and K’ point of monolayer pristine graphene.

The reciprocal lattice of graphene is illustrated in Figure 2.1 (b). The reciprocal lattice

vectors area is given by

21 21
- = — - 2.3
b, Sa(1,\/§), b, =2-(1, V3) 2.3)

Of particular importance for the physical properties of graphene are the two points K and K’
at the corners of the graphene Brillouin zone. Their positions in momentum space are given
by
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Figure 2.1 (c) shows the energy bands of graphene as a function of momentum. Graphene

has a carbon atom located at each hexagonal vertex. When the atoms are placed onto the
hexagonal lattice, there is no overlap between the p, orbitals by symmetry and the p,
electrons forming the m bands therefore are treated independently.l”’ Within the m-band
approximation, using the conventional tight-binding model, the E-K relation of graphene can

be described linearly as

E = hvg /k,%. + k3 (2.5)

where the kx and ky are the x and y components of the wave vector, k measured from the
Dirac points (zero energy).!) The valence and the conduction bands touch one another at a
number of finite momentum values.[?! The momentum values at which the two bands touch
are termed Dirac points (K and K’ in the first Brillouin zone). As a result, graphene's
spectrum does not present an energy gap. On the other hand, since the bands only touch at
two momentum points, the density of states (DOS) is zero at the corresponding energy, as
described in Figure 2.1 (d). Therefore, graphene is termed a zero-gap semiconductor with a

vanishingly small density of states at the Fermi energy (Er).[> 1014

We have a paradox. Here the use of the term semiconductor is a contradiction. As graphene
has a zero bandgap it is not, in many regards a semiconductor. A semiconductor is defined as
a material which has a small, yet non-zero, bandgap between the electron-filled valence band
and the unoccupied conduction band; the bandgap is defined as the energy gap crossed by
excited electrons from the valence band to the conduction band at room temperature.'*! The
valence band of pristine graphene is completely filled and the conduction band is empty. This
is consistent with standard semiconducting materials, however there is a significant
difference in graphene’s electronic structure. The Er of graphene is located on a Dirac point
rather than in the bandgap. Thus, charge carriers can be tuned continuously between electrons

(16201 Graphene is also

and holes therein allowing for a wide variety of fascinating potential.
considered as a transparent conductor due to its zero bandgap, high Fermi velocity (10°
m/s)?! and high electron mobility (200,000 cm?V-!s! at electron densities of ~2 x 10! cm’

18



2).221 More details on the use of graphene in large area electronics such as in light emitting

diode (OLEDs) will be included in the next section.

2.3 Graphene as a Transparent Electrode in OLED

In the last five years alone, the number of graphene papers related to OLEDs has increased by
250%, and the number of filed patents by 357%.2*! Graphene is perceived as the perfect
material for use in flexible and transparent OLED based displays.***’! Indium Tin Oxide
(ITO) has been commonly used as an anode in OLED displays given its high optical
transparency and suitably high conductivity. Nevertheless, ITO lacks flexibility. ITO is
especially brittle when subjected to repetitive strain stress, with micro-crack formation
occurring at only 1.2% strain.**33! Additionally, the cost of ITO has increased by 235%
from 170 USD/kg in 2003 to 570 USD/kg in 20133433 Though there has been a dramatic
rise in the use of ITO, there has been a general decline in the mining of the necessary indium.
This has led to notable price inflation. Furthermore, indium mines are not uniformly
distributed globally. Rather, they are concentrated in the People’s Republic of China which
is estimated to control between 60 and 70% of the global market.[**! Collectively these issues
have led many to question the wider, long term use of indium based transparent electronic

materials.

Carbon nanotubes (CNTs) have attracted interest for many years. Carbon is one of the most
abundant elements on earth, whilst the worldwide supply of indium is limited 37!, Carbon

CNTS are well placed to provide a transparent conductor due to their high flexibility and low

) [37-40

resistance (~350 Q/sq. with ~80% optical transparency at 550 nm | Many research

groups reported successful fabrication of OLED using conductive CNT electrodes.!*0-+]
However, current flow is guided by the CNT network resulting in luminous non-uniformity
and stronger electric field at the top or bottom edges of CNT which can cause breakdown at

high voltages.[46-47]
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As an alternative, silver nanowires (AgNWs)*+ 453 can be easily spin- or spray-coated onto
a target substrate. AgNW networks can be flexed without cracking and have proven
significantly more functional than ITO in bendable applications. However, AgNW electrodes
have voids between the wires which can be in the range of ~ pm? when coated with ~10
mg/ml concentration with a sheet resistance of 20 -30 ©/sq..°®! Charge carriers located in the
wires easily travel through the OLEDs organic layers, but in the void areas few to no carriers

are injected causing notable non-uniformities in the resulting luminance.

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is one of the most
studied conducting polymers to date. It can be uniformly deposited over large areas with a
complete absence of voids.”%! Despite this, the electrical resistance of PEDOT:PSS (1500
Q/sq., Aldrich. Co. Ltd.)!®" is still higher than ITO and has failed to compete with ITO in
almost all applications this past decade. Although many attempts have been made to decrease
the resistance by adding various solvents (isopropyl alcohol, glycerol or ethylene glycol),l®”
61 the improvement is limited due to the chemical degradation of the PEDOT:PSS, such as
chain scission and disruption of the attractive interaction between the PEDOT and the PSS.[®?]
The resistance of PEDOT:PSS increases further during stretching or bending. This behaviour
is primarily attributed to the directional alignment of the polymer chains along the direction
of mechanical stress and the subsequent structural change from entangled chains to linear

chains. %3]

Graphene may be the most viable candidate for applications as a transparent conductor with
one of the highest optical transparencies yet reported (theoretically 2.3 % per graphene

[12.64] Electrical resistance of multilayer CVD graphene as low as 450 Q/sq. with 83%

layer).
optical transparency have been reported.[>*”) Graphene is a 2D, uniform carbon film with no
directional anisotropy (unlike the nanowires) allowing for uniform charge carrier injection.
Moreover, the high flexibility of graphene with high Young’s modulus (~1TPa)® %891 will
allow for the possibility of flexible OLED displays. The highlights of the current state-of-the-

art in graphene-based OLED research will be examined in the following paragraphs.
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Figure 2.2 (a) The comparison of optical transmission versus sheet resistance of graphene with seven
different kinds of transparent conductors, 1>+ 3% 44 52 70751 (b) current density and luminance versus
forward bias for an OLED on graphene and ITO anodes,*¥ (c) the AFM images of Oz plasma treated
graphene and pristine graphene and the cross-sectional SEM image of OLED device fabricated on
graphene, and (d) current density and luminance of OLED on ITO anodes and plasma-treated(PT)

graphene anode.”?®! Adapted from 24 261,

As an early trial, Wu et. al. reported their study on the performance of OLEDs fabricated on
solution-processed graphene transparent electrodes.!”! The solution of graphene flakes was
spin-cast onto quartz substrates followed by a vacuum anneal step to evaporate residual
solvents. Figure 2.2 (a) summarises the optical transmission (%) at 550 nm, as a function of
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sheet resistance (Rs) for different candidate transparent conductors. The %T and Rs of the
graphene was calculated using the transfer matrix method?# using the mean refractive

[76-78] In that study, the thickness of the multilayer graphene

indices reported in literature.
films was ~ 7nm corresponding to an Rs of ~ 800 Q/sq. and %T (550 nm) of 82 %.
Considering the theoretical thickness of monolayer graphene (~0.345 nm), 7 nm thickness
indicates at least 20 carbon layers ; too thick to be called graphene since eleven or more
layers of stacked carbon films have a band structure similar to that of graphite rather than
graphene.l'> 1 Even with the much thicker layer, the Rs of their graphene was 100 times
higher than theoretical estimates would suggest. This might be attributed to the fact that the
spin-casted graphene solution is especially rich in grain boundaries and traps compared to
those films considered in theoretical calculations, therein limiting charge carrier transport.!”!
Figure 2.2 (b) shows the OLED layer structure (inset) and the current density and luminance
of the graphene-OLED as a function of the voltage between the aluminium cathode and
graphene (or ITO control) anode. Graphene-based OLEDs have been reported to exhibit
comparable light-emission intensity and current density to conventional ITO-OLEDS at
lower than 7 V, but the high Rs of graphene led to a voltage drop in the anode resulting in
degraded current and hence luminance at biases > 7 V. Though solution-processed graphene
provides simplicity of fabrication, spatial non-uniformities associated with deposition
methods and the high Rs crucially diminish OLED performance. For this reason, CVD
graphene is deemed to be a more sensible and industrially viable option for use in OLED
displays given the large area uniform and truly monolayer growth. Issues however remain in

the ability to transfer these materials to a range of flexible transparent substrates.

Hwang et. al. reported the use of a multilayer graphene anode for blue phosphorescent
OLEDs using graphene synthesised by Ni catalysed thermal CVD.?! The synthesised
graphene was transferred from the Ni catalyst to a glass substrate and treated with Oz plasma
under mild conditions (I min with 3 sccm O> , 300 W RF) to improve hole injection. As
shown in Figure 2.2 (d), the untreated graphene-OLED had a lower current density and
luminance than the conventional ITO-OLED. However, the OLED with plasma-treated
graphene showed nearly identical performance with the ITO-OLED. Here the authors’
claimed that the improved OLED luminance and the lowered turn-on voltage were due to the

26]

enhancement of the hole injection from the plasma treated graphene.*! Plasma treatments
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have been widely used to improve the hole-injection from the graphene anode to the hole

80-81] Enhanced hole injection is attributed to the modified work

transport layer in OLEDs.!
function following O»-plasma exposure.[*” Since the work function of graphene (4.5 eV) is
lower than the highly occupied molecular orbital (HOMO) level of the organic layer (~5.5
eV), a work function shift of graphene near to that of the organic layer demonstrably

enhances hole injection. 2% %!

However, Oy plasma treatment has also been shown to increase the sheet resistance and
surface roughness of the as-deposited graphene, as shown in the AFM roughness profile in
Figure 2.2 (c). This is a serious drawback for OLED luminance. If graphene-OLEDs are to
become a commercial reality, there is a pressing need to establish a standardised approach for
the production of efficient graphene-based OLED instead of using plasma treatment in order

to uniformly decrease the Rs of graphene and enhance the carrier injection from graphene.

Han et. al. suggested the use of multilayer graphene and subsequent modification of its work
function to improve OLED luminous efficiency.[* In this study, graphene was synthesised
on Cu foil using CVD with the subsequent multilayer graphene being transferred onto quartz
substrates using the repeated application of the thermal release tape (TRT).?> 82331 To
achieve a high current efficiency in OLEDs with graphene anodes, the hole injection
efficiency from the graphene anode to the overlaying organic layers must be improved. To
explore this, in this study the authors’ embedded a self-organised gradient hole injection layer
(GraHIL) between the graphene and hole transporting organic layer, as illustrated in Figure
2.3 (a). The theoretical work function of graphene is around 4.5 eV. This is relatively low and

thus does not match with the standard hole transporting organic layers, such as NPB (N,N’-
Di(1-naphthyl)-N,N"-diphenyl-(1,1 -biphenyl)-4,4’-diamine) or CBP (4,4 -Bis(N-carbazolyl)-
1,1 -biphenyl).
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Figure 2.3 (a) A schematic illustration of hole injection from a graphene anode to a conventional hole
transport layer (NPB) (left) and to GraHIL/NPB layer (right), (b) Current efficiency comparison between
OLED devices using fourlayer graphene and ITO anodes. Inset: luminance as a function of voltage.
Adapted from 1,

The concept of a work function gradient layer is illustrated in Figure 2.3 (a). The polymeric
GraHIL was composed of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) and tetrafluoroethyleneperfluoro- 3,6-dioxa-4-methyl-7-octenesulphonic in a
1:1 ratio, which was spin-coated to give a 50 nm-thick film on top of the graphene anode.
This was then baked, immediately upon application, on a hot plate in air at 150°C for 30 min.
The Rs of the four-layered graphene was around 30 €Q/sq. after doping with HNOj3. The work
function of the GraHIL was 5.95 eV, which is close to 5.4 eV; the work function of the hole
transporting organic layer (NPB). As shown in Figure 2.3 (b), the current efficiency of the
OLED on graphene was higher (~98.1 cd/A) than the OLED on ITO (~81.8 cd/A). The
efficiency they achieved using graphene is slightly higher than that of phosphorescent
OLEDs using standard organic materials (CBP / Ir(ppy)2(acac) / TPBi) and ITO (93.8
cd/A).BY They claimed that the high efficiency of the graphene based OLED can be

attributed to the increased hole injection caused by the modified structure using GraHIL.*%!

The Rs of the graphene anode is an essential factor to improve the OLED current-to-luminous
efficiency. To decrease the Rs, a hybrid structure, consisting of graphene and metal

nanowires has also been researched.®*?1 This combined architecture provides
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complementary assistance to both graphene and the nanowires. Graphene patches separated
during synthesis or transfer can be electrically linked by the highly conductive nanowires,
whilst the graphene covers the sporadic voids in the nanowire network. As a result, a low Rs
(25 Q/sq.?1 86 Q/sq.B¥ 16 Q/sq.! and 42 Q/sq.*¥) has been obtained in such hybrid

structures.

516 nm

R e, e

500 nm

Figure 2.4 Scanning Electron Microscopy (SEM) ((a) — (c)) and Transmission Electron Microscopy

(TEM) (d) images of graphene/silver nanowire hybrid structure. Adapted from 86-83. 921,

However, after forming a nanowire layer, such a hybrid film has a higher surface roughness
compared to the pristine graphene alone(Figure 2.4).186-%% 92 For instance, the thickness of

silver nanowire is 40 -60 nm"> which is about a hundred times thicker than graphene (~0.4
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nm)!7¢78 The hybrid is not a genuine thin film, but rather a rough conductive mesh. The
coarse surface of the hybrid electrode creates spatial non-uniformities in the sheet resistance

which effects the uniformity of the light-emission.
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Figure 2.5 (a) AFM images of 0.5 nm and 5 nm thick MoQOs deposited on monolayer graphene, (b) in-situ
Rs measurements of monolayer graphene in air and in vacuum, (c) current density and luminance
characteristics of OLED with either MoOs-doped monolayer graphene or ITO electrode, and (d) current
and power efficiency versus luminance. Insets in (c) and (d) are the OLED layer stack comprising ITO or

graphene and a photograph of light emission from this graphene -based OLED. Adapted from 1,

Charge transfer doping is one option to enhance the luminous efficiency of graphene-OLEDs.

An OLED device fabricated with a thermally evaporated molybdenum trioxide (MoO3) layer
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on CVD graphene to induce the charge transfer doping has been reported.”®! The MoO; thin
film produced a 1.9 eV interface dipole between the graphene and the organic layers, and the
conduction band of the MoOs subsequently bent toward the graphene’s Er leading to well
aligned transport carrier levels. Figure 2.5 (a) shows AFM images of 0.5 nm and 5 nm thick
MoOs; deposited on CVD graphene transferred onto SiO». Increasing the MoOs thickness
reduced the surface roughness and the Rs. With a 5 nm MoOs layer, the surface roughness
was ~0.7 nm whilst the Rs was ~ 600 €/sq., as shown in Figure 2.5 (a) and (b). The structure
of the OLED device employing MoOs-deposited graphene and measured OLED
characteristics are shown in the inset in Figure 2.5 (c). As shown, the luminance curve versus
voltage with MoOs/graphene appear nearly indistinguishable from that of the ITO-OLED,
while it showed higher current efficiency and power efficiency than the ITO-OLED, as
shown in Figure 2.5 (d). The deposited MoOs induces a surface charge on the graphene.
Thus, the graphene is strongly p-type doped offering abundant holes, thereby lowering Rs

and increasing hole injection into the organic layers.*®!

Although graphene offers a remarkably high mobility, the concentration of the carriers is
generally low (~10'2 ¢cm2).°7! This leads to an overall unimpressive electrode performance.
Thus, stable doping has become a key challenge in engineering graphene into a highly
conductive material with a high carrier concentration that is suitable for OLED applications.
In addition to high conductivity a transparent graphene electrode should also efficiently inject
charge carriers into the organic layers. Charge transfer doping by thin film deposition or
chemical doping will open the door to many graphene-based flexible electronics applications,

including OLEDs, and are as a result herein studied further in the following chapters.

2.4 Summary

This chapter presented a literature review on the fundamental physical and electronic
structure of graphene and the developmental history of graphene applications, with a focus on
OLEDs. Graphene has been considered as a new electrode material in OLEDs, but its gapless

Dirac cone band structure and low carrier concentration needs modification for use in such
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applications. Upon reviewing the developed approaches for several years, molecular doping
is considered the most effective way for the modification and is further study in the

subsequent chapters.
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Chapter 3 Graphene Synthesis & Transfer

3.1 Introduction

At present to realise the commercial exploitation of graphene in large-area applications, such
as displays and solar cells, large area graphene must be synthesised and transferred onto a
range of arbitrary substrates. This chapter focuses on the transfer of large-area CVD
graphene. Before the introduction of new approaches, the following sections report
conventional ways to produce and transfer graphene. What follows is the author’s developed
transfer approaches for large-area graphene as a means of overcoming many of the

limitations associated with conventional transfer methods.

3.2 Graphene Isolation & Synthesis

3.2.1 Mechanical Exfoliation

Graphene has been isolated and synthesised in various ways on many different substrates. As
the first production of graphene, Novoselov et. al.’s study used 3M scotch tape to exfoliate
and therein isolate graphene from highly oriented pyrolytic graphite (HOPG), a process
which was latterly termed mechanical exfoliation.[!! Possibly one of the simplest approaches
to date, this approach exploits the weakly adhered, layered structure of graphite by easily
peeling off each graphene layer. This method is still used by many research groups although

it has a variety of limitations./*””!
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Mechanical exfoliation cannot produce large area uniform monolayer graphene. The
graphene exfoliated from HOPG using the scotch tape splits into small pieces (diameter <500
um), as shown in Figure 3.1 resulting in non-contiguous layers.[*”) Huang et. al. suggested a
modified mechanical exfoliation approach.!®l They claimed that the key for producing a large
graphene flake is the degree of adhesion between the flake and substrate surface.
Consequently, in their efforts they included a substrate cleaning stage using oxygen plasma
prior to contacting their graphite-loaded tape. Then, the loaded graphite was annealed for 2 —
5 min at 100°C in air on a hot plate. After the sample was cooled to room temperature the
loaded graphite scotch tape was peeled off. They obtained larger graphene flakes compared to
standard exfoliation methods, nonetheless the largest flake they achieved was of the order of
300 pm x 500 pm (Figure 3.1 (d)) - still too small to be used in large area flexible
electronics. The mechanical exfoliation method produces only small graphene fragments

rather than the large-area monolayer graphene required.

monolayer

Figure 3.1 (a) A photograph demonstrating mechanical exfoliation of graphene using a scotch tape,”! (b) a
microscopic optical image of a graphene flake on an SiO2/Si substrate,'!! (c) optical images of one layer to
five layers of graphene on SiO,”! and (d) an optical image of a monolayer graphene flake with modified

mechanical exfoliation method including oxygen plasma and annealing processes.””’ Adapted from 291,
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3.2.2 Liquid Phase Production

Several methods have been developed for the preparation of graphene in the liquid phase.
10-19] Lee et. al. implemented graphene as a channel, gate source and drain electrodes in one
of the first all-graphene FETs where they used multilayer-graphene oxide (GO) as a gate
insulator which exhibited a dielectric constant of 3.1 (at 77K) and a surprisingly low leakage
current (17 mA/cm?).1'% The GO was coated using a Langmuir-Blodgett process, as
illustrated in Figure 3.2 (a). The GO flakes were dispersed in an aqueous phase; hexane was
poured on the surface of the water, and ethanol was added to decrease the surface charge of
the GO flakes. The decrease in interfacial energy at the immiscible water/hexane interface
generates a capillary force which is strong relative to the gravitational force. This attracts and
retains the GO flakes. % ' The spontaneous evaporation of hexane leaves two-dimensional
GO films floating on the water’s uppermost surface. These are then scooped out onto any
destination substrate. Authors argued that the GO flakes on the water surface were attached to
each other and formed a continuous layer, as shown in Figure 3.2 (b) and (c).l'” This is
highly unlikely. Chemical exfoliation has been attempted for fabricating modified graphene

16-18]

such as GO and functionalised graphene.! However, such materials are not genuine

monolayers and are rich in structural defects. (% 18]
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Figure 3.2 (a) schematics of the GO film formation process at the hexane/water interface, (b) SEM and (c)
photographic image of GO film produced by chemical exfoliation using Langmuir Blodgett process, (d)
graphene flake solved in N-methyl-pyrrolidone, (e) high-resolution transmission electron microscopy
(TEM) images of solution-cast monolayer and bilayer of graphene, and (f) a histogram of the number of

layers of spray-coated graphene on SiO2. Adapted from [ 1%,

Coleman et. al. reported on the high yield production of graphene by sonication assisted
liquid phase exfoliation.’®] As a chemical exfoliation method, they demonstrated graphene
dispersion and exfoliation of graphite in an organic solvent; N-methyl-pyrrolidone. Figure
3.2 (d) shows the graphite flakes in N-methyl-pyrrolidone for a range of concentrations from
6 pg/ml to 4 pg/ml. Figure 3.2 (e) shows high-resolution transmission electron microscopy
(TEM) images of monolayer and bilayer graphene produced by this solution based process.
To prepare the samples, the graphene-flake solution was spin-coated after sonication for 30
min and annealed under forming gas at 400°C for 4 hours to remove residual solvents.!) The
approach was an early confirmation that graphene can be dispersed, spray-coated or ink-jet
printed via liquid phase processing. Nevertheless, it was not directly possible to control the
number of layers with the produced films consisting of monolayers to multilayers, as shown

in the TEM images (Figure 3.2 (¢)) and layer number histogram (Figure 3.2 (f)).
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Inkjet printing-based fabrication has been developed for graphene devices because it is rapid
and cheap, without requiring high temperature annealing. This makes it possible to print on
polymer substrates as a means of realising flexible electronics.!!®! Torrisi et. al. fabricated a
FET using graphene ink made with graphite flakes ultrasonicated in N-methane-pyrrolidone
for 9 hours, as described in Figure 3.3 (a). The samples were ultra-centrifuged at 10,000 rpm
for an hour following filtration, to remove flakes > 1um which might clog the nozzle.[**%’]
They treated SiO: substrate with oxygen plasma and hexamethyldisilazane (HMDS), a
common adhesion promoter, to improve wettability on the surface of the substrate before

printing of the graphene ink. The fabricated FET with printed graphene channel layer exhibits
on/off ratios of around 10 and field effect mobility of 95 cm?/Vs.

(a)

graphene-ink

0 30 40 S50 60 70
Position (um)

Figure 3.3 (a) A diagram of fabrication of FET using graphene ink printed on SiO: and an AFM image of
the printed graphene ink, and (b) an AFM image and cross-sectional profile of a printed graphene line.

Adapted from 2% 221,

Despite the fast and reproducible fabrication process of inkjet-printed graphene, flake sizes
remain < 1 pum[?% 2*+2I; the nozzle size ultimately restricts the maximum flake size. The
printed ink is not monolayer, but rather a combination of multilayers, as seen in AFM images

in Figure 3.3 (b) resulting in spatially non-uniform electrical properties.
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3.2.3 CVD Graphene for Large-Area Electronics

Chemical vapour deposition (CVD) has come to the fore as one of the few commercially
viable large area deposition approaches. Rapid progress has been made this past five years on
the CVD of graphene; very high quality and large-area graphene sheets can now be
synthesised with ease on various metal catalyst surfaces.!?*!l Bottom-up CVD synthesis can
scale up the synthesis with the maximum size only depending on the surface area of the

catalytic material loaded into the CVD chamber.[?”-323% CVD offers accurate control over the

[33]

growth rate by proxy control of the gas flow, pressure and chamber temperature.
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Figure 3.4 SEM images of (a) as-grown graphene films on thin Ni layers (300 nm) and (b) the continuous

graphene films transferred from Cu foil onto SiO2 substrate (300 nm), and (c) spatial distribution of sheet

resistance of the CVD graphene sample. Adapted from [36-37],

The properties of the resulting graphene films are strongly related to the growth mechanisms
which themselves relate to the catalyst material of choice.[*® For Ni catalysts, hydrocarbon
atoms diffuse into the Ni at an increasing rate, peaking at around 1000 °C. Graphene grows
on the Ni when an appropriate cooling rate is adopted stimulating the high carbon
concentration within the Ni catalyst to freeze out, and crystallise to form graphene.l*’-®! For
graphene on Cu, the growth mechanism is somewhat different from materials such as Ni and
other transition metals in that Cu has an especially low carbon diffusion. The carbon atoms
which are pyrolysed from the carbon feedstock; commonly methane (CH4) gas diffuse little

in the bulk Cu but rather crystallise immediately on the Cu surface.?>% 31 These initial
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adsorbed carbon atoms, along with defects in the Cu lattice, act as growth seeds, with
additional carbons bonding at these seed-sites. Graphene films grown using CVD show
continuous monolayer coverage with over 90 % coverage being commonplace, as shown in
the SEM images of Figure 3.4 (a) and (b).[*6-*7-40-1] The gain size of CVD graphene has also
been significantly increased as the number of nucleation at the initial stage of CVD could be
reduced by controlling the surface roughness of metallic catalysts.[***3! Figure 3.4 (c) shows
the spatial distribution of Rs of bilayer CVD graphene after transfer onto a PET substrate (6
cm x 14 cm) using PMMA -transfer technique. The average value of the Rs was 808.2 €)/sq.
with a standard deviation, 197.5 ©/sq.*” This results indicates that CVD graphene is an
especially promising approach for the realisation of large-area electronics necessitating

uniform electrical properties.

3.3 Conventional Transfer Methods

Although the optical and electrical continuity of CVD graphene shows much merit, the
primary limitation preventing the wider-scale adoption of CVD-based graphene-technologies
is that it must be transferred to arbitrary substrates from its opaque conducting catalyst. The
transfer method is crucial in realising useful devices as it intimately dictates the final device

conductivity and transparency.
3.3.1 Transfer Using Polymer Support Layers

Soft transfer processes must be developed as the native quality of CVD graphene can be
readily deteriorated through aggressive transfer processes. Perhaps the most commonly
employed transfer method to date is that where the graphene is supported by a polymer
handler, such as poly-methyl methacrylate (PMMA) or polydimethylsiloxane (PDMS), while

the catalyst is chemically etched.[35 40- 44-46]

Kim et. al. reported one of the first successes of this technique in their study on the transfer of

graphene onto stretchable substrates.[*! Here they synthesised graphene using CVD on Ni.
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The graphene was patterned using argon plasma, and transferred onto a SiO» substrate using
PDMS (polydimethylsiloxane). As described in Figure 3.5, this study used soft-lithography
as commonly used in the display field. The graphene attached on the surface of the PDMS
was stamped onto a prepared SiO; substrate after the Ni catalyst was etched in aqueous
FeCls. Graphene was released from the PDMS since the surface free energy of the SiO;
substrate was higher than that of the PDMS. Another way to transfer graphene from Ni to
Si0; is by etching the SiO> under the Ni using a Buffered Oxide Etchant (BOE) and then,
etching the Ni using Hydrogen Fluoride (HF). The transferred graphene films show very low

[36]

sheet resistance of 280 €2/sq., with 80 % optical transparency.

_ Patterned Ni layer (300 nm) Ni/C layer

CHYHYAr i,
L «— %

~1,000 °C

Ni

Si SiO, (300 nm)

PDMS/graphene/Ni/Si0,/Si PDMS/graphene Graphene on a substrate
FeCl,(aq)
or acids

Downside contact
(scooping up) I

Floating graphene

Graphene/Ni/Si0./Si

Figure 3.5 A schematic of synthesis, etching and transfer using PDMS supporter for the large scale and

patterned graphene films. Adapted from B,

PMMA is perhaps the most widely used polymer support for CVD graphene transfer. Unlike
PDMS, which maintains weak van der Waals forces with graphene, PMMA coatings form
covalent bonds with the graphene basal plane.[*! This is one advantage of the PMMA-

transfer method as the strong binding prevents graphene from tearing during catalyst-etching.
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The standard PMMA transfer approach has been modified and finessed by many research
groups to improve the quality of transferred graphene. [*443- 4741 One optimised recipe for
PMMA transfer is shown in Figure 3.6. As illustrated in Figure 3.6 (a), PMMA is spin-
coated at 3000 rpm for 35s onto as-grown graphene on its metallic catalyst. The coated
PMMA is baked at 180 °C for 30 - 60s to ensure crosslinking to provide strong adhesion onto
the graphene. It was found that the baking time affects the PMMA residue after the transfer
processes. An overly extended bake time results in more PMMA residues.[*’#®! 1t is critical
that the baking time be optimised. The PMMA acts as a support during the catalyst etching
process in aqueous ammonium persulfate ((NH4)2S20g), as shown in Figure 3.6 (b). Before
the etching process, the backside of catalyst material was treated with a mild O plasma (50
W, 150 mTorr) for 20s to remove this low-quality backside graphene and therein expose the
Cu catalyst and promote catalyst etching. After the catalyst was completely etched, the
PMMA supported graphene was scooped up and transferred onto a target substrate (Figure
3.6 (¢)). The sample was then left in air for at least 12 hours to evaporate the water between
the graphene and the destination substrate. During this process, the graphene adheres to the
substrate via Van der Waals attractive forces. Finally, the PMMA is removed in an acetone
bath for 5 — 10 hours. The graphene on the target substrate was subsequently annealed at 180

°C for 10 min in air to evaporate residual acetone and further enhance the adhesion of the

graphene to the substrate (Figure 3.6 (d) and (e)).

(a) (b) (c) (d) (e)

s

Graphene on Cu

PMMA

aqueous (NH,),S,0, Acetone

Figure 3.6 Schematic illustrations of the processes of graphene transfer using PMMA; (a) Coating and
baking PMMA, (b) etching metallic catalyst, (¢) scooping PMMA-supported graphene on a target
substrate and drying out water in air, (d) removing away PMMA in acetone, and (e) washing out acetone

and annealing.
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The use of a polymer is attractive as, unlike rigid inorganic substrates, it is low cost,
mechanically flexible and easily handled. Although polymers can transfer CVD-grown
graphene without severe breakage or tearing, using an organic layer like PMMA can cause
ripples or holes in weak single-layer graphene and the ripples can hamper full contact
between graphene and substrates causing non-uniform transferring. Additionally, removing
PMMA from the graphene after finishing the transfer is difficult and the PMMA residue can

cause further degradation to the final films transport properties.

3.3.2 Transfer Using Thermal Release Tape

Polymer supported transfer is most likely to continue to be a popular method for laboratory
scale graphene. However, handling PMMA/graphene on water surfaces requires skilled users
and still results in low throughput and low yields, even from the most trained of users. Due to
this the size of the transferred graphene is limited. The largest size of graphene transferred
using PMMA is of the order of 10 cm x 10 cm; a laboratory level process. The transfer
technique is not compatible with large area electronics in a mass-production context. Thermal
release tape (TRT) can be used as an alternative to soft polymers.’32! Bae et. al. reported
graphene transfer on large-area substrates (30 inch) using TRT in the first pseudo roll-to-roll
process.’2l A scheme of this process is depicted in Figure 3.7. Firstly, the graphene on Cu
was attached to TRT by passing through cold rollers. In the following step, the Cu was etched
by aqueous ammonium persulphate solution ((NH4)2S20g). Then, the graphene films were
transferred from the TRT to a PET substrate. The TRT was removed by heating the rollers at
high temperature (120°C) causing the adhesion between the tape and the graphene to reduce

to the extent where the two can be safely peeled apart.
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Figure 3.7 A schematic of roll to roll production of graphene films grown on a copper foil using thermal

release tape. Adapted from 521,

The graphene sheet transferred using this method showed Rs as low as 125 Q/sq. with 97 %
optical transmittance after doping with 63 wt% HNO; for 5 min. The transfer method also
allows them to transfer graphene layer by layer on the previously transferred graphene sheet
resulting in the stacking of multilayers of graphene.?! The rollers in the transfer method
allowed for a high level of contact between the graphene and the tape, with the substrate at
the final detaching step, otherwise the unattached regions of graphene tended to create holes,
voids, and cracks that remain when the TRT was detached. Such contact issues were found to

be exacerbated when a rigid substrate was used.
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Figure 3.8 (a) A schematic of hot pressing transfer and (b) the Rs distribution transferred for three-layer

graphene on a SiO; substrate. Adapted from 5,

The incomplete contact between the TRT and graphene generates undesired mechanical
defects on the graphene when transferred by the roll-to-roll process. Kang et. al. developed a
means of transferring large-area graphene films onto rigid substrates by hot pressing to
provide better contact between the graphene and substrate.’” The authors used TRT as a
flexible polymer support to transfer graphene onto a SiO2/Si wafer and a hot press machine
rather than rollers to apply pressure when attaching the tape to the graphene and to detach it
from graphene after transferring at high temperature. A schematic of the pressing transfer is
shown in Figure 3.8 (a). After etching the catalyst metal in aqueous FeCls solution, the
stacked layer of TRT/graphene/substrate was heated to 125°C at a pressure of 4 N/mm? for <
10 s. Figure 3.8 (b) shows the Rg distribution of three-layers of graphene films transferred
onto 6 cm x 6 cm Si0/Si wafer showing an average of 398 ()/sq. with a standard deviation of

54 Q/sq.P%

Despite the fact that TRT transfer is simpler than PMMA transfer and is large area
compatible, the incomplete contact of the TRT to the graphene can create cracks in the
graphene and both PMMA and TRT leave notable residues.[**>%! Moreover, the transferred
graphene using PMMA or TRT is attached on a substrate only by van der Waals attractive

forces which are easily overcome. Such weak adhesion is a significant disadvantage when the
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transferred graphene is to be used in flexible electronics that are intended to be exposed to

repeated bending.

3.4 HPL & UVA Transfer

Weak interfacial adhesion of the graphene transferred onto a substrate using the polymer
supported approaches, discussed above, remains a critical barrier in realising stable transfer
for robust graphene-based thin film electronics. This thesis outlines the author’s
developments of two alternative transfer techniques (Hot-Press Lamination (HPL) and Ultra
Violet Adhesive (UVA)-assisted transfer) both of which form strong adhesion between the
graphene and substrates. Both of the proposed methods ensure mechanically stable graphene

transfer with strong and long-lasting adhesion.
3.4.1 Method

Graphene was grown as reported in detail %7 using a commercially available Aixtron Black
Magic Pro, hot-walled thermal CVD system on 25 pm Cu foil (99.999% Alfa Aesar) under 5
sccm CHy (99.5%) at 1000°C in Ar: Ha (960 (99.9997%): 40 (99.9992%) sccm) at 25 mbar.
Following 15-minute growth, samples were quenched under 2000 sccm Nz (99.99%) to
250°C and were removed from the reactor. Figure 3.9 shows a typical Raman spectrum (457
nm, Renishaw InVia) of the as-grown, graphene. The Ip/Ig ratio was 0.12 £+ 0.05 suggesting
high-quality graphene!®*°! and the Lp/Ig ratio of 2.33 + 0.6 was indicative of a bilayer
material.>8! The full-width at half-maximum (FWHM) of the 2D peak was narrow;

approximately 45-55 cm™!, suggesting high graphitisation.[>3->"]
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Figure 3.9 Raman spectra (457 nm) of the nascent Cu-foil catalysed graphene by thermal CVD.

Figure 3.10 (a) and (b) depict the HPL and UVA transfer methods, respectively. For HPL the
graphene-on-catalyst was attached to commercially available thermally activated ethylene
vinyl acetate (EVA) treated PET substrates (GBC Co.), herein termed a “laminate”. As
illustrated in Figure 3.10 (a), first the as-synthesised graphene-on-catalyst was sandwiched
between two EVA-PET (laminate) substrates (i), and then passed through a dual roller
laminator, heated to 120°C (ii). The backside EVA-PET was detached (iii), with the
conformal graphene coating on this side being removed in the process. The now exposed Cu
was then etched in (NH4)2S>0s in de-ionized (DI) water (1 M) for 12 hours (iv). The PET-
supported graphene samples were then rinsed with DI water and gently blow dried in ultra-
high purity nitrogen (v). The transfer process is substrate invariant. It can be applied to a wide
variety of polymeric substrates whose glass transition temperature is greater than the roller

temperature.
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Figure 3.10 Schematic depiction of graphene transfer using (a) hot press lamination (HPL) and (b) UV-

adhesive (UVA).

In the UV-assisted adhesive method, to chemically adhere the graphene I employ a UV-cured

adhesive (Norland Co.), consisting of methyl thioglycoate (C3HsO2S), isodecyl acrylate
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(C13H2409) and trimethylolpropane polypropylene glycol triacrylate
((C3H60)n(C3H6O)n(C3H60)nC15H2006). As illustrated in Figure 3.10 (b), UVA was first
coated onto the polymer substrate and the as-grown graphene-on-catalyst was placed in
contact with the cast UVA (i). The sandwich was then compressed at 0.2 MPa using a cold-
roll laminator, ensuring that all air pockets were removed to maximise the interface adhesion
(i1). The UV A adhesive was cured by exposing the PET backside to a UV optical source (365
nm, 222 W/m?) for 15 minutes (iii). Following UV curing, the Cu foil was etched in aqueous
(NH4)2S205 for 12 hours (iv) and rinsed in DI water and dried in high-purity nitrogen, as
before (v). Note that all UVA processing was undertaken at room temperature making the
approach applicable to a wide range of polymer substrates. The suggested transfer approaches
provide improved proximal contact between the graphene and the substrate which effectively

prevents the formation of voids in the graphene following the transfer.
3.4.2 Electrical & Optical Properties

To attain a robust mechanical interface, the graphene requires proximal contact to the
substrate.[?l  In both transfer approaches, the as-grown graphene-on-catalyst achieves
intimate contact with the EVA melt and to the low-viscosity UVA prior to curing.
Photographs and energy-dispersive X-ray spectra (EDX) of the transferred graphene using
the two approaches are shown in Figure 3.11 (a) and (b), respectively. The EDX results
suggest the absence of any Cu indicating that only the transferred carbon mediates the
observed conductivity. The conductive carbon allotrope is most likely graphitic given the low
transfer temperatures. In the case of the UV A-transferred graphene, there is some indication
of sulphur (S), sourced most likely from the UV adhesive (C3HsO2S, Ci3zH2403,
(C3H6O)n(C3H6O)n(C3Hs0)nC15H2006) under the graphene film. Sulphur is a known potent
dopant of graphitic nanocarbons.[®>%6] The Cu etching produces a significant unintentional,
but nevertheless advantageous doping of the graphene prior to any further chemical

treatments.
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Figure 3.11 (a) Photographs of graphene transferred on PET using HPL (top) and UVA (bottom) transfer
approaches and (b) energy-dispersive Xray spectroscopy (EDX) of a blank laminate (PET + EVA), a
blank PET, and transferred graphene on the laminate and PET.

Figure 3.12 (a) shows the (ATI, Unicam UV2) optical transmittance spectra (%T) for
graphene transferred using the two approaches. The transmittance of UVA-transferred
graphene on PET and HPL-transferred graphene on laminate was 10 % and 12 % lower than
the blank PET and blank laminate, respectively. These values are 7.7 % (UVA) - 11.7 %
(HPL) higher than the theoretical light absorption of monolayer graphene 2.3%.[6”7!] The
unexpectedly high optical absorption might be attributed to the light absorption from 2 — 3
layers of graphene, the UV adhesive layer between the graphene and PET substrate or
scattering effects associated with the substrate itself. Structural affects may also contribute;
folding and wrinkling of the graphene during the transfer process could also decrease the %T
by effectively increasing the mass density per unit area. As shown in Figure 3.12 (b), the
%T of the HPL graphene/laminate and UVA graphene/PET at 550 nm is 58.6+£3.6 % and
76.5+3.8 %, respectively. The UVA transfer was around 18.1% more transparent than the
HPL transfer, though both transfer techniques afforded an equivalent areal uniformity of <

4.0%.
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Figure 3.12 (a) Typical optical transmittance spectra and (b) optical transmittance distribution maps (550

nm) of HPL graphene on laminate and UVA graphene on PET.

The surface roughness measured by AFM (Figure 3.13 (b)) indicated that HPL is more
aggressive in terms of augmenting the morphology of the nascent two-dimensional crystal.
The root mean square (RMS) surface roughness of the HPL graphene was 161 nm, some 26 %
higher than the UVA graphene (119 nm). The maximum perturbation for HPL and UVA
graphene was 949 nm and 551 nm, respectively. The spatial distribution of Rs (Jandel four-
point probe) is shown in Figure 3.13 (a). The Rs for the HPL transferred graphene on
laminate samples was 9.913.8 kQ/sq, whilst for the UVA graphene was 3.512.3 kQ/sq. The
growth and transfer process showed high reproducibility, though some slight variation in Rg
and %T across sample sets was observed. The Rs of the as-grown graphene was assessed
independently by transferring the as-grown material to quartz substrates using the
conventional PMMA-approach, giving an Rs of 5.47%1.2 k&/sq. The HPL and UVA
transferred samples showed an increase of 4.43 k&2/sq. and, a decrease of 1.97 k&/sq. relative
to the conventional PMMA approach, respectively. The decrease from UVA graphene may
be attributed to the enhanced mass density associated with the closer contact between UVA
graphene and PET substrate than between graphene and the quartz substrate. The UV-

adhesive is a liquid of low room temperature viscosity (80 -95 cps).[”?! Prior to curing by UV
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exposure, it is this low viscosity that allows for near complete contact between the source

graphene-on-catalsyt and the desitnation substrate.
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Figure 3.13 (a) Spatial distribution maps of Rs and (b) AFM micrographs of HPL-transferred graphene

on laminate and UV A-transferred graphene on PET.

3.5 Summary

Full exploitation of the electrical properties of graphene require a method for the mass
production of this remarkable material. CVD is considered as the key technique to realise
large-area electronics using graphene. PMMA-transfer is the most widely used for laboratory
scale graphene, but it has many varied problems with regards to commercialisation, such as
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polymer residues, area limitations, and weak interfacial adhesion. To overcome these
drawbacks, this thesis suggests two novel approaches to transfer graphene (HPL and UVA
transfer). The Rs of HPL-transferred graphene showed ~4 k€/sq. higher, but UVA-
transferred graphene showed ~2 kQ/sq. lower Rs than conventional PMMA-transferred
graphene. More in-depth analysis on the mechanical properties of the transferred graphene

follow in the next chapter.
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Chapter 4 Mechanical Properties of UVA & HPL

Transferred Graphene

4.1 Introduction

Graphene has attracted much attention for its use in transparent conducting electrodes in
flexible electronics because the atomically thin layer allows for unique electrical properties
upon flexing, coupled to a very high Young’s modulus (~1 TPa).l'l Although graphene
naturally has outstanding mechanical robustness,'>! it must still be transferred onto flexible
substrates to be used in flexible electronics, as described above. The two transfer methods
described in the previous chapter allow for robust adhesion via processes that are simple, fast,
applicable to a wide range of substrates, have a high yield, and are large-area compatible at a
low-cost per unit area. Perhaps most critically, the described transfer approaches provide
strong adhesion between the graphene and the substrates thereby preserving many of the
impressive opto-electro-mechanical properties of graphene. To prevent breakdown or
performance degradation after repeated bending, the graphene must remain adhered to the
substrate without delamination. Thus, the inspection of adhesion and bending fatigue stability

are crucial for flexible applications of graphene.

Herein this thesis analyses the mechanical properties of the graphene attached to flexible
substrates using both the UVA and HPL approaches. These properties are then compared to
those of conventional PMMA-mediated transfer material. The mechanical and electrical
stability of the UVA and HPL approaches are considered, as is the surface energy, adhesion
potential, and bending stress stability. As illustrated in Figure 4.1, to confirm the

functionality of the UVA and HPL transfer methods outlined above, three critical mechanical
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properties of the transfer graphene on PET substrates were investigated; the interfacial
adhesion between the graphene and the substrate (Figure 4.1 (a)), the surface energy of the
uppermost graphene surface (Figure 4.1 (b)), and the bending fatigue stability (Figure 4.1

(©)).

(a) Peel strength (b) Surface energy (c) Bending stability

1
Y .
/ I AFM Contactangle JKR
I Graphene
I

‘ PET

Interfacial adhesion between Surface energy of top surface of graphene

graphene and substrates

Electrical resistance increase
after 10,000 bend-relax cycles

Figure 4.1 Analysis methods of mechanical properties of graphene on a PET substrate: (a) Interfacial
adhesion between graphene and the substrate, (b) surface energy of top surface of graphene, and (c)

bending stability of graphene after 10* bending cycles.

4.2 Surface Energy

The surface energy () is a measure of the disruption of the intermolecular bonds that occurs

when a surface is created.'! It can be defined as the reversible work required to create a unit
area of surface from a bulk material. In the case of a brittle material the work of cohesion,

that is required to generate a unit area of separation, will be equal to 2 .1
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4.2.1 Pull-off Force

When a stress plane separates two disparate materials the theoretical work of adhesion can be

thermodynamically defined as w,, "), and is given by

_ 41
Wis=7s1+7s2 =712 1)

where subscripts S1 and S2 refer to the two materials and subscript 12 to the interface
between them. If purely dispersive forces, as opposed to polar, are responsible for the

interaction between materials 1 and 2 thenl”!

Wiz =27s17s2 (42)

The work of adhesion can then be estimated by measuring the pull-off force of a scanning

AFM tip. Experimental values of the pull-off force account not only for interfacial bond

rupture, i.e. W,, , but also any visco-elastic energy dissipation at the advancing crack tip.
Thus, in many cases, the measured work of adhesion W, will be greater than ZP% The

values of W,, thus places a lower bound on the work of adhesion W/, ;.

In principle, direct measurements of adhesion can be carried out by loading a spherical

indenter into contact with the surface and then measuring the tensile load required to break

the adhesive contact. If both surfaces are rigid then the pull-off force (P, ) is given by the

Bradley equation!®

— 4.3
P, =2zRW,, 4.3)
and W, ; will be equal to W,,. When the surfaces show a linear elastic behaviour a finite

circular contact spot will be generated during the compressive loading stage. In the absence
of any energetic interactions, its radius is given by the Hertz relationship between the

compressive load F and the systems elastic constant K .
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RF 1 3{1—1/12 1—%} (4.4)

a3,_,:— where —=— +
K K 4 E1 E2

In the presence of adhesive effects the value of a will be enhanced and, provided both
surfaces are of high moduli (as is the case in Atomic Force Microscopy) can be described by

the relation, often attributed to DMT (the Derjaguin, Muller and Toporov technique), !

3 R
apMT = ¢ {F +27RW,, } (4.5)

In this case the magnitude of the pull-off force, P, is as given by equation (4.3). Under this

theoretical framework the adhesion force in a 20 um x 20 pm area was scanned via an AFM

(Bruker’s Dimension Icon).

PMMA UVA HPL

Unit: N
1E-

8E-10

4E-10

20

Figure 4.2 AFM pull-off forces for (a) PMMA-, (b) UVA-, (¢) HPL-transferred graphene.

Figure 4.2 shows maps of the measured pull-off force from graphene transferred onto PET
substrates by PMMA, UVA, and HPL. PMMA -transferred graphene has the highest adhesion
(1.25 nN) with the largest standard deviation (£0.21 nN), highlighting its lack of spatial
uniformity, whilst UVA (0.54+.074 nN) and HPL (0.502+.097 nN) showed similar values to

one another, both some 58% lower than PMMA. The lower standard deviation associated
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with these methods suggests improved spatial uniformity in the transfer process. Conversion

of the pull-off force P, to the work of adhesion W, assumes that the tip has a spherical

profile of known radius R . If the value of the tip radius is taken to be 5 nm then W, can be

evaluated from equation (4.3) and the graphene surface energy (7 g ) can in turn be estimated

using equation (4.2),] as;

Vg = Wa2</4 7 p (4.6)
where y is the surface energy of silicon probe, taken to be 55.6 mJm2.°! The calculated

surface energy in UVA graphene (17.3+2.4 mJm2) and HPL graphene (16.0+3.1 mJm™) were
56.6 % and 59.9 % lower than PMMA graphene (39.9+6.7 mJm), respectively.

4.2.2 JKR Analysis

Information on the adhesion of soft macroscopic systems (0.1 - 5.0 mm) can be obtained
from adhesion tests based on JKR (Johnson, Kendall and Roberts model) analysis.['>-!4] Here,
the degree of adhesion between a soft polymer sphere and the graphene surface is probed.
Again, during compressive loading the radius of the contact spot will be larger than in a
simple Hertz case. However, in this case the detailed value depends critically on the work of
adhesion, the probe radius R, the surface stiffness K , and the applied compressive force F

, as given by:

3 _Rf \/ )
ik = | F +37MhoR (B RF + (3, RY | 47)
The indenter used in this study was a PDMS hemisphere of radius 3.51 mm with Young’s

Modulus, E = 2.6 MPa and Poisson’s’ Ratio, v = 0.49. The loading program had a preload
of 5 mN, a dwell period of 60 s and a loading/unloading speed of 0.1 um/s. In a JKR test, the
pull-off load is given by the relation:
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P,="RwW,, 48)

Since the soft polymer surface is capable of absorbing significant mechanical energy through
its visco-elastic behaviour, measured values of W, are inevitably much greater than W,,
and are influenced by the speed of the detachment.!!>) The custom-built rig used in the study

enabled independent measurements to be made of both the contact force and, optically, the

contact area.

(a) (b) (c)
PMMA UVA HPL
12 T T T T T 12 - . L - - - - 12 T T
10 load dwell | A | ik
unioa
o — —'l |‘_ . )
28 4 o8 =8t
x N o <
g 6 i d mE el ”EG |
o y load "o ”:
4 ] o Al
2 o @xw? 4 5] o Fx10% |} o a'x10" |
fit loading fit loading fit loading
o Lo \ 4 = Otdivell o - - fit dwell L . - - fit dwell
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Figure 4.3 JKR load-contact area responses of (a) PMMA-, (b) UVA-, (c) HPL-transferred graphene
using PDMS indenter.

3

Plots of force versus contact spot dimension, plotted as a” is shown in Figure 4.3.

Rearrangement of equation (4.7) provides an expression for W, ; in terms of the load P and

spot size a, viz

(kY
W, = 1 Lﬂ_PJ (4.9)

ad 6rac\ R

By curve fitting equation (4.9) to the loading stage of the test it was possible to find an

empirical value of the effective stiffness K and compare this with the value given from
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independent measurements of the polymer properties E and v. In practice, the layer of
adhesive immediately below the graphene introduces an element of compliance into the

system so marginally reducing the combined surface stiffness K . Similarly, by fitting
equation (4.9) to the observed value of the cube of the contact area radius at the end of the

dwell period allowed an estimate to be made of w,, under quasi-steady state conditions.

Although the nominal speed of detachment speed was kept constant at 100 nms™' during the
unloading process the rate at which the radius of the contact spot decreases as it recedes and

this is reflected in a significant, and growing, increase in the effective value of w_, .

Typically, against the surface examined this grew from around 20 mJm under steady state

conditions to more than 300 mJm™ at the point of detachment.['*!¥] The estimated W,y

showed a higher value (22 mJm2) in PMMA-transferred graphene than in UVA- (21 mJm™)
and HPL-transferred graphene (19 mJm™), which is consistent with the surface energy

calculation from AFM results.
4.2.3 Contact Angle

The most common technique to assess surface energy yo is via contact angle (6)

measurement with two or more standard liquid probes.l'®?41 The relationship between the

surface energy and @ is given by the Young-Dupré equation.!>!

Ys=Vg t7 cosO (4.10)
Here y, and yg are the surface energies of the liquid and solid, respectively, and y g, is the

surface energy of the solid-liquid interface. On the basis of the Owens-Wendt model,”* ¢/

can be estimated from

0 N2 (o V2
7SL:7S+7L‘2(737Lj -2 787Lj @.11)

in which the superscipts d and p refer to the dispersion and polar contributions to surface

energy, such that
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ys =73+ 78 and  y =y0+yP 4.12)
Thus, using two liquid probes with known 72' and 7f and two experimental values of 8, we
can solve for 7%’ and y g , and hence evaluate yg. At room temperature and ambient
pressure, the surface energies of water and ethylene glycol are 72.8 mJm™ ( 72’ + yf =247+

48.1) and 48.3 mIm? ( y‘Lj + yP= 309 +17.4), respectively.’”? Contact angles were

measured using an optical contact system (CAM200, LOT-Oriel Ltd.), and are shown in
Figure 4.4 (a). The calculated surface energies are shown in Figure 4.4 (b). The UVA and
HPL transfers showed somewhat lower surface energies (26.7+1.2 mJm™ and 32.4+4.2 mJm’

2, respectively) compared to the PMMA-transferred graphene (34.4+3.6 mJm™).

(a) (b)
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Figure 4.4 (a) Variation in contact angle of graphene as a function of transfer method, and (b) summary
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of the surface energies and work of adhesion from contact angle, AFM and JKR measurements.

The values of surface energy and work of adhesion of transferred graphene measured by the
three methods (Contact angle, AFM, and JKR indentation) are summarised in Figure 4.4 (b).
The work of adhesion is strongly correlated to the morphology of graphene surface and the

number of layers as well areal density of lattice defects.?®3?l Defective graphene is
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manifestly stickier with a higher surface energy. Lattice vacancies increase the polarity of the
surface resulting in an increase in the surface energy and thus a lower bound for the work of
adhesion!?- 31321 If defect free graphene is perfectly transferred, with no induced defects, the
resulting interface will have a very low work of adhesion. Similarly, the more graphene
layers that are stacked, the lower the work of adhesion®® *!l. However, graphene can be
easily damaged during conventional transfer processes, which likely creates macroscopic
defects!®3). If the substrate is not completely covered, and the transferred material has a
significant number of vacancy defects during the selected transfer process, the work of
adhesion increases. Though functionally beneficial for sensors and similar applications,
should the transferred graphene have a coverage that is less than that defined by percolation
theory, then the resulting flexible transparent conductor will be of little use due to its
prohibitively high sheet resistance. Should a second and third layer of graphene be
transferred, there is a higher probability of covering said lattice vacancies in the first transfer.
The higher values of the surface energy and work of adhesion of PMMA-transferred
graphene and lower values of UVA- and HPL-transferred graphene suggests, consistent with
our Raman map findings, that the areal coverage of graphene is likely higher in the UVA and
HPL transfers than for PMMA transfer.

4.3 Mechanical Robustness

To further investigate the degree of adhesion between the graphene and the substrate in each
transfer case, T-peel tests were conducted. T-peel tests are a qualitative method primarily
intended for determining the relative peel resistance of adhesive bonds between flexible

adherents.[3438]

. The T-peel strength is the average load per unit width of a bond line
required to separate, progressively, a flexible member from another flexible member. The T-
peel test scheme is depicted in Figure 4.5 (a). The adherents have such dimensions and
physical properties so as to permit bending through any angle up to 90° without cracking.
Failure follows a path of least resistance which may be cohesive through one element of the

structure or interfacial and so along the interface between two elements in the specimen.
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Figure 4.5 (a)T- peel test scheme, (b) Variation in peel strength as a function of peel speed, (c)

Distribution in the peel-strength across the considered transfer methods (25 pm/s peeling speed).

In all the specimens, the graphene was sandwiched between two PET sheets and was attached
to one of these using the UVA cured adhesive. The bond to the second sheet of PET was
formed by either the UVA adhesive, the HPL melt or the natural adhesion between the
PMMA transferred graphene. In this case the graphene-PET bond was established by floating
the PMMA-graphene sample on water, before transferring this onto the PET and, after
drying, removing the PMMA using acetone. Two peeling speeds were evaluated; 2.5 and 25
um/s. Specimens were of the order of 7 mm wide. Figure 4.5 (b) shows the variation in
peeling strength. A low peel strength represents weak adhesion between the elements of the
laminate and substrate, whilst a high peel strength suggests that the graphene is strongly
adhered to its substrate. As summarised in Figure 4.5 (c), the UVA-transferred graphene
laminate showed the highest peel strength (4.39+£1.09 N/m), followed by the HPL-transferred
graphene structure (0.60+0.26 N/m), and the PMMA -transferred graphene structure in which
the bond between graphene and PET relied solely on the van der Waals forces showing, as
anticipated, the lowest (0.44+0.06 N/m). The substrate adhesion strength of the UVA and
HPL graphene are some 880% and 29% higher, respectively, than that of mechanically
exfoliated graphene on SiO> (0.45+0.02 N/m).>"]
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The effective surface energy or work of adhesion provides a measure of the graphene
coverage and the degree of defect-induction as a result of the transfer process.[*832],
Conversely, the magnitude of the peel force per unit width in the T-peel test is a measure
directly showing the strength of the bonds between the PET substrate, the adhesive, and the
graphene layer. The high bonding strength of the UVA-graphene specimen further
demonstrates conclusively that UV A-assistive transfer allows for significantly enhanced
adhesion between PET substrates and CVD graphene over the more conventionally used
PMMA-based techniques. The strong adhesion between graphene and a substrate plays a

major roll in determining the degree of mechanical robustness during bending motion, which

1s now considered.

4.4 Bending Stability

40-44] Long-term

A bending test is commonly used for evaluating the flexibility of thin films.
bending fatigue might induce micro-cracks in the film resulting in increased electrical
resistance of the film. By measuring the resistance change during repeated bending, the

mechanical robustness of the film can be evaluated.
4.4.1 Bending Angle Variation

To assess the mechanical robustness of the transferred graphene, cyclic bending fatigue tests
were conducted using a custom-built, LabVIEW controlled bending stress system. As shown
in Figure 4.6 (a), the system consists of the control (PC / graphical user interface) and the
physical rig (bend rig / source-measure unit). The current-voltage (I-V) characteristics of a
graphene film loaded on the bend rig was measured and the differential resistance at zero
bias, (dV/dI)v-o automatically extracted, following a controlled bend at a defined angle for a
defined bend radius (Rp). As shown in Figure 4.6 (b), the system mechanically clamps both
ends of the specimen, where these clamps also serve as electrical probes connected to a

Keithley 2600 source-measure unit. The central backside section of the samples was
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supported by a changeable cylinder of well-defined bend radius. Ten different bend radii

were used.

The robustness of graphene/PET transferred with our three transfer approaches (PMMA,
UVA, and HPL) and ITO/PET were assessed with two types of bending tests; bend angle
variation and bending fatigue. For the bend angle experiments, a fixed Ry of 2.5 mm was
used and the bend angle increased from 0° to 100° at 10° increments. The measured
resistance as a function of bend angle is shown in Figure 4.7. The three graphene transfer
approaches showed negligible variation in resistance as a function of bend angle (Figure 4.7
(b)), whereas the resistance of the ITO increased sharply at bend angles > 40° (Figure 4.7
(a)). All graphene samples demonstrated a low normalised resistance even at 100° (1.05 -
PMMA, 0.94 — UVA, and 1.04 - HPL), which is around 80 times less than the ITO/PET
(79.8). Certainly, the mechanical robustness of transferred graphene is, regardless of the

transfer method employed, far superior to that of ITO.

(a) (b)

Graphical
User
Interface

Keithley 2600

' ‘
source meter ! ™ ) Straigh,t, “‘\m

Control PC

“-.."1

Bend rig

Figure 4.6 (a) A custom-built cyclic bending test system, and (b) photographs of bend rig captured in a
bent (90°) and relaxed state (0°).
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Figure 4.7 Variation in normalised resistance (R/Ro) as a function of bend angle with (a) large Y axis scale

and (b) small Y axis scale.

Of the three graphene transfer approaches used we find that, compared to conventional
PMMA graphene, UVA graphene exhibits lower resistance throughout all bending angles,
with HPL graphene showing a lower resistance at bend angles > 40°. For both the UVA and
HPL, the normalised resistance did not tend to increase with bend angle, whilst it did for
PMMA graphene. UVA and HPL graphene appear more robust than PMMA graphene for
high bend angle applications, such as e-paper and wearable sensors. Bending strain is a
known precursor for thin film delamination. If the degree of adhesion is lowered, as a result
of the transfer process employed, in many cases this naturally manifests as a limited degree of
motion that such devices can accommodate. Indeed, bending readily encourages further
delamination of already weakly adhered zones, thereby rapidly degrading, over time and

cycle number, the samples mechanical robustness. 3!
4.4.2 Cyclic Bending Fatigue

To assess the bending fatigue of the graphene transfers, graphene and ITO specimens were

bent (90°) and relaxed (0°) over 10* cycles, and the resistance measured at each bent and
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relaxed cycle. Figure 4.8 (a) shows the measured resistance of ITO and UV A-graphene at 1
mm, Rp,as a function of bending cycles. The resistance of ITO showed a 95-times increase
from 2 kQ to 190 kQ with a significant difference in resistance between the bent and straight
states. However, the graphene showed only a slight increase from 46 kQ to 74 kQ across the
study with the resistance values in the bent state being compatible (< 0.5 kQ) to the straight

state for all cycles.
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Figure 4.8 (a) Resistance variation of ITO and UVA-graphene as a function of bend cycle, (b) variation of
resistance change (AR/Ro) as a function of bend radius for ITO and graphene, and (c) mean AR/RO for all
bending diameters for graphene transferred by UVA, HPL, and PMMA as well as ITO.

Various bending radii (1 - 5 mm) were considered and the resulting normalised resistance
changes (AR/R¢) are as shown in Figure 4.8 (b). The resistance of the ITO increased
dramatically after 10* cycles (AR/Rg ~ 20 at 5 mm Ry). The resistance of ITO showed a
considerable increase at Ry < 2.5 mm (AR/Ro ~ 14 at R, = 2.5 mm, AR/RO ~ 90 at Ry, = 1
mm). Conversely, the AR/Ry values for the graphene specimens were not only much smaller
(PMMA: 0.5 - 0.9, UVA: 0.5 - 0.8, and HPL: 0.2 - 1.2) than the ITO, but also showed no
visible increasing trend with Ry. The average AR/R¢ values of graphene were calculated as;
PMMA: 0.80 + 0.71, UVA: 0.53 £ 0.58, HPL: 0.65 + 0.82, and ITO: 34.5 4+ 22.6, as shown in
Figure 4.8 (c). These results suggest that graphene has superior mechanical robustness

compared to ITO and that the transfer method further affects this degree of improvement.
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Unlike their bulk counterparts, two-dimensional materials, and particularly those with micro-
corrugations, have an extra degree of freedom in the Z-direction allowing for effective lateral
stress dissipation. Another possible explanation for the superior robustness of graphene in the
present mechanical studies is that the strong covalent bonds within the graphitic lattice
accommodate significant strain prior to failure.3! The average AR/R¢ for the UVA and HPL
graphene for all bending radii were lower (0.53 and 0.65, respectively) than for the PMMA
graphene case (0.80), which is consistent with our earlier bend-angle tests. UVA and HPL
graphene do indeed exhibit more robust mechanical properties than the more commonly
adopted PMMA transfer, principally attributed to the higher degree of adhesion between the

graphene and substrate.

The underpinning mechanisms behind the observed increase in R/Ro following our fatigue
tests was investigated by measuring the surface topology of the bent regions at the specimen
centres (for R, = 4 mm) (Agilent AFM 5500). Figure 4.9 (a) highlights micro-crack
formation, induced by repeated tensile stress, in the ITO/PET. The distance between the
cracks was around 18 um and the crack width was ~40 nm. No such micro-cracks were note
in any of the graphene samples (Figure 4.9 (b)-(d)), with the observed change in R/Ro in
these samples likely attributed to grain movement and to weakened substrate adhesion during

repeated bending.
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Figure 4.9 AFM maps of (a) ITO, (b) PMMA-transferred graphene, (c) UVA-transferred graphene, and
(d) HPL-transferred graphene on PET after 10* bending cycles.

Mechanically flexed graphene likely experiences significant defect propagation in the guise
of interstitials or vacancy migration which underpin, to a certain extent, microscale
intergranular movement, especially if there is compromised or otherwise weakened adhesion
to the substrate. In the present geometry and associated stress-concentration mediated therein,
such defects likely nucleate further microcracks whose formation and growth are further
increased in the presence of reduced interfacial adhesion. Even though repeated bending did
not substantially decrease the adhesion between the graphene and its substrate, it nonetheless
interacted in the first few mechanical fatiguing cycles resulting in a small and irreversible
increase in the resistance due to a defect nucleation phase. Such defect growth was clearly

passivated in the strain window considered following these few initial cycles. This is
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attributed to the formation of an equilibrated strain distribution following the initial seasoning
strain cycles. The transferred graphene is, in this respect, rather different from ITO, which
fails to establish such an equilibrium and continues to electrically degrade with further strain
cycling. It is probable that percolative networking effects and associated transport play a

central role in the graphene systems ability to resist repeated strain cycles compared to ITO.

4.5 Summary

In this chapter, adhesion strategies have been shown to provide strong and long-lasting
adhesion between the as-synthesised graphene and the flexible transparent substrates It has
been shown that UVA- and HPL-transferred graphene on PET are more stable than PMMA-
transferred graphene under bending stress and are more resistant to micro-crack formation
than ITO with little variation in normalized resistance for more than 10* bend—relax cycles.
The superior mechanical robustness will make large-area graphene a compelling platform for

the realization of next generation flexible electronics, e-paper, and wearable sensors.
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Chapter 5 Chemical Doping

5.1 Introduction

Graphene has been considered as an alternative for ITO or FTO on account of its high charge
mobility, high optical transmittance,!!* alongside its impressive mechanical robustness, as
confirmed through the authors’ experimental results presented earlier in this thesis. The
flexibility of graphene makes it well-suited for a number of emerging optoelectronics
applications, such as e-paper, flexible displays and user-conformal wearables [ *6]. To date
there have been many attempts to utilize graphene as a transparent flexible conductor in
organic light emitting diodes (OLED)!> 721 touch screens!'*"1>! and photovoltaic cells!!®!?],
Common to all such opto-electronic applications is the need for a reduction in the graphene’s
Rs whilst maintaining its high optical transparency. As discussed in Chapter 2, the Er of
pristine graphene lies at the Dirac point, where there is a significantly reduced, and
theoretically null density of states. Due to this low density of states, the Rs of monolayer

20221 which is too high for it to

pristine graphene is fundamentally limited to ~1 kQ/sq.!
function as a suitable replacement for metal and transparent conducting oxide electrodes in
the majority of applications!"> 23); touch screens require Rs <500 Q/sq., whilst graphical

displays require Rs <100 /sq, both with transparencies of > 90%.2%

One approach to reduce Rs is to make hybrid layer structures coupling graphene and

(25301 a5 discussed earlier. To test this I have investigated the optical luminance of

nanowires,
an OLED cell through the use of a hybrid anode consisting of silver nanowires and UVA-
transferred graphene on PET substrates. Another approach to decrease the Rs of graphene is
by selective doping. In several early reports, chemical doping has been shown to decrease Rs

of graphene from ~1 k Q/sq. to ~90 Q/sq. without significantly compromising the optical
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transparency (~80%).2"%"1 1In this thesis, to decrease the Rs of CVD graphene, chemical
doping has been adopted using various metal chlorides (gold chloride (AuCls), ferric chloride
(FeCl3), tin chloride (SnCl), iridium chloride (IrClz) and rhodium chloride (RhCl3)). The
optical and electrical properties of doped graphene will be presented and the temporal

stability of the properties in ambient condition analysed.

5.1 A PET-supported Graphene / Silver Nanowire based OLED

To decrease the Rs of CVD graphene for use in OLEDs, commercial silver nanowire
(AgNW) (0.5 wt.% in isopropyl alcohol, Sigma Aldrich, Co. Ltd) were spin coated on our
previously discussed graphene. The AgNWs were 40 - 60 nm diameter and 5 - 20 um long.
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Figure 5.1 (a) Schematic OLED cell. (b) Photograph of a typical fabricated OLED test cell using the
reported hybrid graphene anode. (c) Energy level diagram of all layers used in the OLED.

To fabricate the OLED, monolayer graphene was synthesised by CVD using the same growth
conditions as described in Chapter 3 and transferred onto PET substrates using the as-above-
reported UV A-transfer process. Figure 5.1 (a) and (b) illustrate a schematic of the OLED
structure and a photograph of one of the OLED test cells fabricated using the UVA-
transferred CVD graphene, respectively. The graphene area covering the PET substrate (25
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mm X 25 mm) was 90 mm?®. After graphene transfer, AgNWs were spin-coated onto the
graphene at 700 rpm for 25 s followed by a hot plate anneal at 100 °C for 5 min. The AgNW
coated on the cathode contact pad was removed using isopropyl alcohol to prevent
unintentional short circuiting between the anode and cathode. The organic layers; NPD (hole
transport layer), CBP-Ir(ppy)s (emission layer),TPBi (electron transport layer), LiF (electron
injection layer), and aluminium cathode were then sequentially deposited using a standard
thermal evaporator by Hyomin Kim at Kyung Hee University. The energy levels of the
stacked organic layers are gradually aligned to ensure rapid carrier diffusion though the

OLED cell, as shown in Figure 5.1 (¢).

(a) (b)

Figure 5.2 Photos of a fabricated OLED test cell using hybrid anode of graphene and AgNW captured at
four different voltages; (a)0V, (b) 9V, (c¢) 11V, and (d) 13V).
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The Rs of the AgNW-coated graphene measured by four-point probe (Jandel Co. Ltd) varied
from 41 Q/sq. to 81 Q/sq. with a mean value 57 Q/sq. and standard deviation 14 Q/sq. It is
presumed that AgNW assists in charge transport across the graphene grains and defects so
that the macroscale Rs decreases. The captured photographs show the resulting light emission
from the fabricated OLED using an AgNW-coated graphene anode on PET (Figure 5.2). The
OLED turned on at around 9 V, with the light becoming brighter as the voltage increased.
However, devices had notably poor uniformity. It is assumed that the bright spots were
caused by the non-uniformly aggregated AgNWs or from areas where the AgNWs were not
sufficiently planarized. There were also large dark zones, likely created by short-circuits due
to NW protrusions when applying voltages > 9V, which we attribute to the sharp apex of the
AgNWs. Applying 13 V, the OLED did not show any change in light brightness and a few
seconds later it broke down (Figure 5.2 (d)). The failure is considered to be caused by an

electrical short associated with the AgNWs.
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Figure 5.3 (False coloured) SEM micrographs of: (a) Graphene and (b) AgNW-coated graphene on PET.

(¢) Schematic of cross-sectional OLED structure.

As shown in the SEM image in Figure 5.3 (b), the AgNWs coverage was non-uniform which
may well have resulted in equally non-uniform light emission. Some of the non-planarized
NWs are likely occasionally tilted upwards therein deriving links between the anode and the
electron injection layer, or directly to the cathode, as illustrated in the schematic (Figure 5.3

(¢)), compromising OLED performance. Such issues remain outstanding.

Though the electrical conductivity was successfully enhanced using the developed hybrid
graphene/NW electrode, significant areal non-uniformities occurred. As a result, other
approaches were deemed more suitable to decrease Rs. One such approach was to modify the

work function or carrier concentration in graphene via chemical doping.
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5.2 Chemical Doping with Metal Chlorides

Chemical doping strategies allow for the tuning of the work function and carrier
concentration of thin films without compromising their as-synthesised optical transparency.
As a result such methodologies have been considered one of the most viable means of
decreasing Rs*!*7). In the present study chemical doping was adopted based on established

chlorine compounds that have been investigated elsewhere in other nanocarbon systems!** 3¢

38-40]

Following CVD synthesis (Figure 5.4 (b)) and UV A-transfer (Figure 5.4 (c)) on a 20 mm x
20 mm PET substrate, graphene was chemically doped with one of five chloride compounds
(AuCls, FeCls, SnCly, IrCls, or RhCl3) to enhance its conductivity as depicted in Figure 5.4
(a). Each compound is soluble in specific solvents and thus was dissolved in different
solvents employed from previous reportsi®® 4!l (AuCl; and IrCl; / acetonitrile, FeCls and
SnCl, / DI water, and RhCl3 / methanol) each at 20 mM concentration. The dopant solutions
were spin-coated onto the transferred graphene samples at 2000 rpm for 1 min. Typical

photographs of the chemically doped graphene sheets are shown in Figure 5.4 (d) — (h).
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Figure 5.4 (a) The metal chloride chemical doping process. Photographs of (b) CVD-grown graphene on
Cu foil, (¢) UVA-transferred graphene onto PET (undoped), (d) AuCls-, (¢) FeClz-, (f) SnCl-, (g) IrCls-,
and (h) RhCls-doped graphene on PET.
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To assess the implications of the metal chloride (MexCly)doping, it is necessary to decouple
any shifts in Rs and %T due to the solvent from those of the MexCly solute. Figure 5.5
summarises the solvent and concentration controls. In the solvent controls three high-purity
solvents (DI water, methanol, and acetonitrile), commensurate with those used in the doping
studies, were spin-coated onto the graphene using the same casting recipe as those used for
the MexCly doping and optical transmittance (%T7T) and sheet resistance (Rs) measured,

reported later.

As shown in Figure 5.5 (a) and (b), there was no significant change in %T at 550 nm
wavelength (A%Tssonm = +0.75%, +0.7%, and +0.11%) for samples treated with DI water,

methanol and acetonitrile, respectively. Similarly, there was no significant change in Rs (ARs

=+0.01 kQ/sq., -0.03 kQ)/sq.) for samples treated with DI water, and methanol, respectively.

However, samples treated with acetonitrile showed a non-negligible increase in Rs (+0.25 kQ

/sq.). Acetonitrile seemed to marginally degrade Rs. In the present study AuCls was dissolved
in acetonitrile but interestingly, AuCl; samples showed the largest decrease in Rs, even
though the doping effects of acetonitrile evidently tended to increase Rs. One strategy to

further improve the doping effects of AuCls would be to use alternative solvents.

Nevertheless, Figure 5.5 (a) and (b) broadly revealed that the impact of the solvent is largely
negligible and suggest that the observed variations in Rs and %T, upon MexCly doping, are
not attributed to the solvent but rather the solute. Figure 5.5 (c) and (d) show the %T and Rs
of the doped graphene as a function of various concentrations of AuCls. As the dopant
concentration increased, the doped graphene showed lower %T and lower Rs. The %T
decreases (A%T) were marginal from doped graphene at 20 mM (1.49%) and 30 mM
(6.78%). However, the %T was substantially decreased (A%T = 10.39%) at 40 mM. Unlike

the considerable change in %T, Rs was not greatly affected by concentration (2.18 kQ/sq.,

1.94 kC)/sq., and 2.13 kC)/sq. at 20mM, 30 mM and 40 mM, respectively).

90



100 L 1 " L L 1 1

Dl water 1 Methanol :Acetonitrile
1

20 !

' 87.28

87.39

Methanol

DI water

| Acetonitrile
1

1
8566 8641 | g,09 8569 4 i 3.632

. 1 ;

1
‘ —

gao g, 2979 5952 !
£ g
2 70 =
S w

[ ol

a0d | 0 : :
Before After Before After Before After Before After Before After Before After
(c) (d)
100 1 L L 1 r 1 L - 1 1 6 L 'l T Il 1 - L 1 v L L
10 mM 20mM + 30mM ' 40 mM 10mM + 20mM + 30 mM ' 40 mM
1 1 1 1 1
90 - : 18916 *1 : : :
86.07 !
. 83.97 84.38 4 : : :
£ 80 036 @ |s1e ; i :
’-‘R 2 T 1 1 1
é g 34 l | ! 1
e ) 1 1
- 70 " :0.458 4
24
60 4 i
50 Ll T n L] L]
Before AfterBefore After Before After Before After Before AfterBefore After Before After Before After
Doping Doping
(e) (f)
0.6 L L L L 1.2 L L L L . AuCI3
1.0 e FeCl,
------------ -u
0.4 L 08 g = " 4 SnCl,
v IrCly
=0.6 -
[l .Y x + RhCI,
—_— v —
0.2+ o L "0.41 B, v S s
5 - « § st
.- 02{ €. . e -memme
’ e
0.0 = 0.0
- L SRR == -v
0.2
0.2 T T T T 0.4 T T T T
10 20 30 40 10 20 30 40

Concentration (mM)

Concentration (mM)

Figure 5.5 Solvent controls: (a %Tsso nm and (b) Rs of graphene on PET following solvent treatment

(without dopant). (¢) %Tssonm and (d) Rs of AuCl:-doped graphene for various molar concentrations. (e)
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Normalised %T change and (f) Rs change of graphene doped for all MexCly as a function of molar

concentrations.

The normalised A%T and ARs of doped graphene on PET with the various dopant solutions,
as shown in Figure 5.5 (e) and (f), suggest that Rs is not directly proportional to dopant
concentration, whilst the %T decreases consistently with increasing concentration. This
indicates that dopant molecules may be adsorbed on the graphene surface resulting in a %T
decrease, but charge transfer from the dopant molecules evidently saturates at concentrations
> 20 mM. The reduction in Rs depends on the electronegativity of the metal ions in the
dopants*?*31. As shown in Figure 5.5 (f), the largest reduction in Rs (ARs/Ro = 0.84) was
observed from the AuCls-doped which has the highest electronegativity (2.54) among the
dopants (FeCls: 1.83, SnCl: 1.96, IrCls: 2.2, and RhCl3: 2.28).[44]

Figure 5.6 (a) shows the %T spectra of undoped and doped graphenes over a range of
wavelengths (350 - 950 nm, ATI, Unicam UV2) using various MexCly dopants. Figure 5.6
(b) - (g) show the spatial variation in the %T of undoped and doped graphene at 550 nm. Full
spectra were acquired at each measured position. The %Tsso of the undoped graphene was
84.1%, some 5.2% lower than that of the bare PET (89.3%), suggesting that the graphene is
largely monolayer with the 5 pm-thick UV-adhesive layer likely to have contributed to the
extra optical absorption. The standard deviation in the spatially resolved %T of the undoped
graphene on PET suggests that transfer method led to an areal uniformity of approximately
2.9 % resulting in an optical absorption ranging from 2.3 % to 8.1 % across the sample (20
mm x 20 mm). After chemical doping the areal mean %Tsso decreased by 7.0 % (RhCls-
doped), 19.2% (IrClz-doped) 7.1 % (AuCls), 7.5%, (FeCls) and 10.3% (SnCl,). Figure 5.8

(a) summarises the average values of %T for all the doped graphenes.

Figure 5.7 (a) - (f) show the spatially resolved Rs (Jandel Four -Point Probe) of the undoped
and doped graphene. The UVA-transferred graphene showed a Rs of 3.5 £ 0.2 kQ/sq before
chemical doping. By way of a control, to compare the Rs of the UV A-transferred graphene to

that of conventional PMMA-transfer we assessed the conductivity of as-grown graphene
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independently by transferring it to quartz substrates. The transferred graphene showed a sheet
resistance of 5.5+ 1.2 k&/sq., which is some 64% higher than that of UVA transferred

graphene. Clearly the transfer method plays a critical role in optimising Rs.
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Figure 5.6 (a) Typical optical transmittance spectra of undoped and doped graphenes and optical

transmittance maps (550 nm) of (b) undoped, (¢) AuCls-, (d) FeCls-, (¢) SnClz-, (f) IrCls-, (g) RhCls-doped

graphene.
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Figure 5.7 Sheet resistance maps of (a) undoped graphene and (b) AuCls-, (¢) FeCls-, (d) SnCl:-, (e) IrClz-,
and (f) RhCl;-doped graphene.
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Figure 5.8 Bar charts of mean values of (a) optical transmittance and (b) sheet resistance of undoped and

MexCly-doped graphene.

Figure 5.8 (b) summarises the mean Rs for all the dopants considered. AuCls-doping
afforded the lowest Rs (0.9 £ 0.2 kQ/sq.), showing a rather dramatic decrease (ARs=2.6 k
€2/sq.). The highest Rs was for the IrCls-doped graphene (12.0£1.7 k&/sq.). Graphene
electrodes are attractive for the flexible display industry; however spatial uniformity in Rs is
key if such materials are to be adopted widely in display panels. The Rs and its spatial
uniformity intimately dictate light emission uniformity, as discussed previously. Following
UVA transfer, the Rs spatial distribution (measured over 4 cm?) for the undoped graphene
was found to be very uniform (+0.2 k&/sq.), which was maintained even after chemical
doping with AuCls (£0.2 k&/sq.), FeCls (£0.3 k&/sq.), SnCly (£0.4 k&/sq.), and RhCl3 (0.3
k&/sq.). The transfer, rather than the growth or doping procedure, appears to dominate the Rg
spatial uniformity. However, the distribution of the Rs standard deviation in the IrCls-doped
(£1.7 kS/sq.) was significantly higher than in the undoped case (£0.2 kS/sq.) suggesting
that, in such systems, the doping procedure dominates the final uniformity. More detailed

analysis on this non-uniformity will be presented in the next chapter. Amongst the considered
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dopants, AuCls is the most effective showing a markedly lower Rs (0.91+0.2 k&/sq.) with

only a 7.1% decrease in optical transmittance (Figure 5.8 (a) and (b)).

5.3 Temporal Stability of Metal Chloride-Doping

To assess the time evolution of the doping, the %Tsso and Rs were measured immediately

after doping and at fixed time points thereafter, as illustrated in Figure 5.9 (a) and (b).
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Figure 5.9 Time-dependent properties of chemically doped graphene on PET under ambient conditions:
(a) Optical transmittance, (b) sheet resistance of doped graphene, (c) radio of optical conductivity to dc

electrical conductivity, and (d) the comparison of the ratio to other conductive transparent media, 14546l

An ideal transparent conductor necessitates time invariant %7Tsso and Rs. For all samples, the
transmittance decreased following doping, as shown in Figure 5.9 (a). After exposure to air
at STP for 200 hours, undoped graphene maintained its initial %T and Rs with only a small
reduction (A%T = -0.8% and ARs = -4.53 Q/sq.). For the %T of the doped samples, a

recovery process was observed, with the %T tending to increase, though only marginally so,
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with time. The most substantial increase was observed for AuCls-doped graphene (A%T =
1.9%). This increase is presumed to be associated with time-dependent desorption of
physisorbed dopants, activated by ambient thermal excitation.[*> 47#°1 Desorption also
underpins the variation in Rs, however, it seems, to a much lesser extent. The increase in Rs,
for AuClz-doped graphene, was largely negligible (0.85 k€Q/sq. — 0.93 k€/sq.). The largest
time-dependent change in Rs was observed for RhClz-doped graphene (1.79 kQ/sq. — 2.56
kQ/sq.). All doped samples showed an increase in Rs though often by comparatively small
shifts.

The ratio of the optical conductance, Gopt, to the DC electronic conductance, o4, defines a
figure of merit of the opto-electronic performance of transparent conductors, and is

commonly estimated from;*> >l

T=[1+(2) ao,,t]_2=[1 + 188.5Ris(ﬂ)]_2 (5.1)

Odc

Here Zo is the impedance of free space (377 Q) and t is the film thickness. For an ideal
transparent conductive electrode oop/cac — 0; this necessitates a low Rs and concurrently
high %T. The approximate Gopr/cdc values of our doped transferred graphene, alongside
competing transparent flexible conductors, are plotted in Figure 5.9 (c) and (d), respectively.
For all doped samples, Gopt/Gac < 1.40 and <copr/cac™> = 0.74 for the AuCl; during the entire
measurement period. Though still someway off the industry standard (0.03), these
unoptimised devices show promise. It is assumed that some of the dopant molecules adsorbed
at defects or grain edges heal the strictly non-contiguous graphene domains desorbed under
ambient condition. As shown in the temporal variations, AuClz doping seems the most

efficient of the MexCly considered.
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Figure 5.10 (a) DI water and ethylene glycol droplets on chemically doped graphene during the contact

angle measurements. Time dependent contact angle of (b) DI water, and (c) ethylene glycol.

Molecular adsorption and desorption on surfaces change the surface potential. Much effort
has been made elsewhere to estimate the number of (de)sorbed species in such systems.!-¢
During casting, dopant molecules are physically adsorbed onto the graphene. The contact
angle of undoped and doped graphene samples were measured using water and ethylene
glycol probes (CAM200, LOT-Oriel Ltd.). The time-dependent contact angle measurements
with the DI probe are shown in Figure 5.10 (b). Initially, after doping the contact angle
decreased from 76.4° (undoped) to 63.1° (AuCls), 62.6° (FeCls), 69.5° (SnCl,), 23.2° (IrCly),
and 62.5° (RhCI3). After exposure to air for 200 hours, the contact angle increased in FeCls
(76.7°), RhCl; (74.3°) and IrCl; (54.2°), whereas there was no substantial change in the AuCls
(62.5°) or SnCl (70.3°) cases. The surface energy can be calculated by substituting the

Young’s equation, yg = y.y cos® + yg, into the Owens-Wendt model®”, to give;
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Here yg; is the surface energy of the interface between the solid surface and liquid probe,
Yoris the surface energy of the liquid probe, Y is the surface energy of the solid (=y% + yg),
v% is the dispersion term of the surface energy of the solid, yg is the polar term of surface
energy of the solid, Y%, is the dispersion term of surface energy of the liquid, and yfv is the
polar term of the liquids surface energy. At room temperature and ambient pressure, the
surface energy of water is 72.8 mN/m (= y§, + y?, = 24.7 + 48.1) and ethylene glycol is 48.3
mN/m (=v%, + P, =30.9 + 17.4)1%8),

As plotted in Figure 5.11 (a), the surface energy of the undoped graphene was 29.4 mJ/m?.
After doping this increased to 38.8 mJ/m? (AuCls), 39.0 mJ/m? (FeCls), 44.7 mJ/m? (SnCl,),
76.9 mJ/m? (IrCls) and 38.9 mJ/m? (RhCls). After 200 hours, the surface energy decreased for;
FeCls (to 33.7 mJ/m?), SnCls (36.0 mJ/m?), IrCl; (46.3 mJ/m?) and RhCl; (28.8mJ/m?). This
change in surface energy is consistent with our earlier %T and Rs findings. When graphene is
metal chloride doped there is a measurable increase in the surface energy due to the
deposition of local agglomerates and precipitates, empirically verified by our surface energy
measurements and corroborated by our measured decreases in %T and Rs. After 200 hours,
some of the adsorbed molecular agglomerates of FeCls, SnClz, IrCl; and RhCl; are desorbed
upon air exposure with samples subsequently exhibiting a decrease in surface energy and
increase in Rs. Conversely, AuClz showed a slight increase in surface energy, even after 200
hours air exposure (Ay = 0.18 mJ/m?). This increase seems to arise from not only a much
smaller amount of the dopant molecule desorption than other doped samples, but also
possible atmospheric oxygen adsorption. Attachment of oxygen tends to increase the surface
energy. To evaluate the amount of desorbed molecules, the change in surface concentration

was calculated from the Gibb’s isotherm equation;!>-6!!

dy = — Z Tydy; (5.3)
i
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where, y and du are the surface energy and the change in chemical potential, respectively. I'
is the concentration of adsorbed molecules on the surface, and is termed the surface excess.

At constant temperature T is given by;’!

1 dy (5.4)

U= Qo'

Using equation (5.4) the temporal variation of the surface concentration, Al' in the doped
graphene was calculated, and is shown in Figure 5.11 (b). [y is the surface concentration at t

= 0 s, immediately upon its doping, and C is the concentration of dopant solution.
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Figure 5.11 Time-dependent variation of (a) surface energy and (b) surface concentration of chemically-
doped graphene with metal chlorides, and (¢) Schematic illustrating the adsorption and desorption of

dopant molecules on graphene.

Figure 5.11 (b) highlights the marked migration of dopant molecules away from, and
attached to, the graphene surface. A negative AI'/T'y with decreasing I' indicates that the
molecules are desorbed from the surface, whilst positive AI'/Ty suggests the adsorption of
molecules. The desorption case is trivial, with the net migration of local absorbents, deposited
during the doping process, away from the surface. For AuClz-doped graphene, AI'/T"; =
0.019 (after 200 hours). As indicated above a positive AI'/Ty implies that additional species,
likely ambient oxygen, are being adsorbed onto the graphene surface with absorption rates

within the time-frame of study. The absorption of ambient oxygen on nanocarbons is well
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established.l8) On the other hand, the negative values of AI'/T, for FeCls-doped graphene
(-0.549), SnCl3-doped graphene (-0.572), IrCls-doped graphene (-0.644) and RhClz-doped
graphene (-1.064) shows that there was increased desorption. These results are consistent
with the temporal variation of resistance, as shown previously in Figure 5.9 (a). The
resistance increase was the lowest in AuCls-doped graphene (0.08 k€/sq.). Therefore, it is
apparent that the resistance increase can be attributed to the desorption of dopant molecules
which provide charge carriers. Polymer passivation or hermetic capping layers can be utilised
to help prevent degradation in ambient conditions. Table 1 summarises the Rs and %T of
doped graphene, the temporal variation of the values (ARs and A%T), and surface

concentration AI'/Tg after 200 h.

Table 1 Summary of doping results and temporal variations

Undoped AuCls FeCls; SnCl2 IrCls RhCl3
Rs (kQ/sq.) 3.5 0.9 1.4 24 12.0 1.9
%T 84.1 77.0 76.6 73.4 65.0 77.2
ARs (kQ/sq.) -0.0045 0.1 0.7 0.6 -1.4 0.8
A%T -0.8 1.9 0.9 0.7 0.5 1.4
AFITo - 0.02 -0.55 -0.57 -0.64 -1.06

5.4 Summary

The hybrid structure of AgNW / graphene exhibited low Rs (57 = 14 Q/sq.), but the spatial
non-uniformity (Rs deviation = 26 %), voids and incompletely planarized wires found under
SEM inspection are presumed to cause light non-uniformity and short circuit issues in an
OLED device. Chemical doping has been adopted to concurrently improve the electrical
conduction without compromising the optical transparency of our PET-supported graphene.

Metal chloride-doped graphene is a promising transparent conductor for flexible electronics
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demonstrating better spatial uniformity (Rs deviation < 22 %) than the AgNW / graphene
hybrid without the highly perturbed morphology.

As the most effective dopant, 20mM-concentrated AuCls decreases the Rs from 2.6 k€)/sq. to
0.4 kQ/sq. with a slight decrease of %T from 86.0% to 84.6%. AuCls—doped graphene
exhibited a conductance ratio (Gopt/cdc) of 0.70 with only a 0.01 increase after 200 hours. This
result suggests that the improved characteristics by doping are not significantly degraded in
air over time. Using two liquid probes, the surface energy and the concentration change of
adsorbed dopant molecules (AI'/T, ) were analysed via contact angle measurements. The
largest A'/T, was in RhCIlz-doped graphene (-1.06) which demonstrated the largest
desorption resulting in the largest increase in resistance (0.8 k€/sq.). The experimental
results indicate that the molecule desorption is intimately related to the degradation of the
electrical resistance of chemically doped graphene. Having studied such time dependent
trends there is now a clear need to better understand the enhanced transport occurring upon

doping, which is the focus of the following chapter.
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Chapter 6 Conduction in MeCly doped Graphene

6.1 Introduction

Though promising and industrially attractive, the high sheet resistance of CVD graphene
necessitates the development of improved methodologies to allow integration into the various
large area flexible electronics technologies. To realise the potential of CVD graphene, novel
transfer approaches and MexCly chemical doping have been herein suggested and the
mechanical, optical, and electrical performances of the doped graphene have been
demonstrated in previous chapters. The optimally chemically doped graphene exhibited
reduced Rs (2.6 kQ/sq. = 0.4 kQ/sq.) without any significant decrease in %T (86.1% -
84.6%) increasing the viability of CVD graphene as a transparent conducting material in
flexible electronics. This chapter extends these efforts by investigating the detailed
temperature dependent electron transport within the doped graphene materials, focussing on

the shift in work function and the associated impacts of dopant agglomerate formation.

An analysis on how the developed doping strategy can decrease the Rs of graphene will be
described based on the electrical and optical measurements of pristine and doped graphene.
Then, the modification of work function and carrier transport of doped graphene will be

discussed alongside the temperature-dependent resistance variation results.
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6.2 Doping Mechanism and Spatial Analysis

6.2.1 Charge Transfer Doping

Chemical doping was adopted because it does not induce significant mechanical modification
of the graphene backbone, unlike substitutional doping which is often achieved through
aggressive plasma-based processing. The in-solution metal chloride molecules mediate
effective charge transfer to the graphene basal plane. As described in Figure 6.1 (a), the
molecules are physically adsorbed mediating spontaneous charge transfer across well-defined
energy levels at the graphene-metal ion interface. In the present system the anticipated

reactions between the metal chloride and graphene are; !

Graphene + 3MeCl; — Graphene + MeCl; + Me(I) + MeCl; (6.1)
MeCl; - Me® + 2MeCl; + 2C1~ (6.2)
MeCl; + Graphene — Grahpenet + Me® + 4Cl~ (6.3)

The positive Me*" ions in MeCI* tend to be neutralised following charge donation to the
graphene. Depending on the metal type, the positive reduction potentials of the metal ions
result in the removal of a given proportion of the local electrons population from the
graphene substrate. Er is shifted to lower energy mediating p-type doping, as described in

Figure 6.1 (b).

The dispersed SnCl> interaction differs from the other considered metal chlorides. Since

SnCl; reacts in H20, producing Sn(OH)Cl and HCL,'*! we note that;

Sn(OH)CI + HCl + Graphene + O — SnO, + 2HCI + Graphene~ (6.4)

The aqueous SnCl behaves as a reducing agent. The Sn®" ions react with bound oxygen
species, deposited during ambient exposure, on the graphene. When the oxygen constituent is
removed, the graphene becomes negatively charged, leading to n-type doping. In this case, Er

is moved to a higher energy level, as depicted in Figure 6.1 (c).
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MexCly Graphene

Figure 6.1 Schemes illustrating (a) charge transfer mediated by chemical doping resulting in Er shift from

Dirac point to (b) lower level (p-type) and (c) higher level (n-type).

6.2.2 Spatial Analysis of Doped graphene

Figure 6.2 SEM micrographs of (a) undoped, (b) AuCls-, (¢) FeCls-, (d) SnClz-, (e) IrClz-, and (f) RhCls-

doped graphene.

As seen in the SEM image (Figure 6.2 (b) — (1)), particles some 5 um - 15 pm in diameter

appear on the surface of all the doped samples. No particles were noted on the graphene prior
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to doping (Figure 6.2 (a)). EDX spectroscopy (Figure 6.3 (a)) suggests that such particles are
likely metallic dopant agglomerates which were formed from incomplete dissolution of the
powdered dopant, or from charge transfer induced agglomeration. As described above, the
metal chlorides transfer surplus charge to the graphene basal plane leaving charge-neutral
metal atoms (Me’) or SnO,. Such neutral metallic constituents tend to aggregate under
aqueous conditions and are subsequently fixed upon drying, with their formation dictated by
the magnitude of their cohesive energy. The total areal coverage and number of agglomerate
particles are illustrated in Figure 6.3 (b). AuCls-doped graphene shows the largest number of
agglomerates, however the size of these agglomerates are somewhat smaller (~0.1 um),
compared to SnCly (~2 um) and IrCls (~14 pm). The largest total area occupied by the
agglomerates was upon IrCls-doping. Although the number of agglomerates was smaller than
that of the AuCls-doped, the average diameter of agglomerates was significantly larger (14.4
um) than that of the AuClz (0.1 um), and the total agglomerate area was the largest upon
IrCl3-doping (9.91 %). The diameters of the Ir agglomerates had a large standard deviation of
3.7 um, which is likely the source of the reduced spatial uniformity, whilst the size deviation
of agglomerates from other MexCly-doped was some 10 times smaller on average. The
agglomerate distribution is consistent with the non-uniform Rg area distribution of IrCls-

doped graphene in Chapter 5 (Figure 5.7 (¢)).
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Figure 6.3 (a) Energy-Dispersive Xray (EDX) spectroscopy of undoped and MexCly doped graphene and

(b) comparison of metal cohesive energy and agglomerate diameters and agglomerate area.

Cohesive energy is defined as the energy needed to subdivide a metal into isolated atoms by

3-6] Thus, low cohesive energy metals are readily separated by

destroying all metallic bonds.
chemical reactions, whilst the high cohesive energy metals stay as comparably large particles.
The calculated cohesive energy of the metallic constituents within the metal chlorides has
been reported elsewhere, as shown in Figure 6.3 (b).”) There appears a strong correlation
between the cohesive energy and the degree of agglomeration of the neutral metallic species.
The cohesive energy seems to play a contributing role in agglomerate formation following
charge transfer. The large cohesive energy of Ir (6.94 eV) indicates that Ir has perhaps the
greatest likelihood of inducing significant agglomeration, consistent with our experimental
findings (Figure 6.3 (b)). SnCl, was somewhat anomalous. The cohesive energy of Sn (3.14
eV) was larger than that of Au (3.81 eV) and Fe (4.28 eV), however the average diameter of
agglomerates (1.95 um) was larger than Au (0.11 pm) and Fe (0.12 um). The agglomerate-
covered area for Sn (1.96 %) was smaller than Au (2.39 %), but larger than Fe (0.31 %),
which is largely inconsistent with the presented cohesion-driven agglomeration. This likely
relates to the disparate doping mechanism associated with SnCl, compared with the other

considered MexCly. SnO; remains after SnCl> doping. No Sn neutral species are formed and

thus there is little correlation between the generation of SnO» and the Sn cohesive energy.
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Figure 6.4 Atomic Force Microscopic (AFM) maps: (a) undoped, (b) AuCls-, (b)FeCls-, (d) SnClz-, (e)
IrCls-, (f) RhCls-doped graphene and Scanning Spreading Resistance Microscopic maps: (g) undoped, (h)
AuCls-, (i) FeCls-, (j) SnClz-, (k) IrCls-, () RhCls-doped graphene. Blue and red arrows indicate valley

areas and low resistance areas, respectively.
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To further investigate the areal uniformity of the chemical doping, sub-micro-scale scanning
spreading resistance mircoscopry (SSRM)3! was performed using a conductive cantilever
(Applied NanoStructures, Inc., SICONA) mounted in an atomic force microscope (AFM,
Veeco Instruments Inc., Dimension icons). 3 um x 3 um maps were produced with the
samples edge electrically grounded. In the present study, SSRM has a spatial resolution of
Ax,y ~ 11.7 nm, allowing us to probe the relationship between surface roughness and
spreading resistance upon doping, whilst also allowing comparison of the nanoscale and
macroscale conductance distributions, the latter of which was measured via macroscale
contact four-point probe mapping. For the undoped graphene, SSRM and surface morphology
are near coincident (Figure 6.4 (a) and (g)); surface protrusions tend to have lower resistance
than valleys of comparable vertical dimensions. In some areas of the AuClz doped graphene
(blue arrows in AFM - Figure 6.4 (b), and for which the red arrow indicates in Figure 6.4
(h)), areas of narrow and lower-height seem to be a line defect in graphene which can be
expected to have higher resistance than nominally flat areas. However, the low-height line
showed lower resistance, which differs from the earlier trend noted for the undoped graphene.
We find that dopant molecules adhered to defects, grain boundaries, cracks and non-idealities
in the graphene. Grain healing is notable upon MexCly doping. Chang et. al. argued that
adatoms on graphene tend to dwell on atomic steps or boundaries therein breaking the lattice
periodicity.['”! Dopant molecules are readily adsorbed on defects and subsequently heal them.
Such molecules are too small to be detected via AFM, but nonetheless contributed to a
measurable change in the conduction. The dopant distribution seems somewhat
inhomogeneous, with a tendency for them to accrue at edges, steps, grain boundaries, or line
defects. The conductive edge and grain boundaries may possibly contribute to the charge

transport by functioning as a percolation network of sub-nanometer, pseudo-metallic wires.

117



(a) (b)

1.04 11.99

=y
N
1

-
o
-
o
1

e
o
(=]
L

o
o

o
ks

Spreading resistance (MQ)

o
N
Sheet resistance (kQ2 /sq.)

e
=]

Undoped AuCl, FeCl, SnCl, IrCl; RhCI, Undoped AuCl, FeCl, SnCl, IrCl; RhCI,

Figure 6.5 Comparison of (a) spreading resistance and sheet resistance (Rs) measured by SSRM and four-

point probe, respectively.

As shown in Figure 6.5 (a) and (b), the resistance measured by SSRM is around 1 MQ,
which is some three orders of magnitude higher than the sheet resistance measured using a
macroscale four-point probe (Jandel Four-Point probe). The measured resistance contains
subsidiary resistance terms from the measurement setup, including probe and contact
resistances, both of which are significant in the present measurements. The average spreading
resistance across the measured areas showed similar values for all the dopants (1.00 MQ
(IrCl3) - 1.04 MQ (SnCl,)). The lowest SSRM was for IrCls-doped (Figure 6.5 (a)), whilst
the large area macroscale sheet resistance (400 mm?) of the IrCls was the highest (Figure 6.5
(b)). The difference in resistance between the SSRM and four-point probe measurement
suggests the possibility that IrCl; doped graphene likely has disparate, scale-dependent

conduction mechanisms.

Surface metrology suggests that dopant agglomeration at defects and grain edges are critical
in healing the otherwise imperfect, non-contiguous transferred graphene, with the efficient

MexCly doping.
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6.3 Charge Transfer and Work Function

The presented chemical doping methodology has proven capable of lowering the electrical
resistance of CVD graphene facilitating its use as an electrode in various applications. An
additional benefit from this approach is the work function tuning of graphene making it an
ideal material for applications where work function optimisation is needed such as in various
nano field electron emission applications,!!!!3] carrier injection layers in OLEDs!'*!5 and
solar cells.'!8) Charge transfer from dopants induce Er shifts and as a result the work
function can be accurately modified."'*?%!In this chapter the charge transfer and work
function modification are presented alongside optical measurement (Raman/ Xray

photoemission spectroscopy (XPS)) and electrical measurements (KPFM / Hall).
6.3.1 Work Function Tuning of Graphene

Raman spectroscopy is the long-used standard in investigating the electronic structures of
materials.[>!2%] In this study, the position of the graphene Raman peaks were investigated
before and after chemical doping. The strong PET Raman cross-section, whose many peaks
overlap with established graphene peaks, made it challenging to obtain meaningful spectra
from the doped polymer supported samples. Thus, graphene on SiO> was used herein. As
shown in Figure 6.6 (a),the Ip/Ig ratio of the graphene was 0.13+0.01 and the Iop/I ratio was
1.69+0.31, collectively indicating a well-graphitised material.?’?®) The measured 2D peak
shift (Aw2p) for each dopant is plotted in Figure 6.6 (b). The 2D peak of the AuCls, FeCls,
IrCls, and RhCl; were blue shifted by 24.4 cm™, 6.9 cm™, 4.3 cm™!, and 7.9 cm™!, respectively
from that of the undoped graphene (2726 cm™), suggesting p-type doping to varied degrees.
SnClx-doping showed no notable shifts, contrary to the red shift (n-doping) suggestion
outlined in literature and our earlier findings.?*3?! The reason for this absence of shift
remains unclear. The largest blue-shift was observed in AuCls-doped graphene (24.4 cm™)
whilst FeCls, IrCls, and RhCls showed similar shifts of < 8 cm™. When dopant molecules are
adsorbed on graphene, electrons transfer from metal chloride molecules to graphene (n-type

).[33-351

doping) or from graphene to the molecules (p-type doping The Raman analysis

supports the notion that charge transfer occurs from the molecular forms of metal chloride
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(MeCly) to graphene, which is consistent with previous reports.[’: 33l The Raman findings also
corroborate the earlier sheet resistance findings (Figure 6.5 (b)); with the lowest Rs occurring

for AuCls-doped which showed the largest 2D-peak blue shift.
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Figure 6.6 (a) Raman spectra (457 nm) of undoped and MexCly doped graphene (transferred to Si/SiOz)
and (b) the associated 2D peak shift (Am:zp).

X-ray Photoemission Spectra (XPS) were acquired using an Mg source (1253 eV) with an

energy resolution of 0.092 eV. To measure the change in work function following chemical
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doping, Ultraviolet Photoemission Spectra (UPS) were measured using a He I lamp (21.2 eV)
with an energy resolution of 0.061 eV. For XPS and UPS measurement, the as-grown
graphene was transferred to polished Mo substrates as our earlier efforts showed that the
polymer and thermally oxidised silicon substrates used previously induced serious charging

effects.

By collecting electrons which have various kinetic energies, the work function and binding
energy can be determined. With the secondary electron cut-off (Ecuw-off) from UPS spectra, as

shown in Figure 6.7 (a), the work function (®) can then be calculated.!>6-"]

¢ = h V= (Ecut—off - EF) (65)

where hv is the photon energy of incident X-ray. The work function of the doped graphene
shifted by +0.23 eV (AuCl3), +0.32 eV (FeClz), +0.11 eV (IrCl3), and +0.13 eV (RhCl3) from
pristine graphene, indicating p-doping in these cases, whilst SnClo-doped graphene exhibited
nearly the same work function as the undoped graphene with only +0.06 eV shift which is

consistent with Raman results.
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Figure 6.7 Secondary UPS cut-off, XPS Cl1s peak for (b) undoped, (¢) AuCls-, (d) FeClz-, (¢)SnClL-, (f)

IrCl-, and (g) RhCl:-doped graphene, and (h) C-C sp? peak position of the pristine graphene and upon

metal chloride doping.
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The Voigt-convolution-fitted P81 XPS Cls peak of the undoped and the MexCly doped
graphene are shown in Figure 6.7 (b) to (g). Two principle carbon bonding components; C-C
sp? at 284.6 eV and and C-C sp’ at 285.8 eV, alongside the oxygen containing functional
groups (C-O (hydroxyl) and C=0 (Carboxyl) at 286.0 eV and 287 eV, respectively) are
noted. In all doped cases, the sp® peak does not seriously increase upon doping, indicating
that there are few sites of severe defect generation induced by the doping procedure.
Conversely, however; the C-O bond does increase when doped with AuCls (286.4 eV), FeCls
(287.2 eV), SnCl» (287.6 eV), and IrClz (287.5 V), even though there is no observable C-O
peak (286 - 287 eV) in the undoped graphene and RhClz-doped graphene. The highest C-O
peak occurred in the SnClz-doped graphene. It is possible that residual SnO> products
deleteriously bond to the graphene basal plane. Charge transfer can be examined via the Cls
sp? peak shift, attributable to Er modification. As described in Figure 6.7 (h), following
chemical doping, the undoped graphene peak (284.28 eV) shifted to lower values for AuCls
(284.19 V), FeClz (284.19 eV), IrClz (284.22 eV), and RhCl; (284.11eV) indicating p-
doping, whilst it moved to higher binding energy in SnClz-doped graphene (284.34 eV)
indicating n-doping. There was no additional peak generated from metal chloride-carbon
bonding which is a significant benefit compared to substitutional®® or thin film deposition
doping.!*’! Chemical doping of polymer supported graphene under the present framework
seems like a promising approach to increase the conductivity and offer control over Er

without severely affecting the atomic structure of graphene.

Raman spectroscopy, UPS and XPS collectively suggested, indirectly that charge transfer
underpins the present observed chemical doping. However, direct evidence on the amount of
charge transfer can be gleaned by Hall measurements. Van der Pauw geometries (12 mm x 12

mm) were fabricated and measured at room temperature under a 2 kG field (Figure 6.8).
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Figure 6.8 Hall measurement of undoped and MexCly-doped graphene: (a) sheet resistance (Rs), (b)

carrier density, and (c) Er calculated with the carrier density values.

The Rs decreased from 2148 Q/cm? (undoped graphene) to 1026 Q/cm? (AuCls), 853 Q/cm?
(FeCl3), 1521 Q/cm? (SnCly), and 1109 Q/cm? (RhCl3). The Rs reduction is consistent with
our earlier macro-scale four-point probe measurements. Only IrCls-doped graphene exhibits a
higher Rs (68 MQ/cm?) than the undoped sample. The carrier density of undoped graphene
was 2.0x10'? cm™ which is comparable to published values (9.3x10'! — 3.4x10'? cm™2),[40-44]
whereas the carrier density of the doped graphene increased by roughly an order of
magnitude (8.5x10'> cm? (SnCl) - 2.8x10"3 cm™? (AuCls)). Only IrCls doped graphene
showed a lower carrier density (1.4x10° cm™2). The majority carrier in the SnCl,-doped case
were electrons, whilst for all the other dopants holes were the majority carrier, in agreement

with our XPS results.

The Er position can be defined by the Fermi velocity (v =1x10° m/s) of graphene and carrier

density (n) via :[4°]

E.(n)=h|v, |Jm (6.6)

where 7 is Plank constant. The Er of undoped graphene was negatively shifted by 0.18 eV
from the Dirac point indicating slight p-doping, compatible with the fact that the majority
carrier type of undoped graphene are holes. The slight p-doping might be due to doping from

ambient oxygen[*®!, as previously discussed, or from aqueous ammonium persulfate residues
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from the etching of the metal catalyst during the transfer process.***8! Chemically doped
graphene clearly showed large Er shifts (-0.5 eV (AuCl3) to +0.55 eV(SnCl>)), as shown in
Figure 6.8 (c). The measured mean work function depends on the net charge carrier
density.[*”) The charge transfer from dopants breaks the net charge equilibrium. Charge
dipoles are generated which rearrange the electrostatic potential resulting in a work function
shift.[*! The Hall measurements directly demonstrate that chemical doping can successfully
tune the work function of graphene. Successful p-type tuning will enhance the luminous
efficiency for advanced OLED applications or solar cells, whilst n-type tuning increases the

electron field emission performance.

Kelvin probe force microscopy (KPFM) is an AFM based technique that can map the
variation in surface potential relative to that of conductive tip.’*>* In this study a KPFM
(Bruker Co., Peak Force KPFM) was employed to independently corroborate and map the
measured work function shifts upon chemical doping. As a standard reference sample, a
HOPG surface was scanned for calibration of the tip. Then, the surface potential of graphene
was scanned over 20 um x 20 pm with a conductive KPFM tip and the graphene work
function (QGraphene) Was extracted (Figure 6.9). The measured work function of undoped
graphene was 4.72 eV, which was slightly higher than the previously reported (4.66 eV).53-¢
This is likely due to unintentional doping of the graphene following interaction with water
and oxygen in the ambient atmosphere and during the catalyst etching in aqueous (NH4)2S20s,
which collectively stimulates slight sample-to-sample variations.[**! The work function of
the SnClo-doped graphene was -0.13 eV shifted from the undoped graphene, whilst the rest of
the doped graphene showed positive shifts in their work functions (0.07 - 0.31 eV). As seen,
the areal distribution of the work function is uniform with the standard deviation per unit area
of 0.04 eV (RhCl3) to 0.21 eV (FeCls) across 20 um x 20 pm scan areas. No particular
inhomogeneous patterns in the maps for undoped graphene and other doped graphenes were

observed, apart from in the IrClz-doped graphene.
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Figure 6.9 Kelvin Probe Force Microscopy (KPFM) maps: (a) undoped, (b) AuCls-, (¢) FeCls-, (d) SnClz-,
(e) IrCls-, and (f) RhCl:-doped graphene

6.3.2 Gibb’s Free Energy and Reduction Potential of Dopants

Figure 6.10 (c) shows a comparison of the work function shift for all doped samples obtained
by KPFM, UPS, Hall measurement and Density Function Theory (DFT). DFT calculations
were performed using Material Studio 7.0 and DMol® with calculations based on a 3 nm x 3
nm graphene basal plane. The generalized gradient approximation with a Perdew—Burke—
Ernzerhof functional (GGA-PBE) was applied for the exchange-correlation function. The
trend in the work function shift from the DFT models was similar to the KPFM results, but
FeCls, SnClz and RhCl3 doping showed a ~0.3 eV higher work function in all cases compared
to KPFM, UPS or Hall measurement. The difference between DFT calculation and measured
work function values is likely attributed to the fact that the graphene we used for the

measurements was unintentionally doped in ambient condition, alongside effects associated
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with the proximal substrate or UV adhesive used for transfer. However, the trend of work

function shift from DFT is consistent with our other empirical methods.
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Figure 6.10 (a) Comparison of measured work function and published data, (b) an example plot of charge
transfer reaction of graphene by MexCly, and comparison of work function shift values measured by

KPFM with (¢) Gibb’s free energy and (d) reduction potential.

Achieving a high degree of charge transfer is key to increasing the doping level, which
depends on the Gibb’s free energy and the reduction potential of the dopants. The Gibb’s free

energy (AQG) is defined as the thermodynamic potential used to calculate the maximum or
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reversible work that may be performed by a thermodynamic system at a constant
temperature.’’! Charge transfer is endothermic (AG<0); it readily accelerates the reaction
when AG is highly negative, as described in Figure 6.10 (b). The metallic ions (Me*") are
increasingly likely to achieve neutrality (Me?) with larger |AG| by transferring positive charge
to the graphene. There is an increasing likelihood of charge transfer with larger |AG],
resulting in a large work function shift. The Gibb’s free energy of the metallic constituents is
compared with the empirically assessed work function values (KPFM) in Figure 6.10 (c).[°®
The mirrored trend in the work function in relation to AG is clear. A high work function shift
was observed in AuClsz (0.31 eV) and IrCls-doped graphene (0.25 eV) with negatively large
AG (AuCls: -145.7 kJ/mol and IrCls: -179.9 kJ/mol).l°®

Another influential parameter in driving the rate and direction of charge transfer in the
present 2D system is the reduction potential.l>”! As seen in Figure 6.10 (d), the work function
of the doped graphene has a similar trend with the reduction potential of the metallic ions.
The positive reduction in the metal chloride dopants (AuCls, FeCls, IrClz, and RhCl3) results
in the removal of a given proportion of the local electron population. The reduction reaction
mediates p-type doping, leaving Me® products. If the reduction potential is high, the rate of
charge transfer increases, resulting in a large increase in work function. For n-type doping
from SnCl, the reduction potential is negative for oxidation of Sn** (-0.19 V)!8). There is a
tendency to donate electrons to graphene, whilst the other dopants tend to accept electrons
with positive potentials (AuCls: 1.002 V, FeCls: 0.77 V, IrCls: 1.156 V, and RhCls: 0.76 V)8,
We thus anticipate that the graphene doped with AuCls, FeCls, IrCls and RhCl3 show
nominally p-type behaviour, whereas graphene doped with SnCl> would exhibit nominally #-
type behaviour. The work functions assessed by KPFM, UPS and Hall measurement are

consistent with the results as shown in Figure 6.10 (a).
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6.4 Charge Transport in Doped Graphene

Charge transport in graphene does not adhere to standard models previously reported for
either semiconductors or metals. Graphene has a conical band structure. The conduction band
touches the valence band at a Dirac point.[®” In pristine graphene, there is no bandgap. The
density of states is nearly zero near Er indicating neither semiconducting nor metallic
behaviour. Due to this peculiarity in electronic structure, electrical conduction in graphene is
often likened to a disordered conducting material and described by variable range hopping
(VRH) .16 To investigate the charge carrier behaviour further, the effects of temperature on

64-671 However, the

the electrical resistance in pristine graphene has been studied widely.!
carrier transport model of doped graphene has rarely been reported. This section will present

a model of charge transport in doped graphene based on experimental results.
6.4.1 Hopping Transport

Variable Range Hopping (VRH) has been often implicated as a common charge transport
mechanism in such ensembled nanomaterials.[> 8] VRH is defined as the conduction by
phonon-assisted quantum tunnelling between disordered localised states near Er, where the

resistance (R) can be expressed as a function of temperature, T as: 16>

R(T)" =R, exp[— (%)’1”} 6.7)

where Ty is tunnelling parameter and p = (d+1), where d is the dimensionality of hopping.
The tunnelling transport is characterised by Mott’s 3D VRH, Mott’s 2D VRH or the
Efros/Shklovskii (ES) VRH with exp(-T"%), exp(-T"?) and exp(-T'?) dependence,
respectively.’?! At low temperatures, the density of states in partially ordered systems is not
constant. Electrons leave holes when they hop from one atom to the next. ["'"* Thus, the
system acquires sufficient energy to overcome the Coulombic interaction for hoping transport.
This is termed ES VRH which can be observed at very low temperatures (<10 K)"!! due to

electron-hole puddles brought about from extrinsic substrate effects.[””]
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Figure 6.11 (a) A microscopic image of Cr/Au contact electrodes thermally deposited using a shadow
mask on PET substrate for current-voltage (IV) measurement, (b) the IV curves of undoped and MexCly-
doped graphene measured at 77 K (L = 300 pm), (c) a logarithmic derivative of electrical resistance
calculated from the IV measured at various temperature, and (d) the normalised resistance change with

increasing temperature.

VRH has been considered for pristine graphene with Er at the Dirac point.[®*) However, Er
can clearly be adjusted by chemical doping and lead to new transport regimes. To investigate
conduction in our doped graphene, the current-voltage (IV) characteristics were measured as
a function of temperature, from 77 K to room temperature (297 K). Cr/Au (10/80 nm)
contacts were thermally evaporated and defined via shadow masking of circular transmission

lines (Figure 6.11 (a)), for a range of channel lengths (L =200 - 500 pm), allowing the use of
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empirical access to the contact resistance. As seen in Figure 6.11 (b), the I-V characteristics
of doped graphene’s (L=300 um) measured at 77 K are linear with the current level of AuCls,
RhCls, and FeCl; doped graphene being lower than that of the undoped graphene. For a
detailed analysis, the differential resistance at zero bias voltage, R = (dVo/dl) was calculated
for all temperatures. The calculated differential resistance, in IrClz- and SnClo-doped cases
were 107 to 10'° times larger than other doped samples and the undoped graphene. The
reasons for this large resistance will be discussed in the next section. By fitting the resistance
(R) vs T curve with equation (6.7), we can gain insight into the dominant transport
mechanism for our pristine and doped graphene. Undoped graphene shows an exponentially
decreasing resistivity with temperature, over the measured temperature range, but other
doped graphene samples show increasing resistivity as temperature rises at higher than a

certain temperature (~ 120 K). Such trends are not captured using standard VRH-like models.

The Zabrodskii’s Reduced Activation Method (RAM)7# was used in order to determine the

functional form of the T-dependent resistivity of VRH conduction. In this method, the

reduced activation energy ( W =T"'9In R/0T ") can be expressed as W (T) = A + x(T, / T)" by

substituting the VRH model, R(T)™" = R," exp[(T/T, )]% , we have

In W (T) ~ In(x(T,)") — p In(T) 6.8)

where In(x(7,)")is the y-intercept and p is the gradient for InW(T) plotted as a function of

In(T). Using equation (6.8) we plotted the R of AuCls-doped graphene (Figure 6.11 (c)).
From the fitting, the extracted exponent, p, was 0.08 — 0.11 which is not within the range
predicted by either the Mott VRH or ES VRH models. The exponent values outside of the
VRH range (0.25 — 0.33) suggests that doping forces the transport to deviate from
conventional VRH transport. To examine the T-dependent R trend modified by chemical
doping, the change in resistance from the resistance at 77K (R-R77x) was calculated at L =
500 pm (Figure 6.11 (d)). The undoped graphene has decreasing R (R- R77x < 0), but the R of
the doped graphene increases (R- R77x > 0) with increasing T. It can be assumed that chemical
doping reduces the resistance but the resistance increases slightly by increasing T. The doped
graphenes show a larger R increase than undoped graphene at room temperature, as

highlighted in Figure 6.11 (d). Therefore, another model is required.
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6.4.2 A Carrier Transport Model for Chemically Doped Graphene

Park et. al. suggested a three-termed transport model for the temperature—dependent
conduction in polycrystalline graphene and proved the model by fitting the measured
resistance from 8 K to room temperature.’¥ By adding Thermal Activation (TA) and Nearest
Neighbour Hopping (NNH) to the existing VRH model, this composite modelled was

expressed as; [74]

1

R(T) =R, exp(— 27)+ R exp(— 57)+ Ry exp[— (L;)P} (6.9)

where E. is the thermal activation energy, kg is the Boltzman constant, E, is the NNH
activation energy, and Rrta, Rnxnn, and Rvru are the TA, NNH, and VRH constants,
respectively. They suggested that the grain boundaries function as metallic sub-nanoscale
wires mediating tunnelling between neighbouring metallic wires which themselves are
dominated by NNH. In this thesis, such conductive line defects were observed in SSRM,
suggesting that edge-mediated conduction in doped graphene can be enhanced by preferential
aggregation of dopant molecules. The Park model matched our findings well for T < 140 K
(R? =0.94), but the increasing R vs. T curves of doped graphene did not match the model as
the NNH component is an exponentially decaying term. In such a model there is no term to

explain the increasing trend observed in our experimental data.

The conduction models outlined above focus on pristine graphene with Er at the Dirac point,
or semiconducting graphene. There is no discussion for degenerately doped graphene, which
has a high carrier density. Chemical doping increases the carrier density and modifies Er
resulting in metallic behaviour. Metallic behaviour and an abundance of charge carriers may
result in the electrical resistance from electron-phonon or electron-defect scattering at high
temperatures. In this thesis a new, augmented model is proposed that explains the observed

electrical conduction in doped graphene for the entirety of the temperature range considered.
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Central to this is the introduction of an increasing resistance term at high temperatures due to

effective phonon coupling effects, as;

R =Ry, exple o)+ Ry exple i)+ Ry ex{— () } R, [+aT-T)] (.10

where En is the NNH activation parameter, Ty is the tunnelling parameter, a is the temperature
coefficient, To is the reference temperature at which the resistance linearly increases with

increasing T (usually room temperature), and, Ry is the resistance at To.l”>)
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Figure 6.12 Differential resistance calculated from the IV measured with various channel lengths in linear

scale: (a) 300 pm, (b) 400 pm and (c) S00 pm, and log scale: (d) 300 pm, (e) 400 pm and (f) 500 pm.

The R vs. T curves of undoped and doped graphenes were successfully fitted with the

suggested model over the whole temperature range (77 - 297 K), as illustrated (solid lines) in

Figure 6.12. For T > 140 K, the doped graphene samples are well matched (R* = 0.97
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(AuCl3) - 0.99(RhCl3)), as shown in Figure 6.12 (a), (b), and (c). The proposed model
corresponds well with the resistance variation of doped graphene with higher o (1.1x10
3(AuCl13) — 9.44x103(RhCls3)) than the undoped (7.1x10"*) indicating that doped graphene has
a large number of charge carriers experiencing scattering and can be regarded as following
diffusive transport in an otherwise principally metallic system. Diffusive transport is known
to be readily affected by local scattering.!’7”! The scattering of carriers by substrate and
interface phonons might contribute to an R increase at high temperatures. The external
phonon contribution is strongly dependent on charge carrier density!’! so that the electronic
transport in chemically doped graphene at high temperatures appears to be diffusive. To
determine which transport is dominant in each doping case, the following discriminant was

employed;!’4!

e =k(T.T.)) < %E 6.11)

n

(6.12)

max n

e =k(I.T.))" > %E

(6.13)

n

e, =k(T,T.>)" >> %E

where €max 1s the maximum energy of VRH, Ty is the VRH hopping parameter, and E, is the

NNH activation energy. In Mott VRH, emax 1s the energy between two localised states as
defined by &, = k(7,T.>)* which is dependent on T and should have a value less than the

impurity band width (Ag). For NNH conduction, activation is not overly affected by T and the
average hopping distance is the mean separation between impurities, grain boundaries, or
defects. The activation energy of NNH, E, ~ 5/6A¢. Thus, if the determinant, Ae = 6/5E, >
emax 18 satisfied, purely VRH is valid ¥ and NNH or diffusive transport are prohibited. In
the opposing case (equation (6.12)), NNH is dominant. If emax >> 5/6 E, (equation (6.13)),
diffusive transport is dominant. The undoped graphene exhibits VRH to NNH transport,
whilst NNH to diffusive transport is dominant in all the doped cases. Table 2 summarises the

dominant electron transport of undoped and doped graphene.
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Table 2 Dominant electron transport anticipated by the determinant formula

Undoped AuCls FeCl; SnCl2 IrCl; RhCl3
L=300 pm VRH~NNH Diffusive Diffusive VRH VRH Diffusive
L=400 pm VRH~NNH |NNH~Diffusive NNH~Diffusive VRH VRH Diffusive
L=500 pm VRH~NNH Diffusive Diffusive VRH VRH Diffusive

(a) undoped

[
:VRH ﬂ- ’ Potential

~NNH
A Am A A A A A A A
iy boundary | " boundary s "
| “'”.“, WYYy “;. [N "‘-‘."‘-" Wave function
b) n-doped
(Rl Zeasin
~ Diffusion

Lowered
potential barrier

Extended
1‘ wave function

(c) p-doped VY
:NNH T —
~ Diffusion

Q a 5 a g a Q a B

Figure 6.13 Diagrams illustrating the electronic transport of (a) undoped, (b) n-doped, (c¢) p-doped

graphene through potential barriers such as grain boundaries.

As described in Figure 6.13, there are various potential barriers within the transport system.
Barriers between carbon atoms are low and easily overcome. Grain boundary or defect states
in the carbon lattice are higher and wider than the barriers between carbon atoms such that
hopping becomes increasingly difficult. If Er is at the Dirac point in pristine graphene, the
electron wave function becomes localised. The electrons cannot overcome the barrier height
at the grain boundaries and defects, even though they may have a finite probability of
tunnelling between the C-C barriers. Conversely, n-doping moves the Er higher than potential
barrier between adjacent carbon atoms so that the wave function is extended and electrons

may move freely. Although electrons can be localised between grain boundaries or defects
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even in n-doped graphene, tunnelling can happen through the potential barriers of grain
boundaries or defects with some probability due to higher Er (NNH). The potential barriers
for holes are in the opposite direction and the same transport mechanism can be applied in p-

doped graphene as illustrated in Figure 6.13 (c).

In a polycrystalline material, the grain boundary barrier height (¢v) is inversely proportional

to the doping level (N), as given by [7*]

= t (6.14)
8eN

P,

where ¢p is the grain boundary barrier height, N; is the trap density, € is the grain boundary
electric permittivity, q is the elementary electron charge (1.60x107'° C) and N is the increased
density of states upon doping. ¢» can be lowered by increasing N so that the charge carrier
wave function can extend allowing more carriers to overcome the lowered barrier at some
grain boundaries, as described in Figure 6.13 (b) and (c). Thus, charge carriers in doped
graphene can move as if there are few to no potential barriers with extended wave functions
rather than localised. This leads to a low electrical resistance compared to the barrier-
dependent hopping in undoped graphene, but at high temperatures (>140 K), the abundant
free carriers experience increased scattering resulting in increased macroscale resistance.
Upon doping, the possibility of carrier scattering is increased because of the increased
number of carriers. Therefore, VRH is dominant in undoped graphene, whilst transport in
doped graphene lies on the border of NNH and diffusive transport. Practically measuring the
temperature-dependent R of undoped graphene, it was found that such system experience a

combination of VRH and NNH transport.
6.4.3 Contact Resistance of Graphene and Metal Thin Film

Using the various channel lengths available in the circular transmission line model (CTLM),
the contact resistance (Rc) was calculated. As shown in Figure 6.14, the calculated Rc is <
0.08 Qcm? for undoped and all doped graphene samples, except SnCls (0.069 Qcm? at 297 K
- 0.177 Qcm? at 77 K) and IrCls (20.7 Qcm? at 297 K - 210.5 Qcm?at 77 K). SnO»
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agglomerates (radius: ~ 2um) may have an effect on the high Rc between Cr/Au electrodes
and doped graphene. The Rc can be affected if large amounts of such insulating agglomerates
lie at the electrode interface (contact radius: 100 um). Conversely, the sheet resistance of
SnCl-doped graphene measured by four-point probe (Figure 6.5 (b)) was lower than that of
the undoped graphene.
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Figure 6.14 Contact resistance (Rc) between graphene and Cr/Au contact electrodes.

IrCl3-doped graphene showed considerably higher resistance in our temperature dependent
transport studies, and our contact resistance measurements. These independently measured
values differ greatly from published works®". The IrCl; doping anomaly may be associated
with the topological insulating behaviour of Ir on graphene.!®!*?! Indeed, DFT simulations
have shown that Ir atoms adsorbed on graphene can open a small bandgap (0.3 eV).[**! The
bandgap opening indicates that graphene with Ir atoms may well have very localised
semiconducting characteristics and Schottky barriers at the interface between the metal and

graphene thereby increasing Rec.
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6.5 Summary

Efficient charge transfer mediated by chemical doping with AuCls, FeCls, SnCl,, IrClz and
RhCl3 allows for accurate concurrent control over the resistance (3.5 k€ to 0.93 Q) and work
function (-0.13 eV(SnCl) to 0.31 eV(AuClz)) of PET-supported CVD graphene. Analyses by
XPS, UPS, KPFM, DFT modelling and Hall measurement validated the work function shift
findings. Charge carrier transport in graphene was studied at various temperatures with Mott
2D VRH and NNH dominant in undoped graphene whilst NNH and diffusive transport play a
major role in the doped graphenes. The successful control of the work function by chemical
doping demonstrated in this study suggests graphene is an ideal material for applications
where work function optimisation is needed, such as in electron field emission applications,
carrier injection layers in OLED and solar cells, as well as highlighting one possible means of

advanced contact interface engineering.
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Chapter 7 Conclusion and Outlook

7.1 Conclusion

This thesis has presented two novel approaches to the transfer of CVD graphene from the
growth metallic catalyst to polymer destination substrates. The developed approached, termed
hot press lamination (HPL) and UV-Adhesive (UVA) have shown dramatically improved
graphene adhesion whilst the author’s work on chemical doping using metal chloride
compounds has evidenced an interesting route to enhance electrical the conduction of the

transferred graphene.

CVD is widely considered to be the most viable and commercially attractive technique to
realise the use of graphene as a transparent flexible conductor in large-area electronics, in
applications such as OLEDs. However, the use of CVD graphene necessitates the concurrent
development of transfer processes to move the as-synthesised graphene from its opaque
metallic catalyst to a wide range of arbitrary substrates. Though established, conventional
PMMA-transfer causes varied functional issues for the mass production of large graphene
sheets, such as deleterious polymer residues, handling challenges associated with samples
larger than a few cm-square, as well as, and perhaps most critically, rather weak interfacial
adhesion. On the contrary, the outlined HPL and UVA transfer approaches, detailed in this
thesis, not only offer simple, fast, and low-cost processing, but also display strong, long-
lasting adhesion between the graphene and the PET substrates (UVA: 4.40+1.09 N/m, HPL:
0.60 £0.26 N/m) compared to equivalent CVD-graphene transferred by PMMA (0.44+0.06
N/m). By means of bend angle and repeated bending fatigue experiments, it has been shown
that graphene on PET is more mechanically stable than ITO on PET, independent of the

transfer method employed. After 10* bend-relax cycles, graphene showed a much higher
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maintained conductivity and robustness towards straining fatigue, without the formation of
notable cracks and with little variation in the normalised resistance (PMMA: 0.80, UVA:
0.53, and HPL: 0.65), whilst severe micro-crack nucleation and growth were noted in ITO
samples, resulting in large resistance increase (x34.5). The superiority of the developed UVA
and HPL approaches, in terms of maintained conductivity, was validated by dramatically

smaller resistance changes compared to PMMA-transferred-graphene.

For the use as a transparent flexible electrode in applications requiring sheet resistances that
could not be achieved by using the CVD graphene alone, such as in OLEDs, a hybrid
structure of AgNW/graphene on PET was considered due to its low Rs (57 = 14 Q/sq.).
However, voids and sharped, perturbances associated with the AgNWs in test cells resulted in
non-uniform light emission and issues with electrode short-circuits. As an alternative to the
studied AgNW/graphene hybrid, chemical doping was considered by studying the transport
effects of various MexCly compounds as a means of decreasing Rs without deteriorating the
optical transparency. The most dramatic reduction in Rs was observed upon AuCls doping,
decreasing Rs from 2.6 kQ/sq. to 0.4 kQ/sq. with only a 1.5 % decrease in %T. The largest
dopant molecular time-dependent desorption occurred for RhCls-doped graphene (AT'/Ty = -
1.06) resulting in the largest increase in Rs (0.8k€2/sq.) after 200h in air at STP, suggesting
that dopant desorption is the most influential factor in degrading the temporal stability of

such doped graphene systems.

Experimental efforts revealed chemical doping as an accurate means of work function tuning
in graphene. The increased carrier density upon charge transfer associated with the metallic
constituents in the dopant MexCly compounds contributed to both an Rs decrease and also
notable work function shifts (Ap = 0.31 eV (AuCl;) to -0.13 eV (SnCL)) of the transferred
CVD graphene on PET. High work function shifts were observed in AuCls (0.31 eV) and
IrClz (0.25 eV) with the negatively largest Gibb’s free energy (AuCls: -145.7 kJ/mol, and
IrCls: -179.9 kJ/mol).

Temperature-dependent electron transport, following doping, was explored in terms of the
engineered work function and carrier concentration. Existing conduction models, such as
thermal activation, VRH and NNH were found wanting in the present doped systems to
explain the observed carrier transport given the assumption of semiconducting graphene

148



oxide or pristine graphene with Er pined at the Dirac point. This thesis proposes a new,
modified temperature-dependent conduction model for doped graphene which shows
excellent agreement with the empirical differential resistance variation measured from 77K —
297 K (R? = 0.97 (AuCls) - 0.99 (RhCl3)). The present studies suggested that the charge
carrier wave functions in the doped samples shifted the Er and were extended allowing them
to overcome the potential barriers associated with grain boundaries. Conversely, undoped
samples had notably localised transport. Barrier dependent hopping transport in pristine
graphene was, upon chemical doping, changed to an extended, metallic-like conduction
behaviour. The increased number of charge carriers in the doped graphenes where found to
experience increased scattering at high, near room temperatures, resulting in an increased
resistance. Carrier transport in MexCly doped graphene has been described, for the first time,

with diffusive transport, whilst VRH and NNH were found to dominate in undoped graphene.

7.2 Outlook

The studies in previous chapters focused on achieving mechanical stability and conductivity
enhancement of PET-supported CVD graphene. Elucidating the micro-scale physics and
chemistry of such systems empirically revealed a variety of otherwise unique physical

properties that require further study to fully provide a full understanding.

The further research associated with this thesis can be classified in three principle directions,
namely;(1) focussing on the practical use of the proposed approaches in commercial scale
mechanically flexible OLED devices, (2) the development of p-n and p-i-n diodes using
pristine and partially n- and p- dopants, and (3) an extended study on the transport including
the exploration of the topological insulating characteristics of CVD-graphene upon doping

with IrCls.

(1) More specifically, these three future themes can be extended, as the decreased Rs and
improved adhesion of graphene attained in this study are applicable to the actual

fabrication of large area flexible displays. This work would focus on the production of
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OLED cells fabricated using both graphene processed with the developed techniques as
well as conventional ITO. The luminance efficiency, light intensity, and uniformity would
subsequently be analysed and compared to the ITO control OLED.

(2) A graphene p-n junction would be fabricated by local chemical doping of graphene sheets,
possibly through the use of micro-inkjet printing, or emerging nanofabrication techniques,
such as Dip Pen Nanolithography, or through the use of photolithograpahically-defined
wells. Such p-n junction diodes would be considered for use in photosensor applications.
The photocurrent of such graphene diodes would likely be dominated by the junction
potential [l so that the sensor sensitivity can be controlled as a function of dopant
concentration, all towards realising one of the thinnest, mechanically flexible photo-
sensors yet reported.

(3) As discussed in Chapter 5 and Chapter 6, IrClz-doped graphene displayed a somewhat
anomalous higher resistance (12 k€/sq.) than the undoped graphene (3.5 k€/sq.). This
unexpected, semi-insulating behaviour has been theoretically studied elsewhere.!*?]

Graphene coated with atomic Ir been shown to offer physical properties not dissimilar to

topological insulators, with DFT simulations demonstrating the opening of a bandgap (0.3

eV).[l The experimental findings on IrCls-doped graphene in this thesis go some way to

support these reports and highlight the possibility for the use of such Ir-doped graphene as

a unique FET channel which overcomes many issues associated with the near-zero

bandgap of graphene. Attempts have been made elsewhere to open a band gap using gate-

field induction in bi-layer graphene,”’! and oxygen plasma treatment as a means of
symmetry breaking of the carbon lattice.®) Both strategies are non-trivial to exploit.

However, imparting a band gap through simple, low cost doping processes based on

IrClzmay make for a viable means of realising alternative channels in switching devices

to complement silicon-based FETs.

For the upcoming transparent flexible electronics era, such future work would make graphene
a truly competitive and readily applicable solution to some of the most pressing, yet equally

promising, transparent electronics applications, devices and systems.
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