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ABSTRACT

Every day we interact with dozens of screens and touchscreens, as almost every con-
sumer electronic device now has one. At the same time photovoltaic (PV) cells are
becoming an important energy generation technology. All types of screens, such as
those based on organic light-emitting diodes (OLEDs), and PVs, require a transparent
conductive electrode (TCE) to enable charge carriers to enter/exit the device, while
allowing light out of the screen or into the PV cell. Currently the material of choice for
all these devices in commercial applications is indium tin oxide (ITO). However, there
are some detrimental issues which face ITO. One of the most significant presently is its
lack of flexibility. ITO is extremely brittle, making it unsuitable for use in bendable
devices now being seen commercially for the first time. As wearables become more
mainstream this will significantly limit its use in flexible applications, like clothing.
Another major problem for ITO is the global indium stock. Reports vary, but it is
estimated that there is as little as 30 years of indium left on the planet, of which its
primary use is TCEs. Finally, there are other undesirable properties, such as the high
financial cost, high environmental cost, and sub-optimal work function.

Graphene materials for the past decade and a half have been lauded as a major
breakthrough in materials science with many possible applications, including as TCE.
One form of graphene which has proven to have electrical and transmittance properties
required to replace ITO in OLED technology is FeCl; intercalated FLG (FeCl3-FLG).
First reported in 2012, it was remarkable for its low sheet resistance, high optical trans-
mittance, and notable unforeseen stability to humidity and heat. It has since shown
potential scalability, increasing from the micron to wafer scale, and its work function
matching with organic materials used in OLEDs and PVs indicates its potential suit-
ability as TCE for high efficiency devices. The work presented in this thesis investigates
the potential of FeCl3-FLG as a possible replacement of ITO in OLEDs. This includes

il



v

a systematic investigation of its relevant properties for OLEDs, how and if the material
can be integrated into such devices, and what is the resulting performance compared
to ITO for a range of substrates, both rigid and flexible, while always ensuring low
temperature, and solution processed fabrication.

The initial part of the thesis focuses on FeCl3-FLG material optimisation and
characterisation, as well as OLED materials and device fabrication optimisation. A
FeCl3-FLG material specific characterisation technique is developed using Raman spec-
troscopy to non-destructively assess the large-scale doping of few-layer graphene (FLG)
induced by the FeCls intercalation. Specifically, a metric is developed to represent the
quality of intercalation, allowing for the direct comparison of the levels of intercalation
in different samples, giving a more representative figure of the sample as a whole. A
wafer-scale transfer technique is developed to enable the material to be transferred
from its fabrication substrate (silicon wafer) to transparent or flexible substrates and
used in large-area displays. A bending apparatus is developed that enables the mea-
surement of the material’s flexibility in a relevant way. This apparatus has shown
that the resistance of ITO increases by a factor of 50 after just 100 bending cycles,
while the resistance of FeCls-FLG increases by a factor of just 5 after 2000 bending
cycles, demonstrating the superiority of FeCl3-FLG a as flexible conductor. Fabrica-
tion of the OLEDs was developed and optimised for the combination of the equipment
available, low temperature processing, and solution processed fabrication. Techniques
were developed in-house to allow characterisation of OLED device performance such as
luminance, emission profile, current efficiency, power efficiency, and external quantum
efficiency.

The second part of the work describes the integration of FeCl3-FLG into OLED
devices. When comparing FeCls;-FLG based devices to ITO based devices, the turn
on voltage indicates good work function matching, however there was a reduction in
performance, indicating material issues primarily surrounding roughness and lifetime.
I investigated multiple ways to overcome the deficits of the material, such as encapsu-
lation using a novel wax-based method. I then investigated several other ways of im-
proving device performance including roughness and a new transfer technique. Finally,
I propose and investigate a FeCl3-FLG-ITO hybrid material which shows improved
performance over FeCl3-FLG in OLEDs, and a significant improvement in flexibility.

I show in this work that FeCl3-FLG can work as a TCE in OLEDs, and that there



are signs that with more refined fabrication this could be achieved. I propose several
ways of achieving this with refined methods. Significant further work is required to

bring this material to commercial viability for use as a TCE in OLEDs.
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INTRODUCTION

Over the past two decades display technology has become more mobile and versatile
than ever before. It has become much more prevalent in our lives yet much less intru-
sive. We now have smaller and more useful displays than ever, and it is now widely
recognised as an indispensable part of the modern world.! Mobile technology such as
smartphones, smart watches, and tablets have meant technology has been able to pene-
trate deeper into our everyday lives. We are just now beginning to see curved, wearable
and bendable display technologies integrate themselves into our lives too. They almost
all contain high resolution full colour touchscreens. The thickness of these screens is
now negligible as seen in recent “wallpaper” TVs. One feature they all lack however
is real flexibility. Smartphones with rigid screens that are prone to breaking are in
our pockets, TVs and displays which are a fixed size and shape hang on our walls, we
wear smart watches and sports watches which need to be versatile and rugged, there-
fore they are commonly made from soft flexible components, except the screen. Some
manufacturers have demonstrated “flexible” and curved demo devices. None of these
currently available are fully flexible, only bendable in a very controlled way, involving
complex hinge mechanisms. Future screens are envisaged to be fully flexible, however
the technology needed to bring this idea to market is not yet fully developed.

Figure 1.1 shows an illustration of organic light-emitting diodes (OLEDs) from
the point of view of their fabrication, properties, and applications. As mentioned,
applications can include lighting, displays, and signage, however one aspect missing
from this recent 2021 example which will appear shortly is in the wearables space. In
terms of properties this relies on excellent mechanical flexibility and low cost. Both of

these factors mean the fabrication must be carried out in a solution processed fashion.
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Figure 1.1: Illustration of OLEDs from three aspects: fabrication, properties, and applica-

tions. Reproduced with permission.?

It is this set of unrealised future application that drives the desire for low-cost, flexible,
and solution processable devices at low temperature.

The screen technology which has been relied upon for almost all mobile and flat
panel applications for the past two decades is liquid-crystal display (LCD). This has
been the screen technology of choice for almost all high-performance applications. De-
veloped in the 1960s and 1970s®® it is now a mature technology. It has successfully
overcome some fundamental hurdles such as viewing angle, response time and colour
gamut.? This means it is now the go-to technology for high-end displays. Recently a
newer technology known as OLED has begun to displace LCD in the small-sized display
market. 92 OLED offers several advantages over LCD: negligible thickness (< 1 um),
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infinite contrast ratios, wide colour gamut, high response rate and the potential to be
both fully flexible and transparent.'%!3 It can do all of this while remaining comparable
to LCD on viewing angle and power consumption. Almost all materials used in the
manufacture of OLEDs can be chosen to be flexible; the notable exception is the trans-
parent conductive electrode (TCE). Indium tin oxide (ITO) is used almost universally
in displays as transparent electrode, however as a metal oxide it is not flexible. Under
small applied tensile loads, it cracks, and conductivity is severely reduced. To make
OLEDs in the future which are flexible, a TCE with properties to outperform I'TO and
flexibility will need to be found.

Graphene for the past decade and a half has been lauded as a major breakthrough
in materials science. Discovered in 2004 after previously being thought to be inherently
unstable, graphene was quickly discussed as being the superstar material for the 21%¢
century. In this thesis graphene shall refer only to the material in its single-layer form.
In this form graphene has 97.7% optical transmittance, remarkably high electrical and
thermal conductivity, and is the strongest known material. It is made up entirely of
carbon and is therefore safe to use, stable, abundant, and environmentally friendly.
Crucially, for use commercially its constituent element is extremely cheap. Graphene
is just now reaching the point at which it is sufficiently understood to begin to integrate
itself into our lives in the form of heat dissipation in smart phones, rigidity enhancement
in footwear, and reinforcement and conductivity enhancement in building materials like
asphalt. *16 While graphene has inherently attractive properties, it must prove itself
to be significantly better, and offer more than currently used materials to justify the
cost of redesigning devices and fabrication facilities to accommodate it.

One form of graphene which has proven it has the electrical and transmittance
properties required to replace ITO in OLED technology is FeCls intercalated FLG
(FeCl3-FLG).'" By intercalating iron chloride molecules (FeCls) between each graphene
layer in a stack of 3 - 10 layer graphene the conductivity can be improved to a level that
outperforms [TO, while transmittance remains high. This FeCl;-FLG brings flexibility,
which I'TO lacks, and high stability which other forms of doped graphene lack. Since it
was first discovered in 2012, a unique gamut of properties associated with the material
have been discovered. Examples include an unforeseen stability to harsh environmental
conditions!?, ease of large-area processing?! and the potential to enhance the efficiency
of photovoltaic (PV) and OLEDs.®20722 Figure 1.2 (a - d) shows some of the reported
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Figure 1.2: (a) Exceptional optoelectronic properties were reported for mechanically exfo-
liated FeCl3-FLG for the first time in 2012.%7, (b) FeCl3-FLG was integrated into a working
ACEL device.'® (c) FeCl3-FLG showed exceptional stability compared to other intercalated
graphene materials.'® (d) FeCl3-FLG was successfully integrated into a PV device.?" Figures

reproduced with permission.

properties of FeCl3-FLG, such as its excellent optoelectrical properties, demonstration
in alternating current electroluminescent (ACEL) devices, stability, and its successful
demonstration in PVs.

The aim of this thesis is to investigate FeCl3-FLG as a candidate for replacing I'TO
in OLEDs. In Chapter 2 I will introduce the main theoretical and empirical background
to graphene, functionalised graphene, TCEs, OLEDs, and finally, provide some context
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in the form of a review of recent publications involving graphene-based OLEDs.

In Chapter 3 I will introduce the experimental background; this will be the work
done in the past which I have extensively used and which an understanding of is
required. Here I will primarily outline the fabrication and characterisation techniques
used later in this work.

Chapter 4 will cover the experimental development. This is the experimental work,
which was improved on, or produced entirely by me. This work is critical to investi-
gating the devices and materials specific to this work.

In Chapter 5 I will investigate FeCl3-FLG as a TCE in OLEDs. I will look at the
performance in two different device architectures and compare to ITO at all times.

Chapter 6 will investigate the roll of encapsulation in device longevity. I will look
at some of the more common encapsulation methods, as well as a novel encapsulation
method. The purpose of this chapter is to address some of the device stability issues
highlighted in the previous chapter.

Chapter 7 will continue along this line, by employing several other strategies to im-
prove the device and electrode performance, and propose an alternative hybrid material
which might be able to address them.

Chapter 8 will look at a novel hybrid graphene based TCE as a potential solution
to the poor performance exhibited by FeCls-FLG in OLEDs. I will characterise this
material and investigate its performance in OLED devices.

Finally, in Chapter 9 I will conclude the work by summarising the main points from
each chapter, and discussing what future work can be done based on the results of this

thesis.
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THEORETICAL BACKGROUND AND CONTEXT

2.1 GRAPHENE

2.1.1  Discovery of graphene

The term graphene was first used in 1986 by Boehm et al. when referring to a single
layer of graphite in the context of graphite intercalation compounds (GICs).! At this
time an intense amount of research had already been done theoretically and experi-
mentally on graphite. The interesting properties of graphite have been known since
1947, and even graphene was theoretically studied at this time by Philip R Wallace and
its electrical properties predicted.? Experimentally this research was not verified until
2004.3 This was due primarily to the fact it was thought to be an impossible material
to exist in isolation. It had been shown theoretically in the 1930s that in its monolayer
form graphite would be thermally unstable.*® This prevented scientists from looking
further into the material in the mid twentieth century. It wasn’t until 2004 in Manch-
ester that Andre Geim and Konstantin Novoselov isolated and characterised graphene
on a SiO, substrate that the material was discovered.® They characterised the materi-
als structure, and properties, particularly its extraordinary electrical properties for the
first time. This led to them winning the 2010 Nobel Prize in physics.

Before graphene was officially discovered in 2004 a vast amount of research was
done on other carbon-based materials. Carbon nanotubes (CNTs), are form of carbon
similar to graphene, where graphene monolayers, bilayers and few layers can be thought
of as being rolled-up into a tube. Before these, graphite-based materials such as GICs

were widely studied. I will revisit these later as with few-layer graphene (FLG) they

9
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can vastly enhance the electrical properties.

As it became known that the forces between carbon atoms in graphite are highly
anisotropic, attention turned again to producing FLG or even single layer graphene
(SLG). The inter-planar forces between individual sheets of graphite were known to
be up to two orders of magnitude smaller than those forces connecting atoms in the
plane.%” This led to researchers to begin to attempt to mechanically separate graphite
into its constituent layers.®® It wasn’t until 2004 that this process, using the micro-
mechanical cleavage technique, also popularly known as the “scotch tape” method,

resulted in the isolation of graphene on a SiO, substrate.?

2.1.2  Structure of graphene
2.1.2.1  Carbon

Carbon is the only element present in graphene. The element is the fourth most
abundant in the universe and its chemical versatility makes it the base element of life
on Earth. It occurs naturally on this planet in several forms. The most well-known
form being amorphous carbon, graphite, and diamond. Its chemical versatility allows it
to react readily to form large and small stable compounds. In chemistry any compound
containing carbon is known as “organic”.

The atom itself is the sixth on the periodic table and has two stable isotopes, C!?
which is the most abundant and C'3 which is much rarer. C'* is also one of the best
known non-stable isotopes of carbon, used famously in C'* dating.

Carbon has six electrons arranged in atomic orbitals in the form 1s?, 2s?, 2pZ.
In carbon the energy difference between the 2s and 2p orbitals is much smaller than
their bond energy, this leads to their wave functions combining in a process called
hybridization. This results in three hybrid orbitals known as sp, sp? and sp®. Each of
these bonding orbitals yields a different form of carbon.

In sp bonding carbon can bond through either bonding with two double bonds
or a triple and a single bond to two other elements. This means the bonding will
give a linear arrangement of atoms (180 ° bonding angle). This is common in organic
compounds such as polymers but is not common in solid crystals.

In sp? bonding a carbon atom can bond through a double bond and two single bonds

to three other elements. This gives a molecule which is flat and has a bond angle of



11 CHAPTER 2. THEORETICAL BACKGROUND AND CONTEXT

(a) (b)

Figure 2.1: (a) Hexagonal lattice structure of graphene with sublattices A and B in blue
and red. The lattice vectors, a; and as, and the nearest neighbour distances, d1, d9 and d3
are shown. (b) The Brillouin zone of the reciprocal lattice. Lattice vectors, by and bg, and

high symmetry points, I', K, K’, and M are shown.

. Reproduced with permission. °

120 °. This is known as a trigonal planar configuration. This bonding configuration
leaves an unbonded, unhybridized 2p, orbital, perpendicular to the others. The sp?
bonds are known as ¢ bonds and are much stronger than the unbonded 2p, 7 bond. It
is this 7 bond that bonds with other layers of graphene to form graphite, and which is
responsible for graphene’s conductivity. This m bond is much weaker than the ¢ bonds
and is what allows for mechanical cleavage of graphite layers into graphene.

In sp® bonding a carbon atom can bond through four single bonds to four other
elements in a tetrahedral structure where the bond angle is 109.5 °. This leads to four

extremely strong ¢ bonds. This is the atomic structure seen in diamond.

2.1.2.2  Graphene lattice & energy band structure

Graphene consists of a planar array of sp? bonded carbon atoms which form a honey-
comb or chicken wire lattice structure. Each carbon atom is ¢ bonded to three adjacent
carbon atoms. In graphene the 2p, orbital, perpendicular to the graphene plane is left
unbonded and results in strong electron delocalisation, and therefore the unique elec-
trical properties that can be seen in graphene, these can be calculated by applying the

tight-binding model. 1°
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The crystal structure of graphene can be seen in Figure 2.1 (a). The Bravais lattice
is trigonal planar, and the unit cell is a rhombus with a basis of 2 (A & B). The unit
cell contains one atom from each sub-lattice. The lattice vectors can be written in
terms of the length of the o bonds between carbon atoms, a. The lattice vectors of the

sub-lattice denoted A arel?:

a =2 (3.v3) (2.1)
(3.-v3) (2.2)

a
A9 = —
2

where a = 1.42 A.
The first Brillouin zone (FBZ) (Figure 2.1 (b)) is also hexagonal and has the fol-

lowing reciprocal lattice vectors:

by — 2—2 (1, \/5) (2.3)

by — :23_2 (1, —\/§> (2.4)

The high symmetry points worth noting in the FBZ are K and K’ whose wave

<o (2.2 -

o (2) -

The energy band structure of graphene can be calculated by solving the Schrodinger

vectors are described by:

equation using the tight binding Hamiltonian if only the interactions between the
orbitals which take part in o bonding are considered, i.e. the vectors §;, &5 and 52

(Figure 2.1 (a)). Doing this gives us the energy dispersion:

E(ky, ky) = £704| 1 + 4cos (3@2/%) cos <@> + 4cos? (@) (2.7)

Here vy ~ 2.8¢V.1° This is the hopping integral between nearest neighbour atomic
orbitals. When this equation is plotted, as has been done in Figure 2.2, with k, and &,

extending out beyond the FBZ, valence and conduction bands are formed, where for the
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Figure 2.2: The electronic energy dispersion of monolayer graphene from Equation 2.7. It
can be seen here that the 7 and 7* bands touch at the K and K’ points. The zoomed image

shows energy bands at one of these Dirac points. Reproduced with permission.!°

valence band F < 0,7 and E > 0, 7" for the conduction band. These bands intersect
at the K and K’ points of the reciprocal lattice to give E = 0. The free p, electrons
completely fill the m-band and leave the 7*-band completely empty. This results in
the Fermi energy, Er, of pristine graphene being exactly at these intersection points.
This leaves us to conclude that graphene is a zero-gap semiconductor, or a semi-metal.
It also allows us to predict the transport properties of experimentally doped graphene
by evaluating Equation 2.7. In SLG the bands at the K points are linear, as seen in
Figure 2.2. In FLG the band structure is parabolic, as the layers increase the bands
continue to change, 3 and 5 layer have a combination of linear and parabolic bands, 4
layer has several parabolic bands. ''i'? This multi-layer graphene is no longer a zero-gap
semiconductor. This is important because there is an obvious distinction between SLG
and FLG. When FLG is intercalated, the layers separate and the band structure goes
back to that of SLG, this indicates the decoupling of the graphene layers. This will be
seen later in the Raman 2D peak of graphene (Figure 3.10), which reflects the band
structure. In FLG there is a multi-Lorentzian which becomes a single Lorentzian when

the layers are decoupled.!¥1* We show this later in Figure 3.11 (c).
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2.1.2.3  Optical absorption of graphene

Graphene can absorb light via direct (Ak = 0) or indirect (Ak # 0) excitation of a 7
electron by a photon of appropriate energy. Figure 2.2 shows that the direct absorption
of photons can occur (for photons of energies up to 3.96 eV 1) by exciting electrons from
the m band to the 7* band. Looking at the measured optical transmittance of graphene
in the visible region of the spectrum it is flat for SLG, but also FLG. In fact, SLG is
known to absorb approximately 2.3% of white light per graphene sheet. Each sheet
results in another 2.3 percentage points of absorption. This however has been recently
challenged by new research suggesting this number may be substrate dependant.!
When n-doped graphene is considered, the Pauli Exclusion Principle prevents excited
electrons from entering the conduction band from the valence band by photons which
have energy hv < 2|Ep|. The same is true for p-doped graphene due to the absence of

available ground state electrons.

2.1.3  Production methods
2.1.3.1 Micromechanical cleavage

As previously mentioned, graphene was discovered in 2004 by the successful use of the
micromechanical cleavage method.? This method makes use of the fact that graphite
is essentially just sheets of graphene, loosely bound to one another. As mentioned, the
inter-sheet forces are two orders of magnitudes less than the inter-atomic forces. This
means it should be possible to mechanically separate sheets without damaging each
individual sheet. This method involves putting graphite on adhesive tape, folding the
tape onto itself and the graphite and peeling apart. Done repeatedly this can result in
graphite being exfoliated to SLG. The SLG can then be transferred onto a substrate
such as SiO, for characterisation.

While this technique was pivotal in graphene’s initial discovery and characterisation,
it is not scalable. The graphene flakes produced by this method are high-quality, single-
crystalline, however they are on the order of microns in size and are very few in number,
most flakes produced are some kinds of FLG.? These are not commercially viable sizes

or yields.
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2.1.3.2 Liquid-phase exfoliation of graphite

One method developed to address the yield, is known as liquid-phase exfoliation (LPE).
LPE results in a suspension of SLG and FLG flakes in liquid. Graphite powder is
typically dispersed in a liquid such as deionised (DI) water with soap or n-methyl-2-
pyrrolidone (NMP). Because graphite is hydrophobic, dispersion in DI water requires a
surfactant. NMP is often used as it is non-polar and has a surface tension that prevents
the exfoliated graphene from reaggregation. The suspended graphite is exfoliated by
exposing to high frequency sonic waves (known as ultrasonication), typically using a
horn-tip sonicator. Another method involves using a blender and is known as shear
exfoliation. The SLG and FLG can be separated through centrifuging after sonication
and the properties of the suspended graphene inferred by ultraviolet-visible (UV-Vis)
spectroscopy. This production method is scalable and has been used commercially
before. 1”19 The issue with this method is the quality and size of graphene produced.
The flakes are sub-micron sized and often contaminated with oxidants. They can be

made into conductive inks; however any such ink cannot be transparent. 20!

2.1.3.3 CVD

For high quality material production at a large scale chemical vapour deposition (CVD)
is the production technique developed and used in research and industry. Modern
techniques allow CVD graphene to be as good as that obtained by micromechanical
cleavage, although on a macro-scale.?? These CVD methods allow for graphene to be
grown in SLG or FLG form on a range of metal substrates.

The process was first developed for graphene production in 2008%2* and can
broadly described as follows: A metal substrate in a vacuum furnace is heated. A
small carbon containing compound (such as methane), known as the carbon precursor,
in gaseous form is pumped into the furnace. In the case of nickel, the substrate catal-
yses the decomposition of the carbon compound, and the carbon atoms are absorbed
into the metal. The furnace is quickly quenched resulting in carbon being adsorbed
onto the metals surface to form graphene. The remaining gasses are pumped out. In
the case of copper carbon does not dissolve into the substrate, it forms nucleation sites
on the surface, more carbon atoms join and graphene is formed on the surface. Both

of these processes can be seen in Figure 2.3.
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Figure 2.3: The chemical vapour deposition process for copper and nickel. Performed in
vacuum, a carbon precursor is pumped into the furnace (a & d), in this case CHy. The
furnace is heated, and the carbon atoms are adsorbed/absorbed onto/into the surface of the
copper or nickel respectively (b & e). Upon quenching the carbon forms SLG or FLG on

the substrate for copper or nickel, respectively (¢ & f).

This method allows for the tuning of the number of graphene layers by selecting the
quenching rate, metal substrate, gas pressure, choice of carbon precursor and initial
furnace pressure. Most commonly, copper substrates allow for the growth of large-area
pristine single-crystalline SLG. On copper the surface coverage of SLG can be as high as
98%.2% Nickel is often used to grow a patchwork of FLG domains.?%27 This sounds like
a technique that would not be useful, however it can allow for much more successful
doping and tuning of the material properties of graphene and will be discussed in
Section 2.2.3.1 and Section 2.3.3.3. Recently metal-free CVD graphene growth has
been demonstrated; this could result in higher quality graphene with larger domains

in future.?®

2.2 FUNCTIONALISED GRAPHENE

2.2.1 Introduction

Even though graphene is the strongest known material, the best known electrical and
thermal conductor, and is also flexible and transparent, its properties do not always
fit the criteria required for certain applications. As a zero band gap, highly conductive
material, graphene cannot be used as a gated transistor without doping to open up
a band gap. Its conductivity is simultaneously not high enough to outperform con-

ductivities currently seen in other transparent conductor materials. To overcome some
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of these issues, graphene must be functionalised to tune its properties, particularity
conductivity. The conductivity of pristine graphene is of the order of 1 k/0J; this
needs to be brought down to the order of 1 - 10 ©/0J.

A range of different functionalisation methods have been demonstrated before with
varying success. Y Graphene has been functionalised and it has been shown that through
intercalation of FLG with FeCls graphene can be the best-known transparent con-
ductor, outperforming the 150 nm thick industry leader indium tin oxide (ITO) in

transmittance and conductivity, while also adding flexibility. 3

2.2.2  Monolayer graphene doped with physisorbed species

As previously discussed, graphene is a zero-gap semi-metal.® This lack of an energy
gap is due to the energetic equivalence of the sublattices which make up the unit cell
of graphene. With chemical doping we can tune the Fermi level of graphene, making
it a better electron or hole conductor. This can be done by either substituting a
carbon atom for some dopant atom, or by covalently bonding at atom to the graphene
lattice. Substitutional doping can be advantageous from a stability point of view,
however charge carrier mobility often decreases due to defects and disorders that have
been introduced.?® Covalent functionalisation is any functionalisation which involves
bonding a molecule, and oxide or fluorine or hydrogen to graphene. This kind of
graphene has been reported many times in the case of AuCls doping,®' Au doping,??,
and HNOj doping.?3

2.2.3  Graphite intercalation compounds

Intercalation is another effective way of functionalising graphene. GICs have been
studied intensively for decades for bulk graphite. Intercalation has long been a method
used to functionalise bulk graphite to change its properties. A vast number of unique
and novel properties were discovered in graphite, such as an intrinsic superconducting
state and magnetic properties.®!

Adapting this method of functionalisation for FLG has also been very success-
ful. Initially this success came in the form of two-dimensional graphene film (2DGF).
These films are intercalated on their growth substrates, usually metallic, insulating

or carbidic substrates. As a result, they are electronically coupled to the substrate.
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Figure 2.4: (a) A stack of FLG. (b) Intercalated FLG, known as FeCls intercalated FLG
(FeCI3—FLG).

The electronic spectrum of these materials is heavily influenced by the substrate, only
graphene deposited on SiO,, SizNy, glass, quartz or graphene in a liquid suspension has
a pristine electronic spectrum.?® Graphene on these substrates is commonly referred to
as quasi-free, SLG and FLG. Quasi-free FLG has been successfully intercalated with
several intercalates. Using the vapour-phase intercalation method K3%36 Rb36 ICI,
IBr®” and FeCls!? were successfully intercalated. The intercalation for these occurred
in a two-zone furnace at temperatures ranging from 35°C for IBr to 350°C for FeCls.
The result of this intercalation on the FLG is the G peak, seen in Raman spectra of
graphene, is upshifted. This shows that a large charge transfer between the graphene
and the intercalate is occurring. Intercalation is one of the most promising doping

methods as it is highly uniform and highly scalable.

2.2.3.1 FeClz-intercalated few-layer graphene

FeCls-intercalated few-layer graphene, sometimes dubbed GraphExeter, and referred
to in this thesis as FeCl3-FLG was discovered in 2012 at the University of Exeter.!3
A form of p-doped graphene, composed of 2 - 10 graphene layers intercalated with
FeCl; (seen in Figure 2.4), it is the best-known flexible, transparent conductor. The
few-layer graphene structure can be seen in Figure 2.4 (a) and the FeCl3-FLG can be
seen in Figure 2.4 (b). The effect of the FeCl; is to p-dope the FLG by increasing the
charge carrier density of the material. The Fermi level of the FLG is raised and an
upshift the G peak of the Raman spectrum of FLG from 1580 cm ™! to 1625 cm™! is
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observed. The transmittance of FLG is largely unaffected by the intercalation (approx.
85% for 5-layer) whereas the sheet resistance of the two-dimensional (2D) material is
reduced from 1 £§2/0 to 8.8 Q/0. Charge carrier densities in FeCl3-FLG too have
been reported to be extremely high, up to 9 x 10'* em=2. Alongside a charge carrier
mobility of 1000 ecm?V ~1s~! the mean free path of FeCl3-FLG is almost 1 um at room
temperature.?’ This extremely large mean free path present is also not dependant on
substrate as is the case for pristine graphene. This very large mean free path has been
observed on SiO, /Si, as well as on glass. It is believed that the high charge densities in
FeCl3-FLG screen the charge defects of the substrate material, this makes the electrical
properties of FeCl3-FLG extremely consistent and not dependant on the quality of
the supporting substrate. When FeCl3-FLG is analysed under Raman and magneto-
electric experiments done, it can be seen that the charge carriers in each graphene layer
are effectively decoupled. This can be seen in the Raman spectrum when looking at
the 2D-band.!® In FLG, and graphite, this band is a convolution of 2D peaks from
each graphene layer, in FeCl3-FLG however this peak is seen as a single Lorentzian.
In magneto-electric experiments, the temperature dependence clearly shows that the
charge carriers of the intercalated species are still Dirac fermions. '3 Finally the stability
of FeCl3-FLG is also highly impressive. Many GICs and intercalated FLG species are
highly unstable in both oxygen and a high humidity environment. This renders these
materials inviable for practical day-to-day applications. FeCl3-FLG by contrast is
highly stable. It is resistant to oxygen environments; high temperature environments
and high humidity environments.3® All of this means FeCl;-FLG is an ideal material for
a wide range of manufacturing techniques. Being able to transfer the material between

substrates is especially important if a material is to be commercially viable.

2.3 TRANSPARENT CONDUCTIVE ELECTRODES

2.3.1 Introduction

A hugely important material category in the modern world are that of transparent
conductive electrodes (TCEs). TCEs are used in a wide variety of modern technologies.
Almost every screen in the world today has a TCE just under the glass. TCEs are used
to detect your finger in touchscreen devices, and as electrodes in liquid-crystal display

(LCD) and organic light-emitting diode (OLED) screen technologies. They are also
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(a) (b)

L

Figure 2.5: (a) A 3-dimensional object with length, I and face with area, A. (b) A thin

film of length, [, width w and negligible thickness, ¢.

used as electrodes in photovoltaic (PV) devices. In PV devices efficiency is of extreme
importance. In screen technologies, cost, environmental impact and now flexibility
and physical robustness are most important. In OLED and PV devices, work function
too is especially important. Mismatched work functions between layers will result in
reduced device efficiency.

In this thesis I will look at a number of properties to evaluate the usefulness of ma-
terials for flexible transparent electrode applications. When discussing optical trans-
mittance, I will quote and compare optical transmittance at 550 nm. In some cases, |
will mention how the transmittance is uniform over the visible spectrum (400 nm to
800 nm), this just means that the transmittance in the visible range is approximately
the same at all wavelengths. I will also compare the conductivity of materials. For
thin films the best way to do this is to look at the sheet resistance, Rg:

R= p% - %é - Rgé (2.8)
Where R is the conventional electrical resistance, p is the resistivity, A is the area of
the thin film and [, w and ¢ are the length width and thickness of the film respectively.
Because thickness is meaningless in a negligibly thin film the sheet resistance, Rg, is
defined as f. Rs = R only when an arbitrary square of the thin film is taken into
consideration. This can be visualised in Figure 2.5, where a bulk three-dimensional
(3D) conductor can be seen in Figure 2.5 (a) and a 2D conductor with negligible

thickness can be seen in Figure 2.5 (b).
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2.3.2  Figure of merit

1.39 will be used to compare materials which

Figure of merit (FoM) proposed by De et a
have differing levels of transmittance and sheet resistance. This figure is the direct
current (DC) to optical conductivity ratio and is expressed as opc/oo,. This figure
is used as optical transmittance and sheet resistance are linked, and therefore can be

expressed together as a single figure. The sheet resistance can be expressed as follows:
RS = (O’Dct)_l (29)

where t is the thickness of a thin film. The optical transmittance can be expressed as

7 —2
T = <1 + 7%—@) (2.10)

where Z; is the impedance of free space (377 2). This equation arises from the fact
that optical conductivity is related to the Lambert-Beer absorption coefficient, «, by

oop = 2a/Zy. The equations for 7" and Rg above combine to give the following:

0pC Zy
FoM = =
O T oo, | 2Rg(T05 — 1)

(2.11)

This equation shows that 7" and Rg are related by opc/0o, which is the FoM.

What this means for materials with various properties can be seen by plotting sheet
resistance as a function of transmittance for various FoMs. This can be seen in Figure
2.6. The black line in Figure 2.6 (a) roughly indicates where the slope is greater than
1, and so where this is the case improving the transmittance will result in the largest
increase in FoM, where the slope is less than 1 improving the sheet resistance will result
in the largest increase in FoM. All the graphene-based TCEs presented in this work are
in the region seen in Figure 2.6 (b), here changes in transmittance will have a much
larger effect on the FoM. The goal being to increase the FoM by as much as possible,
with higher FoM materials having more appropriate properties as TCE.
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Figure 2.6: (a) Sheet resistance vs optical transmittance for various FoMs, the FoMs used
were 1 - 25 (interval of 1), 31 - 101 (interval of 10), 151 - 451 (interval of 50), 501 - 1001
(interval of 100). The black line indicates which properties should be improved. (b) The
same, zoomed in on the region of interest for this work. Improving transmittance is always

preferable here.
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2.3.3  Current examples
2.3.3.1  Indium tin oxide

The current industry leading TCE material of choice is ITO.4? It is the best of materials
extensively researched so far. ITO is sputter coated onto a transparent substrate to
give a uniformly transparent (approx. 90% for visible light) film, approx. 150 nm thick.
The transmittance of ITO is virtually constant across the visible spectrum and there is
no optical hazing in the transmittance. When sputtered in this form it can be extremely
smooth, with a root mean squared (RMS) roughness of < 1 nm. This, along with its
relatively low sheet resistance of between 10 and 100 ©2/0J at room temperature, makes
it an ideal TCE. This also means that it has a opc /oo, figure of 348. Because ITO
is sputter coated onto the desired substrate, substrate adhesion is not a concern for
manufacturing. ITO is compatible with modern industrial manufacturing techniques
such as roll-to-roll for OLED and PV devices.*!

ITO is not a perfect material, however. Its thickness is not compatible with anything
in the 2D material field. At 150 nm thick it is orders of magnitude thicker than a
single atom or few-layer sheet. The atomic composition of ITO, with indium and
tin, is not environmentally friendly. Both elements must be mined in an expensive
and environmentally destructive process. This along with the sputter coat method
of fabrication means ITO makes up most of the cost of fabrication of an OLED or
PV device. Getting this cost down is critical to making OLED and PV technologies
more accessible. Finally for the future of electronic devices academics and industry are
looking towards flexible electronics. ITO is not compatible with this vision. Sputter
coated ITO on any substrate is highly brittle. It has been extensively shown that
ITO cracks and resistance increases significantly when flexed.*? These issues must be
addressed in I'TO or it must be replaced by a flexible material if future electronics are

to be flexible as envisaged.

2.3.3.2  Single-Layer Graphene

When graphene was first discovered many believed it would be the obvious alternative
to ITO in modern devices. Its astonishingly high transmittance, low resistance, envi-
ronmental sustainability and abundance, lack of toxicity, chemical resistance, strength,

adhesion to substrates, smoothness, work function, flexibility, and low-cost nature
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meant it would replace ITO very fast. When studied closer however, graphene was
discovered to have a sheet resistance of between 100 2/0 and 1000 2/00, or opc /ooy
of 161 to 16.1. This sheet resistance is much higher than the 10 /00 seen in commer-
cially available ITO. Its low raw material cost was and still is unattainable. Extremely
low yields from mechanical exfoliation, zero transmittance from LPE graphene and
high energy cost from CVD are all still issues that need to be overcome, either by
reducing cost or enhancing the materials properties to outweigh the cost.

The chemical functionalisation of graphene has seen its sheet resistance and trans-
mittance altered to 30 /0 with 90% transmittance and 125 /00 with 97.7% trans-
mittance, respectively. This means these materials have a opc/op, = 116 and 129,
respectively. Well below the opc/00, = 348 of ITO. These materials in themselves are
not a panacea for flexible applications, however. Neither are stable in air or in many
common laboratory solvents required for further processing and device integration.
They also do not outperform ITO on sheet resistance. This is particularly important
as this figure will affect the overall device efficiency. With most of these materials
being designated for portable, low-power devices, low power consumption is of critical
importance.

Intercalation of FLG has seen some promise too. FLG has been intercalated with
a range of dopants with varying levels of success. Li, K, Rb, Ca and Br have all been
used an intercalates in the past. Li has shown extremely low sheet resistance of 3.0
/0. Tt is also extremely transparent with transmittance of up to 91.7%, giving it a
opc/oop value of 1419.%3 Tt is extremely unstable in ambient environments, however.
It is known to de-intercalate within 48 hours. This makes it inviable for practical
applications. Other intercalates have shown similar levels of promise, but with one

critical property missing. The exception to all of these is FeCls intercalated FLG.

2.3.3.3 FeCls-intercalated few-layer graphene

FeCls intercalated FLG, sometimes dubbed GraphExeter and referred to in this thesis
as FeCl3-FLG is one of best-known transparent conductors. This is demonstrated
clearly in Figure 2.10 when it is compared to other forms of doped graphene mentioned
in this work. In this figure, closer to the bottom right corner is better with as low

conductivity and as high transmittance as possible. In mechanically exfoliated flakes
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FeCl3-FLG has shown sheet resistances as low as 8.8 {2/[0 with uniform transmittance
of 84%.13 T should note here that no optical hazing has ever been observed in FeCls-
FLG either, whereas other systems such as nanowire based TCEs do suffer from this
phenomena.

All of this gives it a opc/o0o, = 235. This is on the same order of ITO. In large area
Ni grown form it has shown sheet resistances as low as 20 /0. The stability of FeCls-
FLG is also important for TCE applications if a material is to be useful, in FeCl;-FLG
this has been extensively studied. FeCls-FLG can withstand relative humidity of up to
100% for 25 days, temperatures of up to 150°C in air and 620°C in vacuum.?® Unlike
metallic transparent electrodes no carbon migration has been reported for graphene
electrodes in any PV or OLED devices. #1144

FeCl3-FLG has been shown once before as a TCE in a fully flexible alternating
current electroluminescent (ACEL) device on PET substrate. When compared directly
to graphene electrodes the device saw a 49% increase in brightness. This paper also
confirmed that FeCls-FLG is flexible and remains working when flexed.*®

All of these properties of FeCl3-FLG make it one of the best reported transparent
conductors and of huge interest for future device applications. Examining how the ma-
terial performs in modern OLED and PV devices is important for future technologies.
The assessment of FeCls-FLG in as TCE in PVs has recently taken place, in which I
contributed to the material fabrication using the methods developed in this thesis.46
This thesis will therefore focus on how FeCl3-FLG performs as TCE in OLED devices

and how it can be better integrated and understood.

2.4 ORGANIC LIGHT-EMITTING DIODES

2.4.1 Introduction

First introduced in 1987 by Tang et al.*” at Eastman Kodak, an OLED is an light-
emitting diode (LED) made up of multiple thin films sandwiched together, this can be
visualised in Figure 2.7. Typically, a metal cathode allows for electrons to be injected
into an emissive electroluminescent layer. At the same time holes are injected into the
device via a transparent anode. When the electron-hole pair recombine in the emissive
electroluminescent layer a photon is emitted. This photon leaves the device directly

via the transparent anode or is reflected off the metal cathode and leaves the device
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via the transparent anode. This device architecture is extremely simple and with the
right electroluminescent layer a photon of any wavelength could be emitted.

Having now been developed commercially, OLEDs are now available in mass market
devices such as TVs, computer monitors, smartphones, tablets, wearables, handheld
games consoles and solid-state lighting. OLED has only just reached this stage and
is still very much an emerging technology. It still has fundamental issues such as cost
to overcome. It is however one of the best and most likely future dominant display
technology for displays of all sizes and use applications. In displays OLED outperforms
the industry leading technology, LCD in almost every aspect.*®4? Because OLEDs
are self-illuminating they do not require a thick, expensive, and inefficient always-on
backlight. This allows for massive energy savings, with all parts of a display showing
black using no power. This also allows for theoretically infinite contrast ratios. For high
performance displays too, OLED outperforms LCD. OLED can have a much higher
response time and therefore refresh rate than any other modern display technology.
This is of significant importance in the lucrative world of media production and gaming.
Addressing longer term concerns too, OLED is much more environmentally sustainable,
apart from the electrodes, the materials used in OLEDs can all be chosen to be safe
for humans and the environment. At this point in time, it looks as if OLED will be the
display technology of choice well into the future. Its main potential competitors today
are emissive quantum dots, which still haven’t left the lab, and microLED, which has
yet to be commercialised. The highest efficiency OLED devices demonstrated to date
are evaporated in vacuum and are manipulated within an inert atmosphere until they
are encapsulated.®®®! This means the costs of fabrication are still high, and there is

much room for improvement.

2.4.2  Structure

There are two widely used OLED architectures. The first, where holes are injected
through a transparent anode and electrons are injected through a metal cathode is
known as a conventional device, with conventional OLED architecture. The second,
with the opposite structure, i.e. transparent cathode and metal anode is known as an
inverted structure and inverted OLED device. This terminology is important and will
be used throughout this thesis.
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Figure 2.7: The structure of a typical OLED device with hole and electron injection layers
(HIL, EIL), and hole and electron transport layers (HTL and ETL), and emissive layer (EML).
This device is in its conventional configuration, with transparent anode. Commercially avail-
able devices now also contain charge generation layers and interlayers to aid transport. A

typical device would be < 1um thick on the substrate.

Because the structure of an OLED device is such that layers of differing materials
are sandwiched together it is important that the materials in question are compatible
with each other. This means in the fabrication process the deposition of one material
cannot destroy the layer below, also one material cannot chemically react with the
one directly adjacent. They must also be electrically compatible. This means that
electrons or holes from the cathode or anode must be able to seamlessly move into the
electroluminescent layer. If either hole transfer or electron transfer is overly preferred
recombination my not happen in the electroluminescent layer, leading to zero light
output. An ideal device would allow electrons and holes into the electroluminescent
layer with no energy barrier to doing so, this can be visualised in Figure 2.8 (a).

Figure 2.8 (b) shows a more realistic device structure. Here a hole transport layer
(HTL) or electron blocking layer (EBL) and a electron transport layer (ETL) or hole
blocking layer (HBL) has been added. These layers serve to aid the transport of holes
and electrons, while blocking electrons and holes, respectively. Looking at the HTL for
example, the energy of its lowest unoccupied molecular orbital (LUMO) is higher than

that of the emissive layer (EML). This creates an energy barrier to electrons coming
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Figure 2.8: (a) An ideal OLED band structure. Electrons and holes recombine in the
emissive layer (EML) to give out light at the band gap energy E,. (b) A real OLED band

structure with hole transport layer (HTL) and electron transport layer (ETL). Here electrons
and holes are unable to go from the EML directly to the anode and cathode due to the energy

barrier.

from the cathode and prevents them from going directly to the anode, it is energetically
more favourable for them to lower their energy by recombining with a hole in the EML.
The HTL also can aid transport of holes. If the transport of electrons into the device is
low due to mismatched work functions between cathode and EML or electron mobility
is low in the cathode the mobility of holes could be seduced to a similar level, this will
mean electrons and holes arrive in the EML at the same rate and recombination by
radiative decay can be maximised. A similar case can be made for the introduction of
the ETL. An ideal device there are no barriers to the injection of holes or electrons,
or any difference in mobility of holes or electrons, this is required to achieve a charge

balanced device. This can be seen in Figure 2.8 (a).

2.4.3 OLED operation
2.4.3.1 Charge injection

In an OLED device charges (electrons and holes) are injected via the cathode and

anode, respectively. Under an applied voltage bias, they are swept into the LUMO
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and highest occupied molecular orbital (HOMO) of the EML. As mentioned before
there should be no injection barrier between the electrons and the device to maximise
efficiency, nor should there be any difference in charge mobility between charges to
ensure a charge balanced device. With this in mind I will look at the work function of
electrodes and their adjacent layers in the device.

Considering a conventional device structure throughout, the cathode used in a
device should have the highest work function of the materials used. Alkaline earth
metals such as calcium with a work function of -2.7 eV - -2.9 eV are often chosen.%?
This can then be encapsulated with an aluminium contact. The high work function is
required to match the LUMO of the ETL or electron injection layer (EIL) and allow
for efficient electron injection.

In the case of the anode the work function should be as low as possible to match as
close as possible the HOMO of the HTL or hole injection layer (HIL). In a conventional
device the anode is usually the transparent electrode and so ITO is used almost uni-
versally. It has a low work function, which after O, plasma treatment can be reduced
further to -4.7 eV .%3%* This work function is generally not low enough however and
this why HILs become a necessity for an efficient device. ITO could easily be replaced
with another transparent conductor in conventional devices if an alternative with lower
sheet resistance, better transmittance and lower work function was found. FeCl3-FLG
is a great candidate for this as it has all these properties (a work function of -5.0 - 5.5
eV'), with the advantage of having mechanical flexibility.

The reasons for replacing metallic electrodes with graphene in OLED devices are
extensive. As described in the previous sections graphene has low resistivity, high
optical transmittance, is bendable and stretchable, and has high chemical stability
and robustness. An important property of graphene is that its Fermi energy can be
shifted, and its work function engineered through chemical doping®. Thus, using
graphene electrodes the electrode work function can be tuned according to the type
of carrier needed to minimise the contact resistance, to reduce the operating voltages
and, most importantly, to achieve efficient injection of both charge carriers, necessary
for high efficiency light emission. The attractiveness of graphene arises also from its
low fabrication cost. Currently, precious metals like gold are needed to achieve the
injection of holes into the transistor channel because the HOMO level of many organic

semiconductors is in the range of 4.8 to 5.3 eV, which aligns well with the work function



2.4. ORGANIC LIGHT-EMITTING DIODES 30

of gold (4.8-5.1 eV'). However, such metals are expensive, and their deposition processes
require high-cost equipment. Graphene can be fabricated on wafer scale by lower-cost

23 Furthermore,

methods using solution-processing'” or chemical vapour deposition
graphene can be grown at temperatures as low as 60°C?%, which are ideal for growing
it directly on flexible substrates.

It has recently been shown however that work function matching is less important
than previously thought. With clever layer structures in the form of charge generation
layers, it has been shown that efficient OLED devices can be fabricated regardless of
electrode work function. This may allow for more materials to be used as electrodes as,

conductivity and transmittance and not work function will be the driving parameters.5”

2.4.3.2  Charge transport

When charges have been injected into a device they must then be transported to the
EML and towards an opposite charge to form an exciton. For the most efficient de-
vice charge transport must be as easy as possible, and ideally matched on the cathode
and anode sides of the device. The charge transport in the device is controlled by
the charge mobility. The devices I will study are all polymer OLEDs and as such the
charge mobilities will be several orders of magnitude lower than inorganic semicon-
ducting crystals. These polymers have very high degrees of structural and energetic
disorders. These disorders arise naturally from the orientation and position of long
polymer chains, differing conjugation lengths and variations of the dielectric environ-
ment throughout the material. These disorders result in a much lower charge carrier
mobility than what would be seen in a crystalline lattice. All of these disorders mean
that the charge transport mechanism is extremely complex but can be said to be domi-
nated by incoherent and thermally activated charge carrier hopping between molecules
and between segments of the same molecule. As a result, models to describe charge
transport in these polymers are all related to the trapping and detrapping mechanisms
that occur. These mechanisms are all temperature and electric field dependant.

It is possible to obtain the charge carrier mobility from the current-voltage curve
of single-carrier devices. Semiconducting polymers should have a low carrier mobil-
ity. The highest reported are only 0.01 cm?/Vs, typical inorganic semiconductors have

charge carrier mobilities commonly around 10° cm?/Vs.?®*? When a suitably high elec-
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tric field is applied to a device the charge injection will become Ohmic. This happens
if there is no energy barrier in the device or the field is high enough to overwhelm it.
In this regime the current will be limited only by the charge carrier mobility. If the
carrier mobilities are low this will indicate that charges are accumulating inside the
polymer. This accumulation will induce an internal electric field which can cancel out
the external electric field at the injection point. Now the regime has changed, current
is now limited by the space charge in the polymer, this effect is known as space charge
limited current (SCLC) which can be described by the following:
9 V2

Jscr = gErcok g (2.12)

where Jsor, is the SCLC, €, is the dielectric permittivity of the polymer, ¢, is the
permittivity of free space, p is the charge carrier mobility, V' is the voltage applied
to the device and t is the thickness of the polymer film. This is known as the Mott
Gurney law. This is a simple model that doesn’t take charge traps or bipolar current
into consideration, however it has been used before in various studies to good effect

and allows for a good experimental approximation of the charge carrier mobility. 5062

2.4.3.3 Charge recombination

In order to emit light, the electron-hole pair, bound as an exciton must relax to emit a
photon. This must happen in the EML. According to spin statistics, every fourth exci-
ton is a singlet, the rest are triplets. Only singlet excitons decay radiatively, they emit
light at a wavelength defined by the band gap of the EML. It should be noted that for
conjugated polymer chains the fraction of singlet excitons can be higher than one fourth

63:64 Qeveral

(> 50%) meaning theoretically >25% internal device efficiency is possible.
mechanisms for achieving this have been proposed, most focus on taking advantage of
the 75% triplet states. These are triplet-triplet annihilation (TTA), this mechanism in-
creases the efficiency by converting triplet excitons into singlets,% thermally activated
delayed fluorescence (TADF) materials where triplets can be exchanged to singlets,%
and more traditionally phosphorescent dopants from heavy-metal complexes to extract
both the singlet and triplet excitons as light.®” It should also be noted that singlet
excitons do not have to decay radiatively, they can decay non-radiatively as well.

An exciton can be created in the EML of an OLED device via the absorption of
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a photon or the capture of a pair of oppositely charged charges. This results in the
formation of a Coulombically bound electron-hole pair. Because of a strong electron-
phonon coupling in the organic polymer there is a strong carrier localisation, this means
the excited electron cannot escape the attraction between itself and the hole and so an
exciton is formed. The exciton can relax back to the ground state in one of three ways:
1. radiative decay (light emitting), 2. internal conversion, where the singlet state
converts to a triplet and decays, possibly via phosphorescence and 3. non-radiative
decay. The ideal device would only decay radiatively via the singlet state.

Organic polymers like the ones I have been describing have a low mobility and as
such the electron-hole recombination can be described by the Langevin recombination
model, here the recombination rate is dominated by charge diffusion. Very simply, for
recombination to occur, the Coulombic attraction between the electron-hole pair must

be larger than the thermal energy driving them apart. This is expressed as follows

62

ET =

4e, o1,

(2.13)

where e is the unit of charge and r. is the capture radius. At room temperature this
equation shows r. ~ 14 nm. This is much larger than the mean hopping distance
of 1 mm and so it is assumed that this theory can adequately describe the system.%
This now means that, the recombination rate is given by Langevin theory and can be

expressed as

Ro lletm) (2.14)
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where R is the recombination rate of electron-hole pairs, p. and p; are the electron and
hole mobilities, and n, and n;, are the electron and hole densities.?® This equation shows
that the recombination rates are governed by the electron-hole mobilities and densities.
For maximum efficiency there must be the same number and mobility of electrons and
holes. If the charge mobilities are very different it is clear that, the luminance efficiency
will be limited by the charge with lower mobility and the current will be limited by the
charge with the higher mobility.5? This will result in recombination occurring closer to
the side of the device with lower mobility.® This can then lead to exciton quenching
at the EML surface. Therefore, recombination is required to occur as much as possible

in the middle of the EML.
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Figure 2.9: Materials of reducing refractive index can mean not all light can escape an
OLED. An EML with refractive index of 1.8 will only allow light emitted at < 34° out of the

device.

2.4.3.4  Outcoupling

The last step in the process of light emission requires us to examine how effectively
light will escape the device. The device described so far will be composed of multiple
layers. The photon emitted from the EML must travel out of the EML, through the
HTL and or HIL, through the transparent electrode and finally through the substrate.
If any of these layers block the photon the device will not emit light, it is important to
ensure any gains made by adding charge transport layers are not offset by the reduced
ability of the photon to exit the device. When considering transparent materials, the
biggest loss mechanism is going to be the mismatch of refractive indices between layers
resulting a large number of photons undergoing total internal reflection (TIR). The
materials which require photons to escape from are the EML polymer which has a
refractive index in the range 1.6-2.0, ITO in a similar range and glass with an index of
1.5. Considering the polymer in direct contact with the air where it is assumed that
the polymer has a refractive index of & 1.8 then the critical angle is equal to 34°. This

is derived from Snell’s law Equation 2.15 and implies that only light emitted within
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Figure 2.10: Sheet resistance vs transmittance at 550 nm for a number of different transpar-
ent electrode candidates. FeCl3-FLG is highlighted with a blue star. Materials with higher
FoM are closer to the bottom right corner. The FoM = 35 line is calculated from Equation

2.11

34° of the normal will be emitted. This can be visualised in Figure 2.9.

O, = sin~! (@) (2.15)
ny

Assuming the light emission is in a Lambertian profile, by limiting light out to only

that which is in the 34°, the total emission is limited to just 56%, and assuming just

singlet emission this limits overall external quantum efficiency (EQE) to a maximum

of just 14%. This demonstrates the importance of using polymers with low refractive

index and ensuring no material with high refractive index is introduced into the device.

2.5 RECENT DEVELOPMENTS OF GRAPHENE-BASED TCES IN OLEDS

This work investigates FeCl3-FLG, its properties as they relate to OLEDs, how and
if the material can be integrated into them, and what is the resulting performance
compared to ITO for a range of substrates, both rigid and flexible.

It is important when conducting any investigation to know what has been done
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before. This section will look at all forms of graphene-based TCEs that have been in-
tegrated into OLED devices. 1 will assess their material properties as well as the device
properties with the material integrated. 1 will also look at the drawbacks associated
with them and discuss why have they have not progressed onto commercialisation.

In Table 2.1 T have put together a non-exhaustive list of some of the materials that
have been used as TCE in OLEDs before. Here I have attempted to summarise their
material properties, and device properties as reported. One important factor to note
is that not all OLEDs use the same device architecture, so these properties are not
necessarily comparable. This table has been converted into Figure 2.10 which shows
the line where FoM = 35, the minimum properties a TCE requires to be considered
viable.

Looking at the FoM values for the TCEs presented in Table 2.1 and comparing
them to some of the key metrics for OLED performance, what is striking is that
there is no clear correlation. It is expected that there should be a direct correlation
between electrode performance and overall device performance. Having discussed FoM
previously, this is a good metric for electrode performance. When looking at assessing
device performance focus should be on current efficiency (CE) and EQE. There is no
correlation between the reported FoMs and the reported CEs and EQEs. This does
not indicate that TCE properties play no role in device performance, rather there are
many factors at play, all of which can be chosen to gain additional properties while
sacrificing efficiency. In the case of this work the objectives are to fabricate an OLED
which is solution processed, at low temperature, using low-cost laboratory techniques,
which result in a flexible, indium-free device.

Looking at the material properties of graphene-based TCEs it is clear that Ag-
NWs rise to the top in terms of FoM. The highest FoM here is that reported by Dong
at al™. They achieve an FoM of 364, which is well able to compete with that of
ITO. Their reported Rg and T" are both in the range typically seen for ITO. What is
particularly notable is that these results were based on a polyethylene terephthalate
(PET) substrate. When these devices were compared to the same with ITO anodes,
the graphene-based devices showed a 5% increase in power efficiency (PE). It should be
noted that superior performance was expected with roughness and encapsulation opti-
misation of the electrode. One significant drawback with using any nanowire electrode

is the introduction of optical haze, which cannot be removed. The slight increase in
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PE means this material will need to show significantly better performance compared
to ITO to be a viable replacement.

Another viable and impressive candidate is that reported by Han et al.?® Here
4-layer graphene was modified by chemical doping with HNOs, before a polymetric
gradient HIL was put on top. This creates a gradiented work function, effectively
moving the work function of the anode to 6 eV/. The devices fabricated using this
electrode showed remarkable efficiency, a single device showed an EQE of 32.7%, while
a tandem device, with hemispherical lens showed 87.3% EQE. The same devices on PET
showed similar numbers and were able to maintain constant current after 1000 bending
cycles around a 7.5 mm radius. This work represents some of the best performing
graphene-based OLEDs demonstrated to date. There are significant problems with
this approach however in terms of stability. The stability of the HNO3 doped material
is a problem, along with the long-term stability of the polymer blend based on poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).

One of the materials used in this thesis, MoOj3, has also been used to p-dope
graphene. ™ The doped graphene produced showed a sheet resistance of 30 Q/CJ at 86%
transmittance, giving a FoM of 80. This is high, and within the minimum threshold for
OLEDs.?® Despite similar turn-on voltages these electrodes when compared in devices
to ITO showed higher CE for SLG and 3-layer based devices. At 1000 cd/m? the 3-layer
graphene-based OLED showed a CE of 67 ¢d/A. One of the primary issues with this
electrode is its stability in air. MoOj3 is highly unstable in the presence of oxygen, all
processing is done in inert environments, this is a significant added cost in processing
and encapsulation, and without significant performance improvements over ITO it will
not be commercially viable.

Another material worth mentioning, although it is not graphene-based is the thin
film material known as MXene. MXenes are 2D transition metal carbides with the
formula M, 1X,, where M is a transition mental and X is carbon or nitrogen.™ Re-
cently an OLED was fabricated with the MXexe Ti3Cs as the TCE.™ It had a sheet
resistance of 108 /0, transmittance of 85% (FoM = 21), work function of 5.1 eV, and
could withstand 5000 bending cycles with no change in resistance. When integrated
into an OLED it showed an EQE of 28.5%, very close to that of ITO. This MXene
is not stable in ambient conditions, but this is the first MXene to be integrated into

an OLED. In that context these results are impressive, and MXexes will be a TCE to
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watch in the near future.

One material class with great future potential is that of transfer-free graphene.
Recently work has been done showing CVD graphene grown on sapphire, without the
need for a metal growth substrate. This also eliminates the need for transfer, cutting
out a significant contamination step. The graphene grown showed a sheet resistance
of 2.2 KQ/O (450 /0 when HNOj3 doped) and transmittance of 97%.%® This study
shows the possibility of transfer-free graphene, cutting cost and contaminants, while
the sheet resistance is currently very high, it could be significantly reduced in future
with a more refined process. This could allow for a graphene-based OLED with a
significant performance advantage over transferred graphene.

Finally, I will look at flexible boron-doped graphene.™ Despite higher than usual
sheet resistance at 240 /], the FoM of this material is very high, at 62. This is due to
the single-layer nature of the material, giving it transmittance of 97.9%. Significantly
the work function is also deepened to -5.0 eV. This boron-doped material has also
shown its ability to bend around a 0.75 mm radius over 3000 times with little change
in resistance. In a working OLED the material helped devices achieve up to 24.6% EQE
along with a CE of 99.7 Im/W. This slightly outperformed the reference ITO electrode
at 22.8% and 89.1 Im/W. The stability of this material is not reported, however bulk
boron has good stability. This likely represents the best form of graphene for TCE
applications seen to date.

The final highly stable,3® low resistance!? form of functionalised graphene that
needs to be investigated is FeCl3-FLG. That is the subject of this work.
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Table 2.1: Recent developments of graphene-based TCEs in OLEDs, a selection of 20 are shown here. All of the graphene

here is CVD grown. Devices are all single-unit without out-coupling structures unless stated. The graphene is used as

transparent cathode in all devices.

TCE Substrate Rg T FoM P L CE PE EQFE Ref
©/0) (%) (eV) (cd/m?) (cd/A) (lm/W) (%)
SLG HTB doped PET 168 98 111 5.3 111.4 (max) 124.9 (max) 29.7 [E
SLG/CNT /AuNP Glass 100 96 91 650 2.1 7
SLG/AgNWs PET 27 86.7 94 5.1 15000 at 9 V 3
SLG Glass 1050 976 15 39100 74.5 26.6 20.7 ™
3LG/AuNP Glass 57.96 89.3 56 10000 at 8.4 V 56.42 16.4 ™
2LG MoOj doped SU-8/NOA63 190 94 32 5000 31.4 20 9
SLG boron doped PET 240 975 62 5 95.4 (max)  99.7 (max) 24.6 (max) &
SLG PET 560 974 25 10000 89.7 (max) 102.6 80
SLG/AgNWs/PC PET 8.06 88.3 364 4297 at 13V 2.11 (max) @
ALG HNOj doped Glass 81.3 90 43 10000 120.8 (max) 32.7 (max) ~ ®
4L.G HNOj3 doped (tandem) PET 583 90 60 205.9 (max) 45.2 (max) 33
TiOy/SLG/GraHIL Glass 955 90 36 500 at 5 V 168.4 160.3 40.8 81
SLG WO3 doped Glass 300 4.6 1000 62 82
SLG-fluoropolymer Glass 200 8 11 4.7 7.91 83
SLG MoO3 doped Glass 30 8 80 1000 55 (SLG) 34 [
SLG/TiO,/PEDOT:PSS Glass 86 92 o1 5.12 1000 10.11 5.41 84
SLG OA doped PET 200 97 61 10000 at 5 V 80 9.4 85
4LG AuCl; doped PET 30 5.95 27.4 (max)  28.1 (max) 15.6 86
4LG NHOj3; doped PET 54 4.6 30.2 (max)  37.2 (max) 86
FeCl3-FLG Glass 110 76 12 5.0-5.5 1256 at 7.5V 0.31 0.15 0.09 This work

Rg, sheet resistance; T', transmittance at 550 nm; FoM, figure of merit; ®, work function; L, luminance; CE, current efficiency; PE, power efficiency; EQF, external quantum efficiency

CNT, carbon nanotube; NP, nanoparticle; NW, nanowire; PC, polycarbonate; GraHIL, polymer blend33; OA, triethyloxonium hexachloroantimonate/dichloroethene
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EXPERIMENTAL BACKGROUND

3.1 INTRODUCTION

The purpose of this chapter is to set out the experimental background. These are
the experimental techniques and methods used in this work which were developed by
others investigating FeCl; intercalated FLG (FeCl3-FLG) or other materials in the
literature. The techniques and methods used in this chapter here are not novel, and
not attributable to me. They are nonetheless very important for presenting this work
fully. This chapter is divided into two sections, fabrication, and characterisation. I will

first discuss experimental fabrication.

3.2 EXPERIMENTAL FABRICATION

3.2.1 FeCl3-FLG fabrication
3.2.1.1 Fishing transfer

The primary material being studied in this work is FeCl3-FLG, therefore I will look
at its fabrication first. Few-layer graphene (FLG) is purchased from Graphene Super-
market. This is a multilayer graphene film grown on a nickel/SiO,/Si substrate by
chemical vapour deposition (CVD). This product is between 1 and 7 layers thick with
an average of 4 monolayer thickness. The sample is cut to size, usually 12 x 12 mm.
To intercalate this FLG it is transferred from its Si/SiOs/Ni growth substrate to glass.
To achieve this the nickel is etched away to allow the FLG to float free on the surface

of the etchant solution. First a poly(methyl 2-methylpropenoate) (PMMA) support
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layer is spin-coated on top, this layer is a 495K A6 PMMA solution, spun at 5000 RPM
for 1 minute to give a layer approximately 300 nm thick. The sample is then baked
on a hot plate at 150°C for 10 minutes. To ensure the nickel can be etched the edges
of the sample are scratched with a scalpel, this removes the PMMA and allows the
etchant in. The etchant in this case is FeCls-6H50, diluted in deionised (DI) water
to 1IM.%2 When all the nickel is etched, the SiO,/Si substrate sinks, while the FLG
with PMMA support remains floating. The floating sample can now be “fished” out
of the etchant using a glass spatula and placed in DI water. Three DI water baths are
used to remove any remaining etchant from the sample. The floating sample can now
be “fished” again onto a cleaned glass substrate. The sample is allowed to dry in air
for several hours, before being placed in a desiccator to remove any remaining water.
Finally, the PMMA is removed by placing the sample in an acetone bath at 60°C for
several hours, with the acetone being refreshed twice. The sample is finally rinsed in

propan-2-ol (IPA) and blow dried with nitrogen.

3.2.1.2 Intercalation

With FLG successfully transferred to glass the final step in making FeCl3-FLG is
intercalation with FeCls. Intercalation of graphite intercalation compounds (GICs)
traditionally involves the use of a two or three-zone furnace.® A three-zone furnace
was used in this work (as shown in Figure 3.1). First the intercalate and sample are
loaded into zones 1 and 2, respectively. The furnace is then sealed and evacuated to
high vacuum (= 107 mbar). It is pumped at vacuum for 30 minutes to ensure any
moisture is removed; it is then sealed from the pump. In zone 1, FeCls is heated to
just above its sublimation temperature of 315°C. This causes FeCls vapour to fill the
furnace. The sample in zone 2 is heated to 360°C, this high temperature allows the
intercalate to diffuse in between the graphene layers and causing an expansion due
to the charge transfer between the intercalate and the graphene. This intercalation
method is called the vapour-transport, in this method the amount of the intercalate
depends on the temperature difference between the zone 1 and 2.2 To draw the vapour
from zone 1 though zone 2, zone 3 is kept at 300°C, here the vapour recrystallises.
The furnace can be seen in Figure 3.1 (a). Zone 1 is kept at high temperature for

11.5 hours, while zones 2 and 3 are kept hot for 12 hours. This is done to ensure the
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Figure 3.1: (a) Diagram of the three-zone furnace used to intercalate FLG into FeCls. (b)

Graph showing the temperature of each zone of the furnace throughout the procedure.

vapour crystallises away from the sample. If FeCls crystallises on the sample, it will
surface dope the sample and increase the surface roughness of the FeCl3-FLG. When
the furnace programme completes it is allowed to cool naturally. The furnace is once
again pumped down to ~ 107 mbar for 30 minutes to remove any remaining vapours.
The new FeCl3-FLG sample is now removed and immediately put into a warm IPA
bath for 10 minutes. This bath can physically remove any loose contaminants. The
sample is blow dried with nitrogen and stored in a desiccator to ensure it is kept clean.

FeCl3;-FLG has shown extremely high ambient stability in the past.*

3.2.1.3 Thermal transfer to flexible substrate

The intercalation process takes place at 360°C, therefore if a flexible substrate is de-
sired for FeCls-FLG it must be transferred after intercalation. The most common
flexible substrate used is polyethylene terephthalate (PET), which has a melting point
of 260°C.5 The fabrication process therefore for FeCl3-FLG on PET is fishing transfer
to glass, intercalation on glass, thermal transfer to PET.

Thermal transfer involves the use of a thermally deactivated adhesive to peel the
FeCl3-FLG from glass, then release it onto PET. The thermal transfer tape used in
this work is a one-sided tape from Graphene Supermarket (SKU - GTT) with a 100°C
release temperature. The whole process is visualised in Figure 3.2.

The first step in the thermal transfer process is to spin-coat 300 nm of PMMA 495K
as a support layer. Before spinning this PMMA support, the edges of the substrate
are masked with 75 pum thick PVC dicing tape with an acrylic adhesive substrate
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Figure 3.2: (a) PMMA coated FeCl3-FLG sample on glass, dicing tape masks off the edge.
(b) Dicing tape is peeled away to reveal a clean PMMA edge. (c) Thermal tape is applied,
and the sample is heated under weight. (d) All layers are peeled off the glass. (e) Layers are
transferred to PET. (f) Sample is heated to release temperature and thermal tape removed.

(g) Sample is washed in acetone to remove PMMA.

(Loadpoint 6033/6034). This is to ensure when peeled off there is a PMMA edge on
the glass substrate. The thermal tape will peel the PMMA from this point. Once the
PMMA is spun, the sample, with dicing tape still attached, is baked on a hot plate at
150°C for 10 minutes.

The samples are removed from the hot plate and the dicing tape is peeled off, to
leave a clean PMMA edge on the glass substrate. Thermal transfer tape is now applied
to the sample, ensuring the PMMA edges are covered. This is firmly pressed in place.
A 3 kg lead weight is pre-heated to 60°C and placed on top of the sample on the 60°C
hot plate. This is allowed to settle for 10 minutes.

The sample is removed from the hot plate, blown with nitrogen to quickly cool to
room temperature, then using a scalpel the thermal tape is peeled up from the corner
with the PMMA edge. The FeCl3-FLG should be lifted with it.

The thermal tape now has FeCl3-FLG on the underside. At this stage inverted
FeCl3-FLG (discussed in more detail later, and seen in Figure 7.5 (b)) is created. The
thermal tape, with FeCl3-FLG attached, is now applied to a clean PET substrate. The
PET substrate is placed onto a hot plate at 80°C and the temperature incremented
up by 1°C every 30 seconds. Once the tape releases it visibly changes colour. The
FeCl3-FLG on PET can now be removed from the hot plate. Finally, the sample is

rinsed in warm (50°C) acetone for 5 minutes to remove the PMMA, before being rinsed
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with IPA and dried with nitrogen.®

3.2.2 OLED fabrication

While the properties of FeCl3-FLG appear comparable, if not better than indium tin
oxide (ITO) for use as transparent conductive electrode (TCE) in organic light-emitting
diodes (OLEDs) on paper (Table 5.3), the only sufficient way to test the material
properly, taking all properties into account simultaneously, is to test the material in a
working device.

OLEDs have been fabricated successfully since the 90s, by using solution processing
and evaporation.” Evaporation has become the dominant form of OLED manufacture
and has allowed the technology to be commercialised.® One of the main drawbacks of
this technique is that it is extremely costly to set up.? In my group, no OLEDs had
ever been fabricated before, so the skills or equipment were not present and needed to
be developed.

The simplest way to fabricate an OLED is through solution processing. ' One of the
cheapest and most controlled lab technique is spin-coating.!® Many organic materials
can readily be dissolved in solvent and spin-coated to give a very thin, highly uniform
film. This is the basis for all OLEDs presented in this thesis.

Evaporation is a high purity, clean, scalable way of material deposition.%' Evapo-
rating organics is possible, but it is complex. When organics are evaporated, they coat
all surfaces within the evaporation chamber, when the chamber is opened to ambient,
they can quickly oxidise and hydrolyse.!''? This means evaporators need to be oper-
ated within an inert, dry environment. To maintain a low-cost, and scalable solution
I decided to use a solution processed technique, namely spin-coating. I will however
evaporate metals. Metals are much cleaner to evaporate, often inert, and can be ex-
posed to ambient conditions without issue. I therefore chose to evaporate gold and
aluminium as required while maintaining low-cost and scalability.

The first step in OLED fabrication is choosing the device structure and materials.
Two different device structures are presented in this thesis; conventional and inverted,

the chosen structures can be seen in Figure 3.3.
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3.2.2.1 Inverted OLED structure

The recipe chosen has been shown previously to be efficient and reliable.'®* Crit-
ically all the materials used can be taken in solution form or replaced with similar
solution substitutes. The recipe is based on the use of poly(9,9-dioctylfluorene-alt-
benzo-thiadiazole) (F8BT) as the emission layer. F8BT is a green emitting polymer
commonly used in OLEDs for research.'® It has deep highest occupied molecular or-
bital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels, at -5.9 eV and
-3.3 eV respectively, these make it more air stable than many other emission layers. 6
It can be readily dissolved in p-xylene or toluene and withstand temperatures up to
200°C. 1317

The other layers must now be chosen to match the energy levels of FSBT and
be solution processable. A common hole transport layer (HTL) used in conjunction
with F8BT is MoOj3.'31%18 This is used because of its very deep LUMO level (-6.9
eV) which can function as a hole source.'? MoO3 has several drawbacks, however.
It must be processed in an inert atmosphere to prevent it from oxidising, and it is
usually evaporated. One way of overcoming the latter issue is to dissolve MoOj3 in
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).2?! This allows
the mixture to be spin coated, the PEDOT:PSS also protects against some oxidation. 2!
To further protect against oxidation this deposition was to be done in a nitrogen
glovebox. The addition of PEDOT:PSS will raise the LUMO energy, however it is
expected that the mixture will remain a good hole source, as PEDOT:PSS is widely
used as a HTL on its own.??

For the anode, a low work function material is required for the device. Gold was
chosen due to its stability, low work function (5.1 eV'), ease of deposition using thermal
evaporation, and its reflectively.?® A relatively thick 100 nm layer is used to protect
the device structure below when metal contacts are attached.

On the cathode side of the emission layer, a thin hole-blocking layer is used. This
layer has been shown in previous studies to increase device efficiency and prevents holes
moving beyond the emission layer.?* This material is polyethylenimine ethoxylated
(PEIE), with HOMO/LUMO levels at -6.5 €V and -2.9 €V.?* This material is dissolved
in IPA and spin-coated onto the device.

Furthermore, an electron transport layer (ETL) is needed to overcome the 1.5 eV
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Figure 3.3: Left: Energy level diagram of the inverted OLED. The materials from left
to right are: FeCl3-FLG (black) or ITO (blue), AZO, PEIE, F8BT, MoO3:PEDOT:PSS and
gold. Right: Energy level diagram of the conventional OLED. The materials from left to right
are: FeCls-FLG (black) or ITO (blue), PEDOT:PSS, TFB, F8:F8BT, Liq, and aluminium.

difference in energy levels between ITO at -4.7 eV and F8BT at -3.2 eV. To do
this, a common ETL in the form of aluminium doped zinc oxide (AZO) was used.
AZO (Avantama N21-X) is a solution of aluminium doped zinc oxide nanoparticles
dispersed in a mixture of IPA and ethanol. It has a LUMO level at -3.6 eV, which
is about halfway between that of ITO and F8BT.? It should be noted that the work
function of FeCl3-FLG is thought to be between -5.0 eV and -5.5 eV, meaning it is
expected that there will be a larger electron injection barrier for the FeCls-FLG device,
and therefore a higher turn-on voltage.26:27

Finally, the TCE will be FeCl3-FLG, the material being investigated, and ITO, the

near universal industry standard.?

3.2.2.2  Conventional OLED structure

The second device architecture used in this thesis is the conventional structure. This
architecture was chosen to attempt to improve device performance in FeCl3-FLG based
devices. Stability and lifetime are particularly important properties when it comes to
consistent measurements of electrode performance. The stability issue is acute when

the devices are subject to bending, the whole device, needs to be able to outperform
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the electrode to assess the electrode flexibility as the point of failure.

The F8BT is chosen again for the same reasons described in the previous section.
F8BT is a common research material and is easy to reference with literature. To further
increase efficiency and stability during deposition F8BT was mixed with poly(9,9-
di-n-octylfluorenyl-2,7-diyl) (F8) (also known as PFO) in a 1:19 ratio.?* 3! This is a
technique not done in the previous section and is done here to aid device performance.

To bring electrons into the emission layer an electron injection layer (EIL) is re-

31332 These materials can be

quired. For this LiF or Ca is most commonly used.
easily thermally evaporated, however, to maintain the solution processability of the
device, and hence scalability, it was substituted for a less common material in 8-
hydroxyquinolinolato-lithium (Liq). A very thin (1 - 2 nm) layer, when coupled with
aluminium is known to be an effective EIL.3? It is also known to help improve the
stability of light-emitting diodes (LEDs).3? Liq has a HOMO/LUMO of -5.6 / -3.2
eV .34

As mentioned, aluminium is used as the cathode metal. Aluminium is a common
cathode material due to its relative ease of evaporation, stability, high work function
of -4.3 eV, and its high reflectively.3%36

To ensure sufficient hole transport into the emission layer a HTL of poly(9,9-
dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB) is used. This material
has a HOMO/LUMO of -5.3/-2.3 eV, meaning it also acts as an electron blocking layer
(EBL). The use of this material is intended to increase charge carrier recombination in
the active layer and increase overall efficiency. 378

Finally, one of the most widely used HTL polymers in OLEDs and photovoltaics
(PVs) alike is PEDOT:PSS.?%% PEDOT:PSS does not coat well on ITO,* however
through use of ultraviolet (UV) ozone treatment it can be coated very well on FeCls-

FLG.4"*3 The work function of PEDOT:PSS is -5.2 €V, this will match that of FeCls-
FLG well and help reduce the energy barrier for I'TO.

3.2.2.3 Inverted fabrication process

Fabrication for both architectures can be summarised as follows: first the cleaned
substrate is taken, this will be either patterned ITO on glass, etched ITO on PET,
patterned FeCl3-FLG on glass, or patterned FeCls-FLG on PET. For all these sub-
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strates and electrodes, the device structure is the same and the patterning is the same.
The OLEDs made are 12 x 12 mm, the TCE is a 7 mm strip down the centre, this
can be seen in Figure 3.4 (a).

More specifically, the first part of fabrication is to prepare the surface of ITO. ITO
(LumTek 15Q/00) is exposed to oxygen plasma to make the surface hydrophilic. 4445
This has the dual benefit of cleaning the sample, and changing the surface chemistry
to allow for better wettability and smoother AZO layer.*4% FeCls-FLG samples are
not exposed to the plasma as it was found that will damage the graphene.

The samples are then coated with AZO (Avantama N-21X). This solution is briefly
sonicated (60 seconds) to break up any aggregates that may have formed. It is filtered
into a clean vial through a 0.45 pum syringe filter. The solution is dropped onto the
stationary sample in the spin-coater, this is to ensure uniform coverage. The sample is
spun at 2500 RPM (discussed in Section 4.4). The sample is then baked at 200°C or
120°C for glass or PET substrate, for 10 minutes.

PEIE (Sigma Aldrich - 306185) is then prepared, 0.4% by volume in IPA. The PEIE
is filtered into a clean vial through a 0.45 um syringe filter. The solution is dropped
onto the stationary sample on the spin-coater before being spun at 5000 RPM for 60
seconds. The sample is then baked on a hot plate at 105°C for 10 minutes to remove
the TPA.

F8BT is prepared and deposited in a nitrogen glovebox. The glovebox maintains <
1 ppm oxygen and moisture and is shielded from external UV. The F8BT (Cambridge
Display Technology) is weighed out on a chemical balance and mixed with p-xylene for
a 20 mg/ml concentration. This solution is heated to 80°C for 10 minutes to ensure
the solid F8BT is dissolved fully. The solution is then filtered using a glass syringe
and a 0.45 pum poly(1,1,2,2-tetrafluoroethylene) (PTFE) syringe filter into a clean vial.
The solution is dropped onto the stationary sample on the spin coater, before being
spun to 2500 RPM for 60 seconds. The sample is then baked at 155°C for 45 minutes.

MoO3:PEDOT:PSS must also be used in the glovebox. PEDOT:PSS is not usually
used in glovebox environments as it is usually dissolved in water. In this case the
mixture is dissolved in ethanol and can be used in the glovebox without raising the
moisture content. The MoO3:PEDOT:PSS is briefly sonicated for 60 seconds to break
up any aggregates. It is then filtered into a vial using a 0.45 pwm syringe filter. The
solution is dropped onto the stationary sample and spun at 2500 RPM (discussed in
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Figure 3.4: (a) The pattern of the TCE shown on the substrate. The pattern is a 7 x 12
mm rectangle centred on a 12 x 12 mm substrate. (b) The pattern of the metal electrode
evaporated on the organic layers. There are 8 pixels, which are 5.5 x 1.5 mm, giving an
active area of 3 x 1.5 mm (4.5 mm?). (c) Photograph of a fabricated OLED device. A gold

bar was evaporated directly onto the ITO to ensure good electrical contact.

Section 4.4). The sample is then baked on the hot plate at 160°C for 10 minutes. The
sample is sealed into a moisture barrier bag before being removed from the glovebox.

Gold evaporation takes place using a HVV thermal evaporator in an ISO 6 clean
room environment. The sample is removed from the sealed bag, quickly fitted to a
shadow mask, and loaded to the evaporator, which is pumped to vacuum as quickly
as possible to reduce time in ambient conditions. The mask is a metal shadow mask
with the pattern shown in Figure 3.4 (b) to give 8 pixels. The evaporator is pumped to
< 1x107% Torr before evaporation begins. The gold is thermally evaporated at a rate
of 0.1 nm/s. The sample holder is rotated at all times during evaporation to ensure
uniform results. 60 nm of gold is evaporated (measured by a 6 M Hz quartz crystal).
After evaporation, the chamber is filled with nitrogen, opened, and the sample is placed
into a desiccator, where it is held in the dark, until it is measured. The resulting device
is pictured in Figure 3.4 (c¢), here this device had a gold strip evaporated on top of the
ITO to help with electrical contact. This practice was dropped when it was found to

have no/negligible effect.
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3.2.2.4  Conventional fabrication process

As with the inverted devices, the first fabrication step is to treat the surface of the
TCE on the substrate. The TCE is placed in a UV ozone cleaner (Ossila) and exposed
to the ozone for 9 minutes. This increases the hydrophobicity of both FeCl3-FLG and
ITO, crucial for spinning PEDOT:PSS.43

PEDOT:PSS (Ossila - M121) is filtered into a vial using a 0.45 um hydrophobic
PTFE syringe filter. The PEDOT:PSS is in solution in water, so it must be processed
outside the glovebox. The PEDOT:PSS is dropped onto a stationary sample, before
being spun at 5000 RPM for 30 seconds to give a layer 30 - 40 nm thick. The sample
is then loaded into the glovebox and baked on a hot plate at 150°C for 5 minutes.

TFB (Ossila - M0981A1) is prepared in advance, it is dissolved in p-xylene (Sigma
Aldrich) to 7 mg/ml and stored on a hot plate at 50°C for 24 hours. It is then filtered
using a glass syringe and 0.45 um PTFE syringe filter into a clean vial. The solution
is dropped onto the stationary sample, before being spun at 4000 RPM for 30 seconds.
The sample is then annealed on a hot plate at 180°C for 10 minutes.

F8:F8BT (Ossila M0161A2:M0231A4) is next made up in a 19:1 ratio by weight. It
is dissolved in toluene to 15 mg/ml. The solution is placed on a hot plate at 80°C for
10 minutes to allow it to fully dissolve. The cool solution is then filtered into a clean
vial using a glass syringe and a 0.45 ym PTFE syringe filter. The solution is dropped
onto the stationary sample, before being spun at 2000 RPM for 30 seconds to give a
layer 80 nm thick. The sample is then annealed on a hot plate at 80°C for 10 minutes.

Liq is next dissolved in 2-ethoxyethanol to 1 mg/ml. The solution is then filtered
into a clean vial using a glass syringe and a 0.45 um PTFE syringe filter. The solution
is dropped onto the spinning sample, before being spun at 2000 RPM for 60 seconds
to give a layer 1 - 5 nm thick. The sample is then annealed on a hot plate at 80°C
for 10 minutes. The sample is placed into a sealed moisture barrier bag before being
removed from the glovebox.

Aluminium evaporation takes place using a HVV thermal evaporator in a similar
procedure to the one discussed for gold evaporation in the previous section. In this

case the parameters are rate: 0.1-5 nm/s, thickness: 100 nm.
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3.3 CHARACTERISATION

3.3.1 FElectrical characterisation of graphene

The primary electrical property sought for any TCE is its sheet resistance, defined in
Equation 2.8. This value is absolute and allows comparisons between our material and
others of differing scales and disregarding layer thickness i.e., assuming it is negligible.

It can also be useful however to talk about resistance on its own.

3.3.1.1 Two-point measurements

Two-point measurements are used to measure the resistance. Here the resistance of the
probes is measured and assumed to be constant. The length and width of the sample

also contribute significantly to the reported value, as resistance can be defined as:

l

(3.1)

where p is the resistivity of a conductor, [ is the length of the conductor, and A is the
area of the cross section. When taking two-point measurements they are only useful
if the test apparatus is the same, and the samples have the same dimensions. This
is sometimes the case and is used in this work when calculating values of R/R, as it

simplifies the measurements.

3.3.1.2  Four-point measurements

A more rigorous way of measuring the electrical properties of samples is using a four-
point method. This method eliminates any contact resistance that may be in the
measurement setup, giving a value of resistance only attributable to the sample. %6 It
also allows sheet resistance Rg to be calculated, which is dimensionless, and this allows
comparisons of samples of various sizes. This is what is described in Equation 2.8.
The four-point setup used is a Signatone S-302-4/SP4 four-point probe system.
This is connected to a Keithley 2400 source measurement unit operating in four-point
mode to simultaneously source voltage and measure current and calculate resistance.
The working principle of this type of measurement can be visualised in Figure 3.5 (a)

& (b). In Figure 3.5 (a) only the voltage across the inner probes is measured, this is
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Figure 3.5: (a) The circuit diagram of the four-point probe. The probes are numbered 1 -
4, left to right. Ry refers to the wire resistance, R refers to the contact resistance, and Rg
refers to the sample resistance. The green arrows indicate the direction of current flow. (b)

The four points contacting a sample of width w and length . Here [ > w.

because voltmeters have high electrical impedance, so negligible current will flow here,
this means that the contact resistances (Rco and Res), and the wire resistances (Ryyo
and Rys) will not be measured. The measured decrease in voltage will be entirely
from Rgs.

The sheet resistance is calculated from the resistance multiplied by a correction
factor, C.F.. In the case where the sample is infinitely larger (or approx. 40 times) the

1‘46

correction factor goes to The value of the correction factor is heavily dependent

on the sample geometry.

T AV AV
ln(2) - -CF. = 4.5323GT -C.F. (3.2)

When the sample is smaller than 40 times the distance between the probes the cor-
rection factor will be significantly different. This is because the current paths become
limited by the edges of the sample. Square or rectangular samples were used through-
out this work. In this case the correction factor cannot be derived. Instead, they have
been empirically determined. The correction factors used were obtained from Haldor
Topsoe, Geometric Factors in Four Point Resistivity Measurement, 1966.4% In the case
of the 12 x 7 mm device, a correction factor of 0.9345 was used, in the case of 10 x

10 mm samples 0.9313 was used.
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3.3.1.3 Van der Pauw measurements

Sometimes using a four-point probe is not appropriate, in the case where a sample
may be too small for the probes, or where the sample is fragile, or offers poor electrical
contact to probes. In this case the Van der Pauw method was used.” The Van der
Pauw method relies on placing four probes on the perimeter of the sample, this allows
the average resistance of the entire sample to me measured in all directions, rather
than just in the sensing direction as with the linear four-point probe. For a square
sample Ohmic contacts were placed on the corners. These are usually a small drop of
silver paint, the smaller the better, right on the edge. The error resulting from the
size of the contacts is of the order D/l, where D is the diameter of the contact, and
[ is the distance between contacts. In this case D/l =~ 1/10 = 10%.The contacts on
the sample were labelled 1 - 4, anti-clockwise from the top left. To start, Ris34 = %
was measured, followed by Rog 41 = %‘; These measurements are related to the sheet

resistance, Rg, by the Van der Pauw formula:

__Ri2.34 Ra3,41

e Bs e By =1 (3.3)

For a square sample, where Ri934 = [R2341, then the Van der Pauw formula can be

solved for Rg: .
s

RS:M

(3.4)

This is also seen in Equation 3.2. The Van der Pauw measurement can be made more
accurate by doing reciprocal measurements. Here Rsp cp = Rop ap. This leads to two
more measurements, and the results can be averaged. Reversed polarity measurements
can also be done by taking all the measurements again in the opposite polarity and

averaging the results. This will give two final measured R values of:

~ Rigza+ Rsgne + Roruz + Ruz o1
vertical — A

R (3.5)

Rog 41 + Ry1 23 + Rz 14 + Ria 32
Ry orizontal = 4 (3.6)

These can be plugged into Equation 3.3 for a final value. By doing this extra

measurement, any thermoelectric potentials due to the Seebeck effect are cancelled



61 CHAPTER 3. EXPERIMENTAL BACKGROUND

Figure 3.6: Optical images showing holes, debris, wrinkles, and domains. (a) Microscope
image showing domains. (b) Optical image showing holes on a 5 x 5 e¢m sample of FeCls-
FLG. (c) Microscope image showing wrinkles, and the debris at the edge of an FeCl3-FLG

sample.

out.*”

3.3.2  Optical characterisation
3.3.2.1 Microscopy

There are three ways in which TCE materials are optically characterised. The simplest
is using an optical microscope, here holes, debris, wrinkles, and domains can be seen
(Figure 3.6), this can give an indication about the overall quality of the material very

quickly.

3.3.2.2  Raman spectroscopy of graphene

3.3.2.2.1 Introduction

Raman spectroscopy is an invaluable characterisation technique for crystalline ma-
terials. It is widely used in chemistry to identify materials’ unique vibrational fin-
gerprint. %% Raman can determine the vibrational modes of molecules in the crystal.
These modes are inferred from the inelastic scattering of photons in the crystal. Ra-
man works by having a monochromatic laser light shine on a sample. The laser light
interacts with the vibrations in the crystal structure. This interaction results in a shift

in the energy of the laser photons up or down. This shift is what is measured and what
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Figure 3.7: (a) Schematic of the microscope. Laser light is used for Raman and photo-
luminescence spectroscopy. An XYZ motorized microscope stage allows precise control of
the sample position. The dashed-dotted line represents the electrically screened light-tight
enclosure of the sample stage. Signal lines carry electric/data signals to be measured, control
lines carry the signals to configure the instruments, the lasers, and the other sources, BUS
line comprises USB and GPIB. Abbreviations: mirror (M), kinematic mirror (Mzy), half-
wavelength plate (A/2), beam expander (BE, followed by magnification), drop-in filter (DiF),
beam splitter (BS, dichroic in red), Polariser/Analyser (Pol.), white light (WL), voltage (V)
or current (I) sources/meters, flip mirror (FM), sample holder (PCB), photodetector (PD),
condenser (Cond), microscope objective (Obj), imaging camera (Cam), spectroscopy camera
(CCD), ground line (GND). (b) The optical path configuration used during transmittance
measurements using white light and (c¢) Raman spectroscopy. Figure reproduced with per-

mission. 48



63 CHAPTER 3. EXPERIMENTAL BACKGROUND

(b) ()
!
7 ~ |
: !
G peak mode D peak mode 2D peak mode

Figure 3.8: The three primary vibrational modes of graphene are shown. The G peak
corresponds to the Eyy vibrational mode (a), the D peak corresponds to the breathing mode
which occurs when defects are present (b), and the 2D peak corresponds to the out-of-plane

A1y mode which can be used to infer the number of layers present (c).

gives information about the vibrational modes in the crystal. When the laser light
is returned to the detector the Rayleigh scattered light must be filtered out. This is
typically done by using a notch filter, or band pass filter. The remaining light should
be exclusively the Raman shifted light. Raman shifted light, red-shifted (Stokes), or
blue-shifted (anti-Stokes), accounts for just 1 ppm of scattered light, with the vast
majority being Rayleigh shifted. Throughout this work Raman spectroscopy is carried

out using the system seen in Figure 3.7.

3.3.2.2.2  Raman on single-layer graphene

For analysing the crystal structure of graphene and functionalised graphene Raman
spectroscopy is one of the most important tools. Raman spectroscopy is a fast, easy, and

51;52

non-destructive way of assessing the crystal structure of graphene. Many properties

can be inferred from Raman spectroscopy including, defects, doping, disorder, strain,
number of layers, and charge carrier density.??5°

Looking at the Raman spectrum of graphene, there are typically 3 main peaks.
These are the D peak at 1350 em ™!, the G peak at 1580 em ™!, and the 2D peak at
2750 em~1.%?

The most important peak for the work conducted in this thesis is the G peak. This

peak arises because of the Es, vibrational mode. This is the mode associated with the
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stretching of the sp? bonds in the lattice.?® As this peak is a result of sp? bonding, it
is always present in graphene and graphite compounds. This peak can be examined
as an indicator of strain in graphene, as strain will change the resonant frequency of
these bonds.¢ Strain is not the only property that can change the G peak position.
Importantly for this work, the G position can also indicate doping of graphene.> When
the charge density of the graphene changes so does the screening of the ionic potential
created by the nuclei. This effect is enhanced due to a Kohn anomaly.®” Lazzeri et
al.5” have been able to calculate the G peak shift theoretically due to doping, therefore
these calculations can be used to work out charge density directly from the G peak
position.®” Since the shift in G peak can be caused by strain or doping, the two effects
can be distinguished by looking at the change in the 2D peak shift as a function of the
G peak shift.®8

Finally, the intensity of the G peak is linked to the number of graphene layers
present.”® A higher number of layers will give a more intense signal. The G peak
intensity is usually compared to the intensity of the 2D peak to infer the number of
layers.%° However this does not always apply due to the doping induced change in the
2D peak. This can be controlled for by comparing to the Si peak when the sample is
on Si.%

The D peak occurs only when a defect, i.e., missing atom, is present.%? This peak is
a result of the breathing mode when the C atoms move in and out as seen in Figure 3.8
(b). The presence of this peak is a good indicator of poor-quality graphene. Usually
the D/G ratio is examined for this, with D/G < 0.5 considered good.

Finally, the 2D peak corresponds to the A;,, out-of-plane, vibrational mode.?* This
peak is useful in layer number determination. In single layer graphene (SLG) only one
transition is possible, therefore there is a single 2D peak present. In bilayer graphene
(2LG) there is a double dispersion band, so 4 transitions are possible, giving a 2D peak
which is a convolution of 4 peaks. After 5 layers the 2D peak is stable and does not
significantly change with layer number.®® To determine layer numbers Lorentzians can
be fitted to the 2D peak, this is accurate up to 3 layers, beyond this the ratio of G/2D
intensity needs to be examined. Typically, in SLG the G/2D ratio is 0.5, in 2LG it is
1.0, and in tri-layer graphene it is 1.5. As mentioned previously, this can be affected
by doping.

The mechanism behind these three characteristic peaks can be seen in Figure 3.9.
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Figure 3.9: (a) The scattering process which results in the G peak in graphene and the
(b) D peak, (c) 2D double resonance, and (d) triple resonance. The green lines represent
the incident photons, blue is the scattered photons, black is an inelastic scatter, and dashed

black is a defect enabled elastic scatter.

2550 26’00 2650 27’00 2750 28‘00 2850
Raman shift (cm™)
Figure 3.10: The bands in bilayer graphene are now multiple and parabolic in shape. (a -
d) The four scattering processes which result in the 2D multipeak structure. There are now
four possible transitions. (e) The four transitions result in four Lorentzians which are fit to

a 2LG 2D peak. Reproduced with permission. 3
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The characteristic graphite G peak results because of a transition within the Dirac cone
at the A point (Figure 3.9 (a)).% When a photon is absorbed, an electron is scattered
by the stretching of the E5, phonon mode. Once scattered the electron and hole pair
will recombine at a slightly different level. The difference in energy is the Raman shift
which results in the 1580 em™! G peak. When FeCls-FLG is made, the p-doping has
the effect of decreasing the Fermi level. Transitions between valence and conduction
bands require higher energy, and therefore higher energy photons are emitted, resulting
in a blue-shift of the G peak.

The D peak arises due to a double resonance second order process. In order to
happen at all a defect must be present to allow for elastic scattering. The incident
photon promotes an electron once again, the electron is now scattered a second time
off a transverse optical (TO) phonon to near the K’ point. The electron scatters
elastically off a defect, back to the K point, where it recombines with a hole, emitting
the scattered photon. This is seen in Figure 3.9 (b).

The 2D peak also arises due to a second order process, but in either a double or triple
resonance. An incoming photon scatters an electron to the conduction band near the
K point. A TO phonon then scatters it to the K’ point. In the double resonance case
the electron scatters off another TO phonon, back to the K point, where it recombines
with a hole, emitting the scattered photon. In the triple resonance case rather than
scattering off a second TO phonon at the K’ point, the hole scatters off a TO phonon,
to the K’ point. The electron and hole now combine here. This is visualised in Figure
3.9 (c).

The 2D peak is of particular interest because of how it changes with the number
of graphene layers. In the 2LG and 3LG cases the number of levels can be quickly
inferred. For 2LG (Figure 3.10) there are 4 possible transitions which can be fitted to
the peak. In 3LG there are 6. As more layers are added the peak moves towards the
2 peak structure of graphite.

3.3.2.2.3 Raman on FeCls-FLG

The primary reason for using Raman on FeCl3-FLG is to measure the level of
doping. This is done by analysing the G peak. In pristine FLG the G peak is at 1580
em ™!, when FeCls doped this G peak is blue-shifted as far as 1625 ¢m=1.%5 This blue-
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FeCl;-FLG G peak FeCl;-FLG 2D peak FLG 2D peak
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Figure 3.11: (a) Raman spectra of FeClz-FLG. The cumulative fit is the convolution of G
peaks which arise from each stage. Staging refers to the number of SLG layers between each
intercalate layer. When the there is no FeCls present, a Gg peak is observed. In stage 2,
where there are 2 SLG layers between each FeCls layer, the G; peak is observed. In stage
1, where there is 1 SLG layer between each FeCls layer, the Go peak is observed. (b) 2D
peak of FeCl3-FLG showing the single peak structure associated with SLG. (c¢) 2D peak of
FLG showing a 2 peak structure more associated with bulk graphite. w,, w, refer to the

characteristic graphite 2D peak, and its shoulder, respectively. %4

1

shifting happens in stages, reaching 1625 ¢m™" only when full stage 2 intercalation is

achieved. Intercalations which do not result in full stage 2 doping result in a convolution
of peaks. 3

Staging in FeCl3-FLG refers to the number of graphene layers between each layer
of intercalate.®> When there is no FeCls present, the G peak, known as G, occurs at
1580 ¢m™!. In stage 2 there are two graphene layers between each FeCls layer, the
graphene layer is interacting with the FeCls on only one side, the G peak, now the Gy,
occurs at 1612 em~!. In stage 1 there is one graphene layer between each FeCls layer,
the graphene layer is interacting with the FeCl; on both sides, the G peak, now the Go,
occurs at 1625 em~!. The staging and resultant peaks are shown in Figure 3.11 (a).
Knowing the staging is important for knowing the charge carrier density, and hence
doping. To achieve maximum doping, maximum FeCl; intercalation is required, this is
achieved when stage 1 is dominant. This means the G peak blue-shift can be used as
a proxy for doping level.
The 2D peak is also affected in FeCl3-FLG. When FeCl; gets between the graphene

layers the interaction between layers is decoupled. This results in the 2D peak reverting
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back to that of SLG. As FeCl3-FLG typically starts with 5 - 10 layer FLG, the shift
in this peak has been seen before and after intercalation in mechanically exfoliated
samples.%! This is another useful way of characterising FeCl3-FLG doping level, 896566
I observed this effect also in nickel grown CVD FLG for the first time. Because of a
combination of small multi-layer domains, and the staging effect where some parts of
the graphene may be stage 1 or 2, this will result in a 2D peak which does not fully
match that of pristine mechanically exfoliated graphene, unless full stage 1 intercalation
is achieved. The 2D peak will usually have multiple contributions from SLG to 10LG.
However with majority decoupling, the peak will migrate towards that of SLG (Figure
3.11 (b)). In the unintercalated FLG the peak remains more like graphite, as expected

(Figure 3.11 (c)).

3.3.2.3  Transmittance

The third way in which TCE materials are optically characterised is to measure the
materials transmittance properties. transmittance measurements are taking using a
custom-build multi-purpose microscope,*® the same one that is used to take Raman
measurements, this can be seen in Figure 3.7 (a) & (b). White light from an LED
light source is collimated and transmitted through the sample, and this is sent to the
spectrometer. The spectrometer measures the intensity of light from 420 nm to 900
nm. The measurement itself starts by taking a calibration measurement, this is on
the clean material substrate. The intensity of this is Isupstrate(A). The sample is then
measured, the value recorded is Iumpie(A). The transmittance of the sample, Tsampie(A)

can be simply calculated:
[sample (>\)
[substrate ()\)

The reported figure in literature is most commonly T'(\) where A\ = 550 nm.5

Tsample(/\) = (37)

3.3.3  Surface characterisation

Surface characterisation is extremely important when dealing with materials for thin
film devices like OLEDs. These devices are comprised of several stacked layers, 5 -
200 nm thick. Any surface contaminants, or large surface roughness can be enough to

puncture through multiple layers and short circuit the device. While contaminants can
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be reduced through rigorous cleaning, the inherent material properties such as surface

roughness are more difficult to control.

3.3.3.1 Profiler measurements

The first surface characterisation technique used is profilometry. Here a sharp probe
tip is touched down onto the sample. A laser shines on the top of the probe and
reflects onto a sensor. The sample is moved along a single axis and the probe tip
drags over the sample surface as it goes. The laser light is deflected by the probe as
it undulates over the samples surface. A KLA Tencor Alpha D-100 Profilometer was
used for measurements taken in this work. Profilometry works only in 2D, the sample
is moved along the z-axis, while the probe tip is displaced in the y-axis. The resulting
profile is that of a single line of the sample. This is a very effective way of measuring
step height. The profilometer is calibrated using a reference before every use. Here a
step of 1 um is used as reference. When the samples thickness is measured, a material
is first coated onto a cleaned glass slide using the typical procedure for that material.
The material is scratched away in the centre to leave a clean step. The sample is placed
under the probe tip and measured multiple times. The step height is averaged to ensure
accuracy of the result. This technique allows reliable measurements on materials which
are > 20 nm in thickness. The surface roughness of the line could also be calculated,
but in this work, it is not as more accurate roughness values are calculated exclusively

from atomic force microscopy (AFM) measurements.

3.3.3.2  Atomic force microscopy

The general principle of AFM is like that of profilometry. In the case of AFM an
atomically sharp probe tip is brought close or into contact with the sample. The
probe is raster scanned in lines over the sample and is displaced due to the samples
surface. Many lines are drawn on the sample to make up an image. The samples
used usually draw 256 lines. The probe has a laser pointed at its back side, this laser
reflects and points at a charge-coupled device (CCD) sensor. The sensor can measure
the displacement in both x and y. This can be seen in Figure 3.12. A suite of feedback
electronics adjusts the probe to ensure the laser remains pointed at the CCD. The two

primary modes of operation for AFM are tapping mode and contact mode, contact
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Feedback
electronics

XYZ stage

Figure 3.12: The working principle of an AFM. A probe tip is rastered across a sample,
this causes the reflected laser light to move around on the CCD. The stage is adjusted to

ensure the laser remains on the CCD. An image is built up from rastering lines.

mode has just been described. In tapping mode, the cantilevered probe tip is set
oscillating at its resonant frequency. As the tip comes close to the sample surface it is
attracted by Van der Walls interactions. The oscillation frequency is distorted by this
and image can be built up by rastering using this process. One of the main attractions
of tapping mode is that it reduces contact with the sample, preventing damage in

fragile samples.
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EXPERIMENTAL DEVELOPMENT

4.1 INTRODUCTION

The purpose of this chapter is to present the work I did in developing experimental
methods and experimental apparatus used throughout this work. At the outset of this
project organic light-emitting diodes (OLEDs) had not been fabricated or characterised
in the research group before. Therefore, fabrication had to be developed, using methods
from the literature, and further optimised for the equipment available.

The characterisation of OLEDs also needs to be developed. As such a luminance
measurement apparatus is built to characterise the device performance, an emission
angle apparatus is built to estimate device external quantum efficiency (EQE), and two
different types of device/substrate benders are built to evaluate bending performance.
This chapter will introduce all three of these characterisation tools.

Apart from the development of the fabrication and characterisation procedures for
OLEDs, there is a significant amount of material optimisation that needs to be done.
The primary areas where optimisation is required is in scaling up the FeCl;s intercalated
FLG (FeCl3-FLG) for use in 12 x 12 mm devices and optimising the layer thicknesses
of the OLED layers. This work is all critical to realising working OLEDs in the two
structures discussed.

Finally, in relation to scaling up the FeCl3-FLG, there is the need to develop appro-

priate Raman characterisation procedures in the form of a Raman mapping methodol-

ogy.

7
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4.2 RAMAN MAPPING DEVELOPMENT

Some data contained within this section and Section 4.3 has been subject to publica-
tion: “Wafer scale FeCls intercalated graphene electrodes for photovoltaic applications.”
Kieran K Walsh, Conor Murphy, Gareth Jones, Matthew Barnes, Adolfo De Sanctis,
Dong-Wook Shin, Saverio Russo, Monica Craciun. Proc. SPIE 10688, Photonics for
Solar Energy Systems VII, 106881C (2018); DOI: 10.1117/12.2307410.

FeCl;-FLG is a patchwork of few-layer domains. This can be seen in Figure 4.1 (a).
These range from 1-10 layers thick. When taking a single Raman spectrum, the laser
spot has a radius of 1 ym, the domains have a radius of 5 - 10 pm. This means single
spectra do not provide a general overview of the large-scale sample. To get a better
picture of the doping across the entire sample mapping is necessary.

Mapping typically involves taking a spectrum at every point on the sample,! how-
ever as the samples sometimes have holes or defects this could also result in a false
impression of the doping level. To overcome this, a spectrum was taken with a 1 um
radius 514 nm laser spot every 10 um. 10 um ensures each laser spot only measures
each domain approximately once.

When this is done the map produced is more representative of the sample as a
whole. This will result in better correlation to the doping level, and therefore sheet
resistance of the sample. The mapping done in this way can be seen in Figure 4.1 (a)
& (b). While the map does not reproduce any film morphology features in the sample
area, it gives a better picture of doping. The map can then be summarised better with
the histogram shown in Figure 4.1 (c¢). Here it can be seen, that for this sample stage
2 doping is the dominant form of doping, with stage 1 not reached at all in this case.

When comparing samples, it is useful to have a single number that can be compared.
In this case we proposed using the mean < PosG >.%2 < PosG > is the area weighted
G peak position, this gives the average G peak position by summing the position of
the Gg, G1, and G4 peaks weighted by their area and then normalising this value to
the total area of the G peak, as shown in Equation 4.1.
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Figure 4.1: (a) Optical image of FeCl3-FLG. The domains of FLG can be clearly seen.
The lighter regions have more layers. Tiny yellow dots show where Raman spectra are taken.
(b) Raman map of FeCls-FLG. Lighter points indicate a higher level of doping. Each point
corresponds to the average peak location for each spectrum. The mean peak position is used
as a proxy for doping level. (c) A histogram of the map. Shows clearly that most points are

intercalated to stage 1.

POSGO% + PosG1AreaGy + PosGyAreaGo
% + AreaGi + AreaGoy

1

< Pos(G >=

(4.1)

Here PosG,, refers to the Raman shift position in em™", and AreaG,, is the area
of the peak. The factor 1/2 in the AreaG, terms arises because of the reduction in
the full width at half maximum (FWHM) of the G peak by approximately 1/2 due to
increasing charge carrier concentration to 3 x 10 em=2.3

Traditional mapping can also be used to verify this approach. A traditional map
is made when taking 1 um spectra and stepping only 1 um. Here features are visible,
and it is possible to correlate regions of single layer graphene (SLG) or holes in the film
with poor intercalation staging and low charge carrier concentration. This was done
successfully in Walsh et al.? Here we were able to correlate a hole in the FeCl;-FLG
sample with poor charge carrier concentration by making use of a model developed by

Lazzeri et al.#. This can be seen in Figure 4.2.
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Figure 4.2: Left: Optical image of a hole in the FLG patchwork. Right: A map of the
charge carrier concentration, derived from the Raman map < PosG > data based on the
model developed by Lazzeri et al.* The hole in the sample is clearly visible by the drop in

charge carrier concentration. Reproduced with permission.?

4.3 LARGE AREA FECL3;-FLG OPTIMISATION

The FeCl3-FLG used in this project is based on that discovered and fully characterised
on the micron scale.® The FeCls-FLG used in this work, intercalated chemical vapour
deposition (CVD) graphene grown on nickel, was introduced later.! A significant part of
this project was to scale up and optimise FeCl3-FLG for use in large area OLED devices,
up to wafer scale. On the micron scale it was known that FeCl3-FLG demonstrates
its best electrical conductivity when it is 5 layers thick and fully intercalated. Sheet
resistances of 8.8 /], and optical transmittance at 550 nm of 84% has been reported.®

It is important to recreate, as close as possible, these results on a much larger scale.

4.3.1 Large area transfer

One of the first issues with large scale FeCl3-FLG is the starting material. Few-layer
graphene (FLG) was purchased from Graphene Supermarket, it is then transferred to
glass and intercalated with FeCls. The quality of the material received was often low.
Holes can be visible to the naked eye. Figure 4.3 (a) shows two types of holes that are
often present. The larger holes are visible to the naked eye and measure ~ 0.5 mm in
diameter. These holes show some intercalated domains within them; however, they are

separated from one another, meaning they will not take part in conduction across the
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(c)

FeCls in

Figure 4.3: (a) Optical microscope image of the holes that appear in nickel grown FLG.
The large hole is visible to the naked eye. (b) An image of the sample edge. Here the bilayer
can be clearly seen alongside the bare glass substrate. This image was taken in a large hole so
the bi-layer would not be obscured by few-layer domains. (c) A schematic of the wet transfer
procedure. FLG is etched from its growth substrate, leaving it floating on the etchant surface.

Reproduced with permission.?

film. These holes have been measured to take up as much as 18.5% of the FLG surface
area. The second set of holes seen are much smaller at &~ 50 mm in diameter, these
holes cannot be seen with the naked eye. These holes are devoid of any FLG domains
and will therefore not conduct well. The only thing present here is the bilayer graphene
(2LG) on which the few-layer graphene sheets grow in the CVD process.® The 2LG can
be seen clearly in Figure 4.3 (b) alongside the glass substrate. Both types of holes will
need to be eliminated by optimising the CVD growth procedure if FeCl3-FLG is to be
a viable replacement of indium tin oxide (ITO). This is not the purpose of this work;
however, it is an issue that contributes to poor FeCl3-FLG performance throughout.
Obtaining high quality nickel grown FLG has been an issue throughout.

There are two etching methods used in this work, the manual fishing method (dis-
cussed in Section 3.2.1.1), and the automated large area method. The large area
method is suited to samples which cannot float on the etchant because their weight
breaks the surface tension. The large area method is significantly more stable and
controlled, this prevents breakage of the FLG where the support layer is not strong
enough. It also allows for a thinner support layer to be used which should reduce left

over residues. The large area transfer process is visualised in Figure 4.3 (c), here a
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poly(methyl 2-methylpropenoate) (PMMA) coated sample is placed on a chuck in a
basin. The basin is slowly filled with etchant. The filling rate is equivalent to the etch-
ing rate. Once the FLG is floating free the etchant being pumped in is replaced with
deionised (DI) water, and a drain pump in activated. These maintain the same volume
of liquid, while the etchant concentration is continually reducing. Once the etchant is
removed after several hours, the Si/SiO, is replaced with a glass substrate. The DI
water is slowly pumped out, allowing the sample to settle on the glass substrate. The
sample is dried in the same way as before. Finally, regardless of method the PMMA
must be removed, this is done by placing the sample in an acetone bath at 60°C for
several hours, with the acetone being replaced for fresh twice. The sample is finally

rinsed in propan-2-ol (IPA) and blow dried with nitrogen.

4.3.2  Large area intercalation

The intercalation recipe (discussed in Section 3.2.1.2) also needs to be optimised for
large-area samples. This intercalation recipe often resulted in samples whose sheet
resistance was more than 300 /0] for large area samples. Large area samples could
also not be intercalated in the 3 ¢m diameter tube used previously. Therefore, the
tube was replaced with a 9 em diameter quartz tube, and the zone temperatures were
optimised. The most important temperature to consider is the zone 1 temperature, 77.
T was chosen to be 315°C as this is the known sublimation temperature of anhydrous
FeCls. This temperature was not optimised for the setup in use here however, where it
is likely that the temperature being read is not the true temperature at the powder, or
where the temperature is even optimum. The powder temperature T therefore varied
to measure its effect on FeCl;-FLG intercalation.

The metric used to assess intercalation is < PosG >, defined in Equation 4.1.
This metric results from taking Raman maps of the samples and examining the G
peak. 77 was varied from 300 - 360°C to adjust the vapour pressure of the FeCl;s
vapour during intercalation. This is thought to influence the quality of intercalation as
FeCl3 molecules will be able to penetrate the graphene layers more easily at a higher
pressure. The results in Figure 4.4 (a) show that the increasing T} from the previously
used temperature of 315°C to 360°C caused an increase in the < PosG > value from
1590 em™! to 1603 em~!. Although this value is lower than that quoted for FeCls-
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Figure 4.4: (a) Graph showing < PosG > against powder temperature (77) and doping
concentration. Reproduced with permission.? (b) Histogram showing sheet resistance of
FeCl3-FLG against < PosG >. Sheet resistance values are put in bins and the average is
reported. (c¢) Graph showing sheet resistance of FeCls-FLG against the powder temperature,
;.

FLG’s G; peak because this metric considers the position of all the peaks, it can be
shown that < PosG > = 1603 em™~! relates to a G peak with all Gy, G, and Gs
sub-peaks present. This shows that some of the flakes present in the graphene film
fully intercalate, while others do not.

Figure 4.4 (b) shows the relation between sheet resistance and < PosG >. Here all
sheet resistances are put in bins according to their < PosG > and averaged. Each bin

! wide centred at every integer multiple of 5. The average sheet resistance of

is b em™
FeCl3-FLG is significantly reduced for all stages of intercalation, from ~ 1000 Q/J to
~ 200 /0. Higher < PosG >, indicating better intercalation, further reduces sheet
resistance from ~ 200 Q /] to &~ 100 ©2 /0. Significantly at higher stages of intercalation
samples are more self-consistent. The standard deviation of sheet resistances between
samples drops from =~ 140 /0O to ~ 10 /0 at higher stages of intercalation.

Figure 4.4 (c) shows the relation between the sheet resistance of FeCl3-FLG and
T during intercalation. Here as expected from Figure 4.4 (a) & (b) there is a strong
relation between sheet resistance and T;. Sheet resistance clearly saturates at T} =
345°C. I decided to proceed at 77 = 350°C. This ensures the sample will not get damaged
upon cooling, while maintaining the better doping conditions of higher 7. The aim
was to ensure that the T5 is always slightly higher than every other zone, this ensures

that the cooling FeCls vapour will not crystallize on the sample.
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Figure 4.5: The process flow which leads to four types of graphene used in this thesis.
FeCl3-FLG on glass, inverted FeCls-FLG, FeCl3-FLG on polyethylene terephthalate (PET),
and FeCl3-FLG enhanced ITO (FeCl3-FLG:ITO)



85 CHAPTER 4. EXPERIMENTAL DEVELOPMENT

4.3.3 Laminator transfer
4.3.3.1 Introduction

PMMA is used throughout this work as a support layer when transferring FLG or
FeCl3-FLG to new substrates. PMMA is a widely used support layer, but it has
significant problems in relation to residue.” When PMMA is no longer needed it is
dissolved in acetone, this removes most of the polymer, but leaves residues, capable of
shorting a thin film device. The most common way to remove these residues is through
thermal annealing.”® This evaporates any remaining polymer molecules, removing
them. This is only possible for materials and substrates which are compatible with
high temperature. When FeCl;-FLG is transferred to PET, thermal annealing is not
an option.

A solution to this is to use a different polymer. One which is particularly attractive
is one which can be dissolved in water. This is simpler, safer, cheaper, and more
environmentally friendly. One such polymer is poly(vinyl alcohol) (PVA). It is safe to
use and non-hazardous.'® It is often used in hydro dipping.!! Here a pattern can be
printed onto water soluble PVA film, the film placed into water, and the film dissolves.
This leaves the print floating on the water, held together by surface tension. An item
can be dipped into the water, coating it in the print. It is this PVA film that is used.

The PVA film, designed for dipping transfers is already commercially available
and designed to dissolve in water quickly. If the residues can be reduced compared
to PMMA it could be a viable replacement. PVA films also have the added benefit
of being able to be applied dry. They have been shown to be able to transfer SLG
successfully from growth substrate to glass with minimal residues.? The dry transfer
in the past made use of a laminator, heating the substrate to 110°C while rolling and
applying pressure, this fuses it to the SLG, the PVA and SLG can then simply be
peeled off the growth substrate. 2

4.3.3.2  Layer-by-layer FeCls-FLG

In this work all the FeCl3-FLG is fabricated from Ni grown FLG. This is well suited to
intercalation because it is approximately 5 layers thick. One of the drawbacks however
of using FLG grown in this way is its low transmittance, small domain size, and high

surface roughness. Copper grown graphene is generally regarded as superior to nickel
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Figure 4.6: (a) Three sets of 2, 3, 4, and 5 layer (left to right) FeCl3-FLG fabricated
using the lamination transfer. (b) Microscope image of the surface of 2 layer FeCls-FLG
transferred by this method. (c¢) Transmittance spectra for the 2, 3, 4, and 5 layer FeCl3-FLG
fabricated using the lamination transfer. (d) Raman spectrum showing the G peak of a 5

layer FeCls-FLG sample fabricated using the lamination transfer.

grown in this regard.!3 If it is possible to make FLG from multiply transferred SLG
without residue this may be a better way to fabricate FeCl3-FLG.

FLG was obtained from collaborators (the group of P Bgggild at DTU) who fabri-
cated 2 - 5 layer FLG using the method described in Shivayogimath et al.'? This was
repeated 2 - 5 times to create the FLG.

This FLG was then intercalated as described in Section 3.2.1.2 to make FeCl;-FLG.

The FeCl3-FLG was then characterised by Raman, transmittance, and sheet resistance.
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Table 4.1: Properties of FeCl3-FLG prepared by laminator transfer. Before/after interca-

lation.
Layers || Transmittance Sheet resistance < PosG > FoM
(%) Qo) (em™)
2 layer 96 2321/714 1590 4/13
3 layer 94 848/186 1593 7/32
4 layer 92 807/89 1595 5/47
5 layer 90 811/91 1599 4/38

The results of these can be seen in Figure 4.6.

Figure 4.6 (a) shows the 2 - 5 layer FeCl3-FLG, the material appears uniform to the
eye, with decreasing transmittance with the number of layers. Figure 4.6 (b) Shows a
50 times magnification microscope image of the surface of a 2-layer sample. Some small
holes are present from damage caused by a four-point probe, the rest of the sample is
highly uniform, with none of the obvious domains usually seen in nickel grown FeCls-
FLG as there is in Figure 4.3 (b). The decreasing optical transmittance with layer
number is confirmed across the visible part of the spectrum in Figure 4.6 (c). Figure
4.6 (d) shows a Raman spectrum of a point on a 5-layer sample. This spectrum clearly
shows the presence of GG1, G, and (3 peaks which make up the cumulative G peak.
This indicates very strongly that FeCls can at least partially penetrate the layers when
transferred in this way.

The results of this study are summarised in Table 4.1. Here it is observed that after
intercalation the 4-layer FeCls-FLG prepared by laminator transfer gives the highest
figure of merit (FoM) at 47. This is a very respectable figure, outperforming the 35

1.4 as the minimum threshold for commercial viability.

that was indicated by De et a

While the < PosG > continues to increase with layer numbers, it can be seen
that the sheet resistance is stable at approximately 90 /00, and the transmittance is
reducing with each additional layer. This results in 4-layer FeCl3-FLG exhibiting the
best combination of properties.

The success in fabrication of FeCls-FLG using this method clearly warrants further
investigation. The material could be well suited to use as a transparent conductive
electrode (TCE) in OLEDs if a lower roughness can be verified. The indication given

by the FoM is that its electrical properties are well suited to use as TCE.



4.4. OLED CHARACTERISATION & OPTIMISATION 88

To continue the investigation into the lamination transfer method as an alternative
for PMMA supported transfers I examined replacing PMMA for this method in the
transfer of conventionally fabricated FeCls;-FLG to PET.

4.3.3.3  Nickel grown FeCls-FLG to PET transfer

The PVA transfer method employed was as follows. All samples were rinsed with
acetone, followed by IPA, before being blow-dried with nitrogen. The samples were
placed on top of the PVA film, and sent through a laminator (Swordfish Armoured 660
Heavy Duty) at 110°C. The samples were then baked on a hot plate at 110°C for 30
seconds. The sample, now firmly adhered to the PVA is peeled off the initial substrate.
The sample is placed onto the destination substrate and sent through the laminator at
110°C. The sample is baked on a hot plate at 110°C for 30 seconds. The paper support
is peeled off the back of the PVA film. Finally, the sample, attached to the destination
substrate is placed into a room temperature water bath for 24 hours. This dissolves
the PVA leaving the transferred sample on a new substrate.

The results of previous works!? involving copper substrates could be replicated for
SLG. The transfer of FeCls-FLG from glass to PET was not possible. At the point in
which FeCl3-FLG was to be peeled off the glass substrate the sample remained firmly
attached to the glass and did not stick to the PVA film. This result meant that going
forward PMMA remains the best support layer and the one used throughout this work.

4.4 OLED CHARACTERISATION & OPTIMISATION

4.4.1 OLED characterisation
4.4.1.1 Introduction

As mentioned previously OLEDs had not been fabricated in my group before, this
means the apparatus required to characterise them needed to be built. There are
several device parameters that need to be measured to fully assess device performance,
these are: bias voltage, device current, luminance, emission angle and wavelength.!®
The most basic measurements come from measuring the devices luminance while in

operation.
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Figure 4.7: (a) The calibrated luminance meter in a dark box measuring the OLED (inset).
(b) The goniometer setup measuring emission angle of an OLED. A photodiode inset into

the goniometer arm moves around the device due to the stepper motor.

4.4.1.2 Luminance measurement apparatus

At all times OLEDs referred to in this thesis are operated by applying a bias voltage,
Vorep, and measuring the current, /o, gp. This is done by a Keithly 2400 multimeter,
controlled by a LabVIEW routine. The most important parameter to measure when
the OLED is powered is the luminance, L. There are two ways in which this can be
done: using a photodiode, which will be discussed later, or using a calibrated luminance
meter.

The luminance meter was chosen as it is factory calibrated and certified, detects
luminance over the entire visible range and interfaces with the LabVIEW routine con-
trolling the experiment. The luminance meter used throughout this work is a Konica
Minolta LS-160 (Figure 4.7 (a)). This meter can detect a minimum luminance of 0.01
cd/m?, has an accuracy of + 2%, and minimum measuring area of 0.5 mm?.

The luminance meter was mounted along an optical rail, directly opposite the OLED
stage (Figure 4.7 (a)). The OLED stage could be moved by screw micrometers in x
and y, so as the relevant pixel could be put in the view finder of the luminance meter.
The luminance meter and the OLED were contained within a dark box. All natural
light was excluded, and the luminance meter reported values below the 0.01 cm/m?
threshold when measuring the dark.

It is possible to calculate two important metrics from these three measured param-
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eters. These are current efficiency (CE) in c¢d/A:

L

CE=———"
I OLED/ AQOLED

(4.2)

where aprgp is the OLED area being powered, and power efficiency (PE) in im/W:

L-aorgp-m
PE = 4.3
Iorep - Vorep ( )

4.4.1.3 Emission angle apparatus

To calculate the overall efficiency of an OLED device every photon being emitted from
the device needs to be captured. This is normally done using an integration sphere. An
integration sphere can capture photons emitted from all directions and redirect them
to a spectrometer. To accommodate the samples discussed in this thesis, which are
(12 mm x 12 mm x 1 mm), a relatively large integrating sphere would be required.
Because one of the aims of this work is to have a compact, low-cost setup, the emission
profile of the OLED is measured in a single plane using a goniometer, it can then be
assumed that this profile is uniform when the device is rotated. It is also assumed that
there is no back side emission. The emission angle measurement apparatus developed

can be seen in Figure 4.7 (b) and is drawn in Figure 4.8 for clarity.

4.4.1.4 EQF estimation

To compare my OLED devices with those in the literature and with other devices with
varying constructions it is important to know the EQE of the OLED.

EQE is the ratio of the number of photons emitted to the number of electrons
injected. The number of electrons can be calculated via the current supplied to the
OLED, Iprgp. Counting the photons emitted is not trivial.

There are two primary ways to count the photons out of a light-emitting device. The
most rigorous way is to physically capture all the emitted photons using an integrating
sphere. The integrating sphere captures all emitted photons and disperses them evenly
around the spheres surface. By taking a measurement on this surface the total number
of photons can be extrapolated from the intensity of the measurement. The advantage

of this method is that the emission profile of the device does not need to be considered.
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Figure 4.8: The emission angle apparatus used to measure the emission angle profile of
OLED devices. A photodiode sweeps over the OLED, controlled by a stepper motor. The
stepper motor is controlled by an Arduino microcontroller, the photodiode data is collected

using a LabVIEW routine.

The second way to estimate EQE is by using a photodiode to measure the light
intensity over a small solid angle out of the device and estimating the total light out
of the forward hemisphere from the known emission angle dependence. 1516

To measure the light output of the device a photodiode (Osram BPW21) with
known quantum efficiency (QE) is used. This quantity, Q(A), is given by the manufac-
turer. The photodiode operates in photovoltaic mode with a transimpedance amplifier
consisting of an operational amplifier (Texas Instruments LM348N), feedback resistor,
Ry, and feedback capacitor, Cy. This transimpedance amplifier setup is shown in Fig-
ure 4.9. The sensitivity, H, of the transimpedance amplifier can be calculated from

Equation 4.4.

‘/out
Ry

Ipp = — (4.4)

Where V,,; is the voltage out of the transimpedance amplifier, and Ipp is the current
supplied to the amplifier from the photodiode in the circuit seen in Figure 4.9. The
sensitivity, H, which has units of e“s7'V~! is the number of electrons that flow
resulting in 1 V' at the output terminal. This is calculated by taking the number of
electrons in 1 ampere of current, divided by . Bearing in mind 1 ampere is defined
as 1 C'/s. The charge on the electron is 1.6 x 107 C'/electron. Therefore, the number
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of electrons per Columb is m electrons/C. Giving 1 ampere being equal to
6.2 x 1018 7571,

Ry is chosen so as to adjust the gain in the system. The voltage at point A is
assumed to be always equal to zero. This is because the operational amplifier has a
very high input impedance and is connected to ground via the non-inverting input (+).
Therefore Ipp = Ig, = out/ Ry. This means V,,; = Ipp - Ry. To choose the resistor

value, the maximum expected photodiode current, Ipp,, .., is used:

Vmaaﬂ

Ry <
T = TpDoas

(4.5)

where V4. is the maximum voltage output of the op-amp, the voltage supplied to it,
in this work that is 5 V. If Ipp,,.. = 50 pA, then < 100 k2 resistor should be used.
(' ensures the stability of the device. In a real op-amp there will be some input
capacitance and stray capacitance across the inputs. This can cause output drift and
ringing oscillation. To eliminate this a capacitor is added in parallel. The capacitor

needs to be chosen with respect to a required bandwidth.

1

C; <
f= 27TRffp

(4.6)

where f, is the required bandwidth frequency.

The advantage of using the photodiode like this is that dark current is eliminated,
making the photodiode very sensitive to low light.

The effective solid angle Q2pp is now calculated. This is the solid angle swept out

by the circular photodiode. This value is given by Equation 4.7.

R
Qpp = 2m(1 — cos ED) (4.7)

where Rpp is the radius of the circular photodiode sensor, and D is the distance from
the device to the photodetector.
The photon flux, ¢pp, striking the photodiode at any given second for a given

voltage, V,,; is calculated.

H
CQpp

where C' is the photodiode QE, Q(\) weighted by the electroluminescence (EL)

¢pp = Vout (4.8)
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Figure 4.9: The transimpedance amplifier used in conjunction with a photodiode to measure
light intensity out of the device. This apparatus is used when measuring the emission angle

profile of the device.

spectrum of the device, S(A) and is given by Equation 4.9

O = J QM) - S(A\)dA
[ S(V)ax

(4.9)

The radiance of the device, R', is then given by R’ = ¢pp - Epnoton. Where Epporon,

is the average energy per photon and is given by Equation 4.10

h

1S\ - TCdA

Ephoton = —r—2
phot [ S(A\)dA

where h is Planck’s constant, and c is the speed of light.

(4.10)

With the angular distribution of light emitted measured, or assumed to be Lam-
bertian, as in this case, then R'(f) = R'cos(#). The total photon flux, ®, can then be
calculated by taking R'(6) and integrating it over the entire forward-facing hemisphere.

This is shown in Equation 4.11 for the Lambertian case.

d=_"

w/2
/ R(0)d0 = dppyr (4.11)
Ephoton 0
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From the original definition of the EQE we know that it is simply the ratio of

photons out to electrons in, this is seen in Equation 4.12.

(I) o qﬂ-H ‘/out

FQF = = .
@ [OLED/q CQpp Ipp

(4.12)

where ¢ is the elementary charge.
Going one step further from this will allow me to verify my results by comparing
them to those obtained by the luminance meter. To do this the response of the human
eye must be taken into account. For this S(A) must be weighted by the normalised
photopic curve, P(\), which reproduces the spectral response of the human eye when
normalised to 683.0021m W~!. This is defined as the conversion factor K, shown in
Equation 4.13
JPA)-S(A) - %cd)\
[ S(A)dA

(4.13)

which returns a value with units Im - s - photon™!.

With this conversion factor, K, the luminance can now be calculated, L, and the

current efficacy, neyrrent, and compare these to the values obtained from the luminance

meter.
OppK HK
L = = -V 4.14
QOLED CQppaorep rp ( )
HK
current — TN~ 1 % 4.15
1 ! CQpplorep rp ( )

Finally, the luminous efficacy (power efficiency) can be obtained, 7, in a similar
way to the FQF, by integrating the emitted photons over the entire forward hemi-

sphere. The result of which is shown in Equation 4.16.

THK Vep
CQpp Voreplorep

MNum = (416)

When using this method of FQFE estimation I now have a way of verifying the
result by comparing the estimated L, neyrrent, and my., to their respective values given

by the calibrated luminance meter.
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4.4.2 OLED optimisation
4.4.2.1 ITO etching

When investigating the properties of FeCl3-FLG as a TCE it is important to verify
those properties in a working device. For this OLEDs were chosen. In almost all
modern OLEDs the TCE of choice is ITO."*® ITO has become the industry standard
over decades for almost all TCE applications. Typically, ITO is sputtered onto glass for
use in OLEDs and photovoltaics (PVs).1? This meant it was easy to source patterned,
ITO covered glass for use in rigid OLEDs. One of the key material properties of FeCls-
FLG is that it is graphene-based and therefore flexible. This means ITO sputtered
onto PET needed to be patterned. While acquiring ITO coated PET was possible,
there was a need to develop a patterning method for ITO.

The method developed was as follows; ITO coated PET (Sigma Aldrich) is cut to
desired size and the region of ITO required for the device is protected by masking with
Kapton tape. The masked sample is then placed into HCl 2M for 2 minutes. The
sample is rinsed in DI water, followed by IPA, then blow dried with nitrogen. The tape
is removed, the sample is rinsed and dried again, and is now ready to be used in the
device.

When the masked region of ITO was inspected it remained clean and there appeared
to be no damage. The unmasked region had clearly been affected by the acid. Optically
it was clear that the ITO had been etched, the PET appeared undamaged. The sheet
resistance of the I'TO was unchanged, the unmasked region was no longer conductive.
When the roughness was measured using an atomic force microscopy (AFM) the ITO
retained its low roughness, as did the unmasked region. This method was subsequently
used to pattern all ITO coated PET used throughout this thesis.

I have already discussed the choice of OLED materials in Section 3.2.2. Here I
will show the optimisation of the chosen layers. Of critical importance in any OLED
device is the layer thickness. If layers are too thick, they will increase the overall device
resistance, block light out, and reduce overall efficiency. If layers are too thin electrons
or holes can pass through without the desired effect. It is important that the layer
thickness of each layer in the OLED is known and controlled to ensure optimal device

performance.
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Figure 4.10: (a) Performance of MoO3:PEDOT:PSS enhanced OLEDs, plotted against
spin-coat speed in RPM. The devices with spin speed of 2500 RPM clearly performed best.
(b) Performance of AZO enhanced OLEDs, plotted against spin-coat speed in RPM. The
devices with spin speed of 2500 RPM clearly performed best.

4.4.2.2 Inverted OLED

The structure of the inverted OLED in this work is FeCl3-FLG/ITO, aluminium doped
zinc oxide (AZO), polyethylenimine ethoxylated (PEIE), poly(9,9-dioctylfluorene-alt-
benzo-thiadiazole) (F8BT), MoO3:PEDOT:PSS, gold. These are the transparent cath-
ode, electron transport layer (ETL), hole blocking layer (HBL), emission layer, hole
transport layer (HTL), and metal anode, respectively. In this section I will investigate
the effect of various thicknesses of MoO3:PEDOT:PSS and AZO.

To do this MoO3:PEDOT:PSS and AZO were integrated into OLEDs in the way
described in Section 3.2.2. These materials were spun at speeds ranging from 1500
RPM to 3500 RPM, the rest of the devices were made in the way described in Section
3.2.2. In total 14 OLEDs were made, with 8 pixels each. Every pixel was tested for a
total of 112 pixels. For each spin speed 5 metrics were recorded, these were: luminance,
L, CE, PE, turn-on voltage, V, and yield. These values were averaged for each spin
speed and yield was calculated. To compare all these parameters at once a figure of
merit was used, this gave equal weighting to all 5 parameters. The figure of merit is

calculated as:
L-CE-PFE-Vp

OLEDgpoy = .
froM yield

(4.17)
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Figure 4.11: (a) AFM image of MoO3:PEDOT:PSS surface. The core-shell structure of
the material can be seen. (b) SKPFM map of the same. There is a peak-to-trough difference
in potential of 0.4 eV.

Figure 4.10 (a) & (b) shows the results of this investigation for MoO3:PEDOT:PSS
and AZO respectively. It is clear that the optimal combination of properties occurs at
2500 RPM for both MoO3:PEDOT:PSS and AZO. Going forward therefore all inverted
OLEDs will use these spin speeds for spin-coating MoO3:PEDOT:PSS and AZO. All
these samples were annealed in the same way. For AZO the samples were annealed by
placing on a hot plate at 200°C for 10 minutes. This temperature is too high for devices

that will be made on PET substrates, so the recipe will change to a 120°C anneal.

4.4.2.3 Work function of MoO3:PEDOT:PSS

The MoO3:PEDOT:PSS used in this work is a composite material made from a mix-
ture of MoOj in ethanol and aqueous poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS). The ink was originally proposed to allow MoOj3 to be solution
processed without aggregating into clumps.?® When in a mixture with PEDOT:PSS a
core-shell structure forms with PEDOT chains at the core, and MoOj3 particles con-
nected to PSS chains making the shell.?® The ink was chosen because of the known
effectiveness of PEDOT:PSS as a HTL, and because of the deep work function of MoQOs.
The very deep lowest unoccupied molecular orbital (LUMO) of MoOj3 should act as a
hole reservoir for the active material with no energy barrier.?°

Using an AFM and a technique known as scanning Kelvin probe force microscopy
(SKPFM) the electrical potential of the material was measured alongside a height

map. The results of this are seen in Figure 4.11. The core-shell structure can be seen
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clearly in Figure 4.11 (a). The tubular shapes consistent with a shell forming around
a long polymer chain. Areas where larger aggregates have formed coincide with deeper
work function consistent with the deeper work function of MoOj3 and their tendency
to form aggregates. The absolute values here are not relevant as the probe tip was
not calibrated before mapping, but the difference is. The areas with aggregates have a
work function up to 0.4 eV deeper than the other regions.

Overall, the surface is not as homogeneous as expected. The shell structure does not
result in a uniform work function. 0.4 eV is large enough to add significant resistance
to the device. The roughness is also high, at 19 nm. This however is not so much of
an issue for my devices, as this layer is deposited on top of the emission layer, and the
gold deposited on top is at least 60 nm thick.

Going forward an investigation using calibrated SKPFM must take place to deter-
mine the work function of this material layer. This could confirm whether the MoOs3

shell does act in the same way as evaporated MoQOj in providing a very deep LUMO.

4.5 SAMPLE BENDING

4.5.0.1 Push bender

To test OLED devices, substrates, and electrodes for bending performance a quanti-
tative bending apparatus needed to be built. Initially it was envisaged that a simple
push bender could serve this purpose. This device works by wedging a sample between
a gap so as the sample is lying horizontally, then reducing the size of the gap, forcing
the sample to bend. This device allows the sample to either rest on the sample holder,
or the sample is clamped down at both sides. The opposite edges of the sample are
pushed together so as the sample bends, this is done repeatedly, and can be seen in
Figure 4.12. This type of sample and material bending is reported widely. This type of
bending has major drawbacks, however. Figure 4.12 (a) shows the unclamped sample
being bent. The bending is not uniform across the device. There is almost no bending
at the left and rightmost edges, while there is a small bending radius in the centre.
This bending is not putting a uniform amount of stress on the device, the shape is
parabolic. Figure 4.12 (b) shows the clamped sample, here there are three points of
low bending radius. This configuration also potentially damages the device when being

clamped. To address these issues a completely different bending apparatus is required.



99 CHAPTER 4. EXPERIMENTAL DEVELOPMENT

sample
\
Flexible pouch i

r=3mm

Sample glued

Figure 4.12: (a) Image of a sample being bent using a push bender. The bending radius is
smallest in the middle of the sample. (b) Image of a sample being bent in a clamped push
bender. The sample bends at 3 points, the bending radius is not uniform across the device.
(c) The roller bender solution. The sample is attached to a belt which moves around a pin
of set radius. The sample (shown inset) bends around the pin in a uniform way, the entire
sample is subject to the same stress. The sample can be glued to the belt or slid into a

flexible pouch.

4.5.0.2 Roller bender

Based on the ideas in Li et al.?! I developed a roller bender apparatus. Here the idea
is to mount the test device on a belt and move the belt around a pin of fixed, known
diameter. This pin can be easily changed for different diameter pins, and hence different
bending radii. Figure 4.12 (c) shows the bending solution that I have employed in this
work. Here the sample is mounted to a belt and rolled around a pin of fixed radius.
This allows the entire device to be subject to uniform stresses. This apparatus allows
for bending around a fixed radius, the pin can be swapped out for a different size at any
point. This apparatus works by rotating a belt back and forward around the pin. The
rotation is controlled by a stepper motor controlled by an Arduino microcontroller. The
bender can repeatedly bend samples thousands of times in a controlled and repeatable
manner. The samples must be removed from the bender to be tested for performance.
OLEDs cannot be lit while in the bender, they must be tested before and after bending.
They can be tested multiple times by using the flexible pouch to hold the sample.
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4.6 SUMMARY AND OUTLOOK

A new Raman metric, < PosG >, has been introduced for assessing the intercalation
quality of FLG with FeCls. This metric was then used in a large area map to assess
the overall quality of FeCl3-FLG samples.

Through the optimisation of FeCl3-FLG fabrication the transfer process has been
enhanced for large area samples, preventing breakage, and allowing for more controlled
and repeatable transfers. Furnace temperature has also been optimised, this has re-
sulted in an increase in the measured < PosG >, and a reduction in the sheet resistance
of intercalated samples from =~ 200 /0 for the original 7 to ~ 100 §2/0 for the new
Ti. It has also reduced the variation between samples, meaning a more consistent ma-
terial can now be fabricated. This reduction in variation is particularly important for
use in OLEDs, as the consistency of ITO is very good, and the aim was to be able to
make fair comparisons.

I was able to optimise the OLED fabrication also. The material thicknesses were
assessed and compared to expected thicknesses. These were then assessed in working
devices using I'TO as the TCE.

The characterisation tools were constructed, in order to evaluate the performance
of OLEDs in the next sections. The EQE will be estimated for devices fabricated later
using the setup introduced here, without the help of an expensive integrating sphere.

Finally sample bending was introduced. Common bending techniques were com-
pared and built a setup to repeatedly bend samples around a constant and fixed radius,
thus subjecting a sample to a constant level of bending in a controlled and uniform

way.
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FECL;-FLG AS TRANSPARENT, FLEXIBLE ELECTRODE
IN OLEDS

5.1 INTRODUCTION

This chapter covers the integration of FeCls intercalated FLG (FeCl;-FLG) into organic
light-emitting diodes (OLEDs). The devices discussed in this chapter are solution
processed at relatively low temperature, often in ambient conditions. This satisfies
the requirements of potentially flexible, low temperature, solution processable, and
low-cost. The fabrication procedures of all the devices discussed in this chapter are
shown in Section 3.2.2. These OLEDs are repeatedly exposed to atmosphere during
the fabrication process and are not encapsulated for testing.

All devices are prepared in the same way, this allows me to compare them reliably
to each other. For this reason, I have elected to evaluate the performance of FeCl3-FLG
in OLEDs by comparing them to the same devices running with the industry standard
transparent conductive electrode (TCE), indium tin oxide (ITO).

The key properties to consider when evaluating FeCl3-FLG against ITO are the
sheet resistance, Rg, the optical transmittance, T, particularly the transmittance at
550 nm (Tss0) as this is most commonly cited! and the peak luminance of poly(9,9-
dioctylfluorene-alt-benzo-thiadiazole) (F8BT) is close to 550 nm, the work function,
®, and the flexibility. The transmittance of the TCEs can be seen in Figure 5.1 (a).

A material used as TCE with higher sheet resistance will result in an OLED device
with lower luminance uniformity and higher turn-on voltage.??® Lower luminance results
from the fact that there will be a high voltage drop across the active area of the device

and more voltage will be required to drive the same current and achieve the same
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1

brightness. Overall device efficiency will be reduced as a result, therefore FQF o

where external quantum efficiency (EQE) is defined in Equation 4.12.

If the material has reduced optical transmittance this will result in fewer photons
out of the device. This will be seen as a reduction in luminance. Overall device
efficiency will be lowered as a result with FQFE o« T'.

Any mismatched work function will create an energy barrier for electrons or holes
depending on inverted or conventional device structure.?* The energy barrier AE will

require higher voltage to achieve the same luminance. Overall device efficiency will

L
AV®

When considering the mechanical properties, materials with low flexibility will

reduce as a result, with FQFE

break when flexed. An open circuit will be created, and the device will not oper-
ate. As the material begins to crack small cracks may appear across the material,
this will result in a large increase in the material’s sheet resistance and so the device
efficiency will drop before failing completely. This is shown when I tested the flexibility
of FeCl3-FLG vs ITO.

The overall aim of this chapter is to access the performance of the solution processed
OLEDs with FeCl3-FLG electrodes. These will be benchmarked against ITO based
devices. Following devices on rigid substrates, electrodes will be assessed for flexible
performance, before devices are fabricated in the same was as before on these flexible
substrates. [ will then look at an alternative device architecture in an attempt to

improve the base device performance.

5.2 CHARACTERISATION

5.2.1 OLED materials characterisation

Before the OLED devices are tested, it is important to know if they have been fabricated
as expected. The transmittance of the electrodes can vary depending on the exact
material, substrate, and supplier, so transmittance was measured for all TCEs before
they were incorporated into OLEDs. Figure 5.1 (a) shows the optical transmittance of
the various TCEs from 420 nm to 850 nm, the limits of the spectrometer used. The
transmittance curves are all relatively flat, indicating uniform transmittance across the
visible range, consistent with what is observed. The numerical values for transmittance

are summarised in Table 5.3.
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Figure 5.1: (a) Transmittance data for the TCEs used in this chapter. The transmittance
value shown is the average value from 420 to 850 nm. (b) SEM image of the conventional

device. (c) SEM image of the inverted device. Each of the materials observed are labelled.

Table 5.1: Thicknesses of each material layer in the inverted and conventional OLEDs as
recorded by the SEM and the profiler.

Material Thickness (nm) Material Thickness (nm)
SEM ‘ Profiler SEM ‘ Profiler
Gold 59.5 60 Aluminium | 97.2 100
MoO3:PEDOT:PSS | 55.5 50 Liq 10 )
F8BT 71.4 224 F8:F8BT 58.0 80
AZO 119.0 90 TFB 25.6 40
PEDOT:PSS | 30.2 40

Once the devices are fabricated it is important to know that the layers were de-
posited correctly. Most issues can be spotted visually, but it is important to know the
layer thickness is approximately what is expected. This can be done by destructively
using a focused ion beam (FIB)-scanning electron microscope (SEM). The FIB is used
to mill a hole through the OLED, the sample is then viewed at an angle using the SEM.
Depending on whether or not good electrical contact can be made, more metal may
need to be deposited onto the device. In Figure 5.1 (b) I needed to deposit platinum
to get good contact. Each layer can be clearly seen for both the inverted device and
the conventional device in Figure 5.1 (b) and (c). The layer thicknesses were then
measured using the built-in measuring tool, and checked by measuring each layer using

a profiler. The results of this are summarised in Table 5.1.
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Figure 5.2: (a) Polar graph of emission intensity vs emission angle for an ITO based OLED.
The area under the curve is compared to that of ideal Lambertian emission. (b) The EL

spectrum of an ITO OLED with BiHill curve fit and a peak luminescence at 535 nm.

5.2.2  Methodology for OLED performance characterisation

To fully characterise the OLEDs made in this work the most widely reported value for
efficiency need to be known. This is the EQE which is derived in Section 4.4.1.4. The
first parameter needed to quantify to estimate the EQE is the emission angle profile of
the OLEDs. This is done using the setup described in Section 4.4.1.3. For this a rigid
ITO based OLED is used as reference.

When EQE is derived in Equation 4.12 it is assumed that the emission profile of
the device is Lambertian. This would mean that the measured emission is proportional
to sin(6), where 6 is the angle in degrees. As this may not be the case the emission
angle profile needs to be measured. In order to obtain the correction factor, the area
under the curve for the OLED device was compared to a Lambertian emitter, as seen
in Figure 5.2 (a). The resulting correction factor is C.F. = 100.95/114.59 = 0.881.
This correction factor will simply be multiplied by the EQE as calculated in Equation
4.12 to give the actual EQE value. In the OLED devices investigated here there is a
significant loss compared to a Lambertian emitter at high angles of emission. This is
likely due to some internal reflections caused by the 1 mm thick glass substrate with
the emitter on the bottom side.

The next device property that needs to be measured is its electroluminescence (EL)
spectrum, denoted S(XA). This is measured using the spectrometer in the custom-build

microscope setup seen in Figure 3.7. The sample is mounted on the sample stage and
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powered on, the light travels through the same optics used for transmittance measure-
ments seen in Figure 3.7 (¢). The measurement is then recorded by the spectrometer.
The results of this measurement are seen in Figure 5.2 (b). In order to integrate the
EL spectrum into the EQE derivation, the experimental data is fitted to find the func-
tion that best describes it. In this case the best mathematical description of the EL
spectrum curve is given by the biphasic Hill (BiHill) function® defined by:

Pm
T+ (B[t + ()]

k3

Yy = (5.1)
[

where P,, is the maximum, K, is the half-maximal activating, K; is the half-maximal
inhibitory, H, is the activation Hill coefficient, and H; is the inhibitory Hill coefficient.
When fit to EL spectrum, y represents intensity, and x represents wavelength. For
the fit shown in Figure 5.2 (b) has values of: P,, = 1.18396, K, = 5.09472 x 1077,
K; = 5.88633 x 1077, H, = 64.7142, and H; = 18.5058. The fit using this method
is excellent, evidenced by an R? = 0.99957, with a value of 1 indicating a perfect fit.
This fit using these values will be taken as S()) for the EQE calculation.

These values for the emission angle correction factor and S(A) will be assumed to
be constant for all devices tested. This methodology is appropriate because for the
correction factor the substrate is the major cause for the difference from a Lambertian
emitter, which is constant, and the S(\) will be the same for all devices fabricated
using an identical protocol.

When using the photodiode to measure device EQE, Equation 4.12 is used. To this
end, the photodiode voltage, Vpp, and the OLED current, Io;gp must be measured.
The remaining factors are constants for this arrangement.

For devices which are tested using the Konica Minolta luminance meter, rather
than the photodiode the EQE can be estimated, this is shown as:

AorepLqrm
EOE — 5.2
@ K -Iorep 52
where A) LSO - Bedy
P . . he
o= PN 50) -3 =1.67 x 107*° Im - s - photon™" (5-3)

[ S(N)dA
here P()) is the normalised photopic curve. To calculate the OLED EQE I now need
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Table 5.2: Summary of rigid ITO vs FeCl3-FLG OLEDs. Vi,

which the peak luminance occurs.

, refers to the voltage at

TCE L CE  PE  Vr V.. FEQE
material (ed/m?)  (cd/A) (Im/W) (V) (V) (%)
ITO (avg) 1155 0.4 02 48 64 01
(+) (199)  (02)  (0.1)  (0.3) (0.3) (0.1)
FeCl3-FLG (avg) 707 0.2 0.09 6 9 0.06

(+) (306)  (0.09) (0.04) (1) (1) (0.03)

ITO (best) 1256 0.94 0.54 5) 6.5 0.28
FeCl3-FLG (best) 1131 0.31 0.15 5 7.5 0.09

to measure just the luminance, L, and the current drawn by the OLED, Iorgp.
With this in mind I have measured the following OLEDs using the Konica Minolta

luminance meter and calculated the EQE from above.

5.3 RIGID OLED

5.3.1 ITO

Table 5.2 shows the summary of results of ITO-based OLEDs vs FeCl3-FLG OLEDs.
The devices compared here were all made in the same batch. The yield for the I'TO
devices was 91%, and 19% for the FeCl3-FLG devices. The criteria for “working” device
is luminance > 1 cd/m?, this is similar to the criteria for turn-on voltage, V7, which
occurs at the voltage required for 1 cd/m? luminance.%® Each pixel is tested from 0 V/
to destruction in 0.5 V' increments.

For the ITO based device, the peak values are all relatively low when compared to
the literature.” This is especially true when the estimated EQE values are considered.
The device could only achieve 0.28%. Usually reported ITO based devices achieve
~ 5% (up to 17.8%!'). This is almost certainly due to the fabrication method.
Solution processing using spin-coated materials is not as controlled or as clean as more
evaporated materials. Evaporation is now the more common deposition method in
research devices presented in the literature.'' Another significant issue is the device
processing conditions. The devices were processed partially in ambient conditions, they

were not encapsulated, and the device testing was conducted in ambient conditions.
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Figure 5.3: (a) Luminance, current density, and estimated EQE data from the best ITO

based OLED in the batch. (b) The same data for the best FeCl3-FLG OLED in the batch.
Peak values for both reported in Table 5.2.

The above fabrication and testing conditions resulted in very short device lifetime.
For the unencapsulated device, due to its short lifetime, the data collection method
can even make a difference. When using the Konica Minolta luminance meter, as done
in Table 5.2 (Figure 5.3), the acquisition time is 7 seconds. In this time the device will
partially degrade, this will be accelerated at higher bias voltages. Less degradation is
seen when the acquisition time is reduced as is the case when the photodiode is used.
The photodiode can measure in 0.1 s, this gives the device much less time to degrade,
and the device will get much brighter before dying. This effect was observed when
devices were tested using a photodiode and biased in increments as fast as possible.
The resulting peak luminance and EQE were ~ 4000 cd/m? and 1.2% respectively. Both
approximately 4 times larger than when tested with the other method. This shows the

importance of encapsulation and device stability which is discussed in Chapter 6.

5.3.2 FeCl3-FLG

The FeCl3-FLG based device summarised in Table 5.2 and seen in Figure 5.3 (b)
shows consistently lower performance compared to the ITO based device. The peak
luminance and EQE are on average 39% and 47% less for the FeCl3-FLG based device.
The only property that matches for both is the turn-on voltage. This low V suggests
that the material work functions are well matched in the FeCls-FLG devices.* Initially

it appears as if FeCl3-FLG and ITO perform similarly. At higher voltages however,
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Table 5.3: Summary of ITO vs FeCls-FLG properties.

RS Tavg T55Q P Flexible?
©@/0) () (o) (V)
ITO (on glass) 14 95 98 -4.7 No
FeCl3-FLG 110 76 71 -5.0to-5.5 Yes
ITO (on PET) | 60 92 91 -4.7 No

it is clear that the FeCl3-FLG device has a very low luminance to bias ratio. This
indicates high resistance, caused by the higher material resistance of FeCl3-FLG. At
higher voltages resistance will have a larger effect, at low voltages this is less likely to
occur and hence why similar turn-on voltages are seen. To achieve the same level of
brightness, the FeCl3-FLG OLED is biased at a much higher voltage, at 7.5 V' compared
to 6 - 6.5 V, indicating high resistance. In order to maintain the same current, a much
higher voltage is required.

The reduction in peak brightness is most likely caused by the transmittance of this
large-area FeCl3-FLG. The large-area FeCl3-FLG used in these devices has a transmit-
tance at 550 nm, Tss0 = 71%. The amount by which the luminance is expected to
drop due to the reduced transmittance of the electrode alone can be calculated. The

expected luminance Legpecteq 1S:

Liro
Lexpected = Trro X Trecis-FLG (5.4)

if the values are put on this and the transmittance is assumed to be constant across all
wavelengths, which is approximately true for FeCl3-FLG and ITO, Tiro = 95%, and
Liro = 1256 cd/m?, this gives Legpectea = 925 cd/m?. This suggests that for the best
devices, FeCl3-FLG outperformed ITO electrically, but not optically. Electrically this
device was at least 24% better than the ITO based device. This is interesting, as ITO
is smoother, and has a much lower sheet resistance on glass. It is suggestive of these
benefits being outweighed by the deeper FeCl;-FLG work function, resulting in better
energy level matching.

For the average case, where L;po = 1155 cd/m?, Lezpectea = 837 cd/ m?2, suggesting
that on average for FeCl3-FLG there are more factors causing a reduction in perfor-

mance than exclusively transmittance. I estimate that 29% of the losses are these other
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Figure 5.4: (a) Graph comparing the bending performance of FeCl3-FLG vs ITO. The
values given are a ratio of the initial value and are not absolute. (b) The same data as in

(a), however plotted on a log 10 scale. This allows me to show the extreme degradation of
ITO.

factors discussed below. These account for 16% of device performance.

The obvious area where the performance loss could be coming from is the sheet
resistance of FeCls3-FLG. The sheet resistance of FeCl3-FLG is almost 8 times higher
than for ITO. In these devices which are small (Aorpp = 4.5 x 107% m?) the dimming
caused by this is not expected to be very large. This is likely the primary cause of the
loss. The other major area where the losses could be occurring are regions where there
are pinhole defects, caused by the underlying material roughness, or possible holes.
As mentioned in Section 4.3.1, holes can take up as much as 18.5% of the few-layer
graphene (FLG) surface area.

Controlling for sheet resistance is more difficult. One way in which it can be par-
tially controlled for is to use a different substrate. While FeCl3-FLG maintains its
properties on polyethylene terephthalate (PET) substrate, ITO does not. The lowest
sheet resistance ITO on PET available commercially has a sheet resistance of 602/,
over 4 times higher than when on glass. The average transmittance is reduced from
95% to 92%. The properties of both TCEs are summarised in Table 5.3.
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5.4 MATERIAL FLEXIBILITY

One of the most important material properties of FeCl3-FLG is its flexibility. Flexibility
is a property inherent in graphene!? and extends to FeCls-FLG. ITO on the other hand
is known for its highly brittle nature.!%!% Extensive work has been done to enhance

1516 carbon nanotubes (CNTs),'” polymers,*®

the flexibility of ITO, using graphene,
and metal meshes and nanowires,'® however the structural properties that give ITO
its low roughness and high conductivity contribute to its brittle nature. Flexibility is
an important property to compare between FeCl3-FLG and I'TO electrodes.

I conducted bending tests on FeCl3-FLG and I'TO using the bender designed and
referred to in Section 4.12. For these tests small samples of FeCls-FLG were prepared
using the methods described in Section 3.2.1. These samples were FeCl3-FLG on PET,
they were cut into 12 x 12 mm squares, the same size as the OLED devices will be.
The samples were measured using the two-point resistance technique (Section 3.3.1.1).
The pristine samples were first measured to give an initial resistance Ry. This was
done by clamping samples between the two probes and measuring using a Keithley
2400 source measure unit. The samples were then bent using the custom-built roller
bender discussed in Section 4.5.0.2. The samples were bent 100 times before being
measured again, then bent another 100 times. This was repeated for FeCl3-FLG until
500 bends were completed, then the number of bends was further increased to 1000.
The results of this can be seen in Figure 5.4. Figure 5.4 (a) shows the data plotted
against a linear y-axis, Figure 5.4 (b) shows the data plotted against a logl0 y-axis.
This shows the slight increase, followed by constant resistance of FeCl3-FLG alongside
the extreme and continuous degradation of ITO. It was anticipated that ITO might
not survive as long, so it was tested initially after 50 bends. Both materials were
eventually bent through 2000 cycles. The final resistance value for FeCls-FLG was
R/Ry = 4.7, the final resistance value for ITO was R/Ry = 956. These values were
where the resistances of the materials stabilised, FeCl3-FLG reached R/Ry = 4 after
100 bends, ITO never stabilised, the relationship between bends and R/R, remained
linear up to 2000 bends.

This study shows the inherent flexible nature of FeCls-FLG. It proves that FeCls-
FLG on a large-area flexible substrate retains its low resistance after up to 2000 bending

cycles. It also shows the effect when compared to ITO. The result can be summed up
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Table 5.4: Summary of rigid ITO vs ITO on PET OLEDs.

TCE L CE  PE V7 V.. BQE
material (cd/m?)  (cd/A) (Im/W) (V) (V) (%)
ITO on glass (avg) | 1155 0.4 0.2 4.8 6.4 0.1
(+) (199) (0.2) (0.1) (0.3)  (0.3)  (0.1)
ITO on PET (avg) | 481 0.3 0.1 68 9 009
(+) (147) (0.2) (0.1) (0.5) (1)  (0.07)
Change -58% -15% -38%  +43% +39% -15%

by the fact the resistance of ITO increases by a factor of 50 after just 100 bending
cycles, while the resistance of FeCl3-FLG increases by a factor of just 5 after 2000
bending cycles. This sets FeCl3-FLG up to be a promising ITO replacement candidate
in OLEDs and other devices which require a flexible TCE.

5.5 FLEXIBLE OLED

There are several important reasons to look at comparing these devices for flexibility.
The first is the commercial relevance of flexible OLEDs. Bendable phones, tablets, and
computers are now available with bendable OLED screens.?’ These devices largely use
modified forms of ITO and a flexible substrate such as PET.2%22 The devices themselves
bend in an extremely controlled manner, with complex hinges, moving components, and
a single, controlled line of strain.?® Replacing ITO with a material that is truly flexible
is of high importance for future emerging flexible electronic technologies.

Within this work investigating flexibility of devices is important as it gives more
information about the primary contributory properties of FeCl3-FLG in OLEDs. It
enables me to control for and investigate the role of sheet resistance, with the sheet

resistance of ITO on PET being 4 times higher than on glass.

5.5.1 ITO

The first way I will examine flexible OLEDs is by looking at the properties of ITO
based OLEDs. These devices are fabricated in the same way as rigid OLEDs, only
on a flexible ITO on PET substrate. These devices were made in a different batch;

however they were made soon after the rigid OLEDs, and all of the materials were
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stored in a nitrogen glovebox to prevent degradation. The results of this study can be
seen in Table 5.4.

The overall efficiency of the ITO OLED on flexible substrate has reduced by 15%.
More significant changes are the reduction in peak luminance (-58%) and the increase
in turn-on voltage (+43%). The increase in turn-on voltage can be attributed to the
increased sheet resistance of I'TO on PET. Higher voltage is required to draw the same
current across the electrode. The significant increase in turn-on voltage is the most
interesting change in device performance. This is because the only large change in
properties between rigid and flexible devices is the sheet resistance, from 14 /0 to
60 /00, the change in turn-on voltage is from 4.8 + 0.3 V to 6.8 £ 0.5 V, an increase
of 43%. When ITO is compared to FeCl3-FLG the change in turn-on voltage is from
4.8 +£ 0.3V to 5.7 £ 1.1 V, an increase of just 19%. It is clear from these results that
FeCl3-FLG is much less affected by high sheet resistance than would be expected if it
was [TO.

This effect can be quantified. I know that the increase in sheet resistance for ITO on
PET and FeCl3-FLG compared to just ITO on glass are 328% and 386% respectively. I
also know that the increase in turn-on voltage for both is 43% and 19% respectively. So,
the percentage increase in turn-on voltage per percentage increase in sheet resistance
for both is 0.13 and 0.03, respectively. Therefore, I can say that the change in turn-on
voltage is 4.7 times more dependent on sheet resistance in the case on ITO than it is in
the case of FeCl3-FLG. This indicates the superior work function is likely damping the
expected negative effect of high sheet resistance in the case of FeCl3-FLG electrodes.

5.5.2 FeCl3-FLG

Although FeCl3-FLG based OLEDs were successfully fabricated on glass substrates,
the yield was at all times low. Often devices would short circuit as soon as they were
biased, with the current immediately hitting the compliance limit. This is most likely
caused by contamination on the surface of the FeCl3-FLG, or just the higher surface
roughness of the material.

The same problem appeared when fabricating FeCl3-FLG on PET OLEDs. In total
96 FeCl3-FLG on PET pixels were fabricated and tested, none worked. At the same

time ITO on PET devices were always fabricated as control, of these 32% of pixels
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Table 5.5: Summary of ITO OLEDs for both device architectures.

TCE L CE PE Vr Vipeww  EQE

material (cd/m?)  (cd/A) (Im/W) (V) (V) (%)

ITO (inverted) (avg) 1155 0.4 0.2 4.8 6.4 0.11
(+) (199)  (02)  (0.1)  (0.3)  (0.3)  (0.07)

ITO (conventional) (avg) | 1124 0.8 0.11 14 26 0.28
(£) (773) (0.4) (0.06) (4) (5) (0.14)
Difference 3% +H128% 4% +196%  +301%  +150%

fabricated and characterised worked.

5.6 ALTERNATIVE ARCHITECTURE

The inverted FeCl3-FLG OLEDs fabricated so far had shown low yield on glass sub-
strate and failed to work entirely on PET substrate. For this reason, a new device archi-
tecture was introduced. This is the conventional device structure which was discussed
in Section 3.2.2.2. The structure of this device is FeCl3-FLG or ITO, PEDOT:PSS,
TFB, F8:F8BT, Liq, aluminium. The device and its energy levels can be seen in Figure
3.3 (b).

One of the primary reasons for choosing this structure, conventional in particular,
was to better match the work function of FeCl3-FLG with its adjacent layer. The
energy barrier in this new device is 0.2 eV, as opposed to 1.4 eV in the previous
device. This should mean that this new device structure slightly favours FeCl3-FLG
electronically. The overall device thickness is slightly less however, which may make it
more susceptible to roughness. In the previous inverted device, the active layer was ~
200 nm thick, in this device it is just 80 nm.

Investigating this architecture operating with a rigid ITO electrode the very large
turn-on voltage is clearly seen. When compared to the inverted device (in Table 5.5) the
major parameter differences are the voltages, with both the turn-on, and the voltage
at peak luminance being over two times higher. The turn-on voltage has risen from
4.8 V to 14 V, while the voltage at peak luminance has risen from 6.4 V to 26 V.
This is indicative of a large energy barrier in this device that can only be overcome
by very high voltage. Despite this high voltage requirement, the average EQE of the

conventional device is 150% better than the inverted device at 0.28% compared to
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Figure 5.5: (a) J-V-L curve and EQE of the inverted device, this device has a low turn-on
voltage and operating range. Stopped measurement at 12 V. (b) J-V-L curve and EQE of

the conventional device, this device has a much higher turn-on voltage and operating range.

0.11%.

The much higher operating voltage can be clearly seen in the J-V-L curve in Figure
5.5. What is also notable is the very large working range. The EQE remains much
higher for much longer in the case of the conventional device structure. This is the first
indication of the enhanced stability of this device architecture, an important parameter
for measuring device bending, and other parameters such as EL and emission angle.

As with the inverted device, all flexible devices fabricated with FeClz-FLG electrode
failed. The reason for this can be attributed to the same as in the case of inverted
devices. The roughness issue was likely more acute due to the thinner active layer;
however the work functions were better matched and this should have contributed to a
higher device performance when using FeCl3-FLG. Overall, the efficiency of the flexible
ITO based conventional device was better and more stable than previous.

While it was not possible to fabricate OLEDs using primarily solution processed
materials, they were fabricated by Dr Liping Lu (for an as yet unpublished work where
[ am a joint first author), using primarily evaporated materials, on rigid substrates
(Figure 5.6). In this case the MoOj (as opposed to MoO3:PEDOT:PSS), and calcium
were evaporated in inert atmosphere systems.

Device performance was assessed by looking at J-V-L curves and calculating current
efficiency (CE) from them. The conventional device performance based on FeCl;-FLG

and ITO are very similar, and their J-V-L curves are nearly overlapping, the FLG
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based device however demonstrates a significantly lower efficiency. The efficiency of
the conventional device is not as good as the inverted device, therefore focus is shifted
to the inverted device, as the inverted structure appears to be optimal for all devices.

Figure 5.6 (¢), (d), (e) and (f) shows the CE and J-V-L curve of an inverted structure
based on the FeCl3-FLG and ITO. Here a more consistent J-V-L curve for sequential
measurements of the same pixel of FeCl3-FLG based devices compared to ITO based
is seen. It even improves slightly after 3 sequential measurements of the same pixel.
This indicates the stability of FeCl3-FLG based devices are better, as these devices
are all tested in ambient conditions. This is likely due to the impermeability of the
graphene layers. The peak CE of the FeCl3-FLG devices is also better than the I'TO
equivalent, with CE above 20 ¢d/A compared to ITO’s 15 ¢d/A. The current turn-on
and luminance turn-on voltage is observed at around 4 V' which is higher than the
results from previous studies.?*2Y This is likely due to the process of how ZnO thin
film is deposited. In previous studies, the ZnO layer is deposited via spray pyrolysis at
a temperature of 400°C which would allow for the uniform formation of relatively good
crystallites.?® Aluminium doped zinc oxide (AZO) is spin-coated, this quick process
might not allow the enough time for a formation of good crystallites and/or a uniform
coverage of ZnO on the ITO surface. Nevertheless, the performance of the electrodes is
the interest here and this ZnO effect should have the same impact on the performance
of all electrodes presented.

Since intercalation of FeCl3-FLG varies from position to position due to its patch-
work structure, ranging from single layer to six layers as indicated by Raman spectra,
it is necessary to understand whether there is a big discrepancy in device performance
on the macroscopic scale. Figure 5.6 (g), (h), (i) and (j) illustrate the J-V-L character-
isation and CE of the inverted structure based on FeCls-FLG and ITO with F8BT film
thickness of 200 nm at different positions. The results show that the current density
and luminance for different pixels on the same devices partially overlap in the case of
devices based on FeCl3-FLG, hence a good uniformity over the surface of FeCl3-FLG. It
is also clear that their efficiency is very similar and, in some cases, better than devices
with ITO as cathode. Though the devices based on ITO shows similar efficiency on
different pixels, there is still a discrepancy in the current density and luminance from
different pixels on the same device as indicated in Figure 5.6 h.

In general, the inverted devices all perform better than the conventional devices.
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Figure 5.6: The architecture of inverted devices (a) and conventional devices (b)
with FeCl3-FLG, FLG and ITO as bottom electrodes, respectively. J-V-L curves and
current efficiency for sequential measurements, run 1, 2 (and 3), in inverted devices
with FeCl3-FLG, (c) & (e), and ITO, (d) & (f) as cathodes. Unfilled points corre-
spond to the luminance axis. The J-V-L characterization of the inverted structure on
FeCl;-FLG (g) & (i), and ITO (h) & (j), where each colour corresponds to a different
location on the electrode. Although FeCl3-FLG has a patchwork structure and film
thickness from single layer to 5 layers, the results show that the current density and
luminance at different positions on the devices almost overlap with each other. This
demonstrates good uniformity across the surface of FeCl3-FLG. The devices on ITO
show similar efficiency, however there is still a variation in current density and lumi-
nance at different positions across the ITO substrate. In (g), (h), (e) & (f) unfilled

data points correspond to luminance and filled to CD or CE.

The device performance based on FeCl3-FLG in inverted structures appears better
than that based on ITO, and ITO based devices outperform devices based on FLG.
In the case of conventional structure, FeCl3-FLG and ITO based devices show very
similar performance whereas devices based on FLG have a lower current efficacy. The
fact that conventional structures give lower efficiency compared to inverted structures,
is very different from the previous studies using this architecture, where devices with
both conventional and inverted structure show similar efficiency.?42? This might have
to do with the different choices of poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS). Nevertheless, FeCl;-FLG is shown to be more efficient, and more
consistent across a 70 mm? area, than ITO and pristine FLG.

In summary, from all the rigid devices made here, in general the current efficacy on
FeCl3-FLG is similar or slightly higher than on ITO and the brightness of devices with
FeCl3-FLG electrodes is similar or slightly lower than on ITO. This agrees with what
would be expected given that the transmittance of FeCl3-FLG in visible range is lower
than that of ITO. The transmittance of FeCl3-FLG is lowest around the wavelength of
400 nm to 550 nm and as the peak luminance of F8BT is centred on 535 nm, it follows
that FeCls-FLG OLEDs based on yellow or red emitting polymer should perform even

better than those shown on F8BT. These devices should therefore more comfortably
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outperform ITO based devices.

5.7 SUMMARY AND OUTLOOK

I have investigated the role of FeCl;-FLG in solution processed (spin coated) OLED
devices. These devices were fabricated in ambient and inert environments, they were
not encapsulated for testing.

OLED devices were first fabricated, then characterised to ensure expected param-
eters, such as layer thickness, matched the recipe. The transmittance of the electrodes
was also measured and verified with previous works.

The first devices characterised were those with an I'TO TCE on rigid glass substrate.
The emission angle profile was measured to compare it to the expected Lambertian
emission. The difference will act as a correction factor on estimating the EQE without
an integrating sphere. To estimate the EQE itself (defined in Equation 4.12) I measured
the EL spectrum of the device. This EL spectrum was assumed to be the same for the
FeCl3-FLG device, as the transmittance spectrum of FeCl3-FLG is approximately flat.

Rigid ITO and FeCl3-FLG devices were then measured and compared. I reported
that the peak luminance and EQE are 39% and 47% less for the FeCl3-FLG based
device. This significant reduction in performance is likely caused by the low material
transmittance, pinholes caused by the high roughness, and the lack of encapsulation
exacerbating that issue. I noted that the FeCl3-FLG based device was brighter than
expected for the low transmittance. I also noted that the turn-on voltage was equal to
the ITO based device. This is indicative of good work function matching, despite the
other issues.

I then moved onto flexible substrates. First the TCEs were characterised for bending
performance. I found that the resistance of ITO increases by a factor of 50 after just
100 bending cycles, while the resistance of FeCl3-FLG increases by a factor of just 5
after 2000 bending cycles. FeCl3-FLG is clearly a superior flexible conductor.

OLEDs were then examined on flexible PET substrates. Here the performance of
the ITO device was reduced compared to the rigid device, likely due to the increased
surface roughness and sheet resistance of the substrate and TCE. I was unable to
fabricate a working FeCl3-FLG device on PET. Most likely for the same roughness

related reason.
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I then examined OLEDs using an alternative architecture, these devices used the
conventional device structure. For ITO devices this resulted in a large increase in
performance, EQE increased by 150%. This device structure was chosen so as to
better match the work function of FeCl;-FLG. The failure of FeCl;-FLG based devices
here is again likely due to the surface roughness. The layers in this architecture were
thinner than the last, making it more sensitive to high surface roughness.

Finally, I examined the unreported work carried out by a colleague using devices
which involved the evaporation of MoQOg, and calcium. Here, in contrast with the solu-
tion processed work, the inverted devices showed better performance. The FeCl3-FLG
based devices outperformed the ITO based devices and showed better uniformity. The
FeCl3-FLG used in this work was prepared in the same way, only the device fabrica-
tion was different. It indicates device related issues, not exclusively TCE. Nonetheless
in this work, the TCE appeared to be the common cause of failure. It is therefore
extremely important to attempt to mitigate the effects of a rough TCE and also find

a way of obtaining a smoother film.
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NOVEL ENCAPSULATION OF OLEDS

6.1 INTRODUCTION

The flexible FeCls intercalated FLG (FeCl3-FLG) based organic light-emitting diodes
(OLEDs) showed poor performance, the most significant part of this was put down
to roughness, the pinholes that this causes, and therefore the ability of moisture and
oxygen (ambient conditions) to enter the device.

One of the biggest problems with current OLED materials is their fast degradation
in ambient conditions.® This is caused by moisture and oxygen in the atmosphere.? For
this reason, commercially all OLEDs and photovoltaics (PVs) are fabricated in inert
environments.? It is for the same reason that I have attempted to conduct as much
fabrication as possible in the inert environment of a nitrogen glovebox. In commercial
processes the final step is to encapsulate the device, usually using atomic layer deposi-
tion (ALD) of Al,O3 or using Barix technology.* The latter is a method that involves
laying down alternating films of organic and inorganic films as barrier layers. This is
done to prevent further device degradation after fabrication and extend the lifetime of
the device.

One of the problems when measuring emission angle or electroluminescence (EL)
spectra, which require constant luminance, is the variability of device performance
over time. When one of the encapsulated devices which was biased at a constant 20
V' is examined, a large change in luminance over time is seen (Figure 6.1 (b)). The
device takes up to 2 hours to reach peak performance, before starting several hours of
degradation. For measurements which require stable luminance this is not useful. I

therefore measured devices at constant luminance, this is discussed in Section 6.4.3.
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Figure 6.1: (a) OLED data taken using a photodiode rather than calibrated luminance
meter. Each data point could be taken much quicker, resulting in a higher luminance than
usual. (b) Graph showing the luminance of an encapsulated device biased at a constant 20
V over time. The device is very slow to come up to peak luminance, indicating a large, time

dependant device evolution.

One way to mitigate against the fast degradation and variability of OLED devices
is to measure the device quickly. This may be appropriate when peak performance
numbers are sought. This is seen when I measured the device with a photodiode,
rather than the usual calibrated luminance meter which takes 7 seconds to acquire
each data point. Figure 6.1 (a) shows values of peak luminance and external quantum
efficiency (EQE) which are much higher than is usually seen for this architecture. This
is due to the very fast measurement, 0.1 seconds per data point. The peak luminance,
when taken this way, was the highest I recorded from over working 470 devices tested.
This method is not practical for measuring emission angle, or EL spectra.

The only reliable way to stabilise the device performance and protect from degra-
dation is to encapsulate the device. I have attempted several methods in this chapter,

getting remarkable results from a simple wax based encapsulation.

6.2 DEGRADATION FACTORS

OLEDs are extremely sensitive to many operational conditions, these include: oxygen
and moisture permeation, heat, light, and electric field. When heat, light, and electric
field are considered, there is not much that can be done. Devices must be biased in order

to operate, so an electric field will always be present, degradation caused by this cannot
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be easily remedied. Heat and light too result directly from device operation, heat may
be able to be transported away from the device efficiently, however light degradation
will always persist. External factors such as oxygen and moisture permeation can be
effectively controlled for however using encapsulation.

The most serious obstacle restricting the commercialisation of OLEDs further is
degradation.* Therefore overcoming this issue on all scales, from the lab to fab is
extremely important. To do this the degradation mechanism oxygen and moisture
has on a device must be understood. There are several mechanisms that have been
proposed, all play at least some part in the degradation. These are oxidation, of the
metal electrode with the device layers leading to the oxidation of hydrogen,® and the
oxidation of the organic layers themselves.® These have been shown to be related to the
formation of dark spots on the device.” '° These dark spots result in the areas in which
pinholes occur. These form around impurities or contaminants from the fabrication
process. Shadows then form around these points, this is due to water and oxygen

ingress through the pinhole, increasing the size of the dead zone.*

6.3 ENCAPSULATION CLASSIFICATION

By encapsulating devices, they can be sealed in an airtight environment and protected
from oxygen and water ingress, the volatile decomposition of the organic layers can
also be prevented, even when the decomposition reaction is not fully reversible.*

Any encapsulation method should satisfy some basic requirements. The material
should have a high dielectric constant, be highly transparent, resistant to ultraviolet
(UV) and thermal irradiation, be inert, and have high mechanical strength. !:12

The ability to prevent oxygen and moisture entering the device is of particular
importance. There are minimum requirements generally recognised for commercial
devices. I have not categorised my materials in this way, however it is nonetheless im-
portant to recognise the minimum standard. The recognised maximum water vapour
transmission rate (WVTR) value for OLEDs is 107¢ g/m?/day.'® The maximum oxy-
gen transmission rate (OTR) value is 1072 — 107° ¢m?®/m?/day/atm

Considering encapsulation itself, it can be broken down into two categories, these
are cover encapsulation, and film encapsulation. Cover encapsulation involves sealing

the device with a cover or lid using an adhesive. Film encapsulation is when a barrier
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film is deposited onto the device to protect it. I will discuss both in this work. Glass
cover slip with UV epoxy is an edged-cover encapsulation, along with lamination, wax
encapsulation is a form of film encapsulation. One of the primary differences between
the two is the ability of film encapsulation to transfer heat away from the device,
helping to prevent thermal degradation.?

One of the most common encapsulation techniques is ALD of Al;O3. This is known
for its flexible, ultra-thin, pinhole-free micro-structure, and accuracy of deposition.*

In laboratory settings ALD of Al,O3 is common, however, the ALD deposition
process usually requires long processing times, meaning ALD is not always practical
in commercial settings.* More commonly in laboratory settings a glass cover slide is
placed onto the device and glued in place using a UV-cured optics grade epoxy.* In this
section I attempted to extend the lifetime and stability of my devices through various
methods. The UV method uses glass, and so is never relevant for flexible devices, ALD
is often used when flexibility is required. 1 attempted this method with rigid devices,
nonetheless. I also attempted a method involving “laminating” a plastic encapsulation
layer onto the device, and finally I attempted to use a flexible wax encapsulation layer,

this was applied wet and offers total device coverage.

6.4 ENCAPSULATION METHOD

6.4.1 UV epoxy and coverslip

The first way in which OLEDs are encapsulated is the easiest laboratory encapsulation
technique, with UV epoxy and a glass coverslip. The cover slip is made from diced
standard microscope slides into a rectangle measuring 7 x 10 mm. This is just large
enough to cover the same area as the transparent conductive electrode (TCE), while
leaving the contacts exposed. In this configuration moisture and oxygen ingress may be
possible at the edges, however it is essential to leave the contacts uncontaminated with
epoxy. This pattern can be seen in Figure 6.2 (a). The epoxy used is “Encapsulation
Epoxy for Photovoltaics and OLEDs” (Ossila - E132).

When the OLEDs are fabricated in the way described in Section 3.2.2, they are
sealed in a moisture barrier bag in an inert atmosphere. The encapsulation takes place
in ambient conditions in a cleanroom. The bag is opened at the last possible moment.

A single drop of epoxy is dropped onto the centre of the device before the coverslip is
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Figure 6.2: (a) The encapsulation pattern used in the UV epoxy and glass coverslip en-
capsulation method. The red area is the encapsulated area, the rest of the device is exposed
to allow access to the contacts. (b) The encapsulation pattern used in the laminator encap-
sulation method. The whole device is encapsulated except small holes which are laser cut to

allow access to the contacts. (c) Photograph of the real device after lamination.

placed on top. The coverslip is adjusted so it is in the centre and allowed to settle for
a few seconds. This allows the epoxy to spread out under the cover slip. The device is
then loaded into a Kloé UV-KUB 2. The UV source is set at full sample exposure, at
100% power for 5 minutes.

The device is then removed from the UV source and placed into a desiccator until
it is characterised. This is done to ensure minimal degradation between long lifetime
testing.

The major downside to encapsulation with a glass coverslip is the loss of flexibility.

Therefore, some flexible encapsulation technique is highly sought after.

6.4.2 Laminator encapsulation

Encapsulation has been shown to improve device flexibility on its own.'* So, a flexible
alternative was desired to help improve the performance of OLEDs on polyethylene
terephthalate (PET). Additionally, an encapsulation method that reduced the size of
the encapsulation edges was sought.

The solution was to laser pattern standard office laminator sheets. These are 150
pm thick and have a heat activated glue, and fuse together creating a sealed enclosure
at just 110°C. This might seem to violate the principle that OLEDs are very sensitive
to heat, however OLEDs have been encapsulated successfully with thermally activated

(100°C) adhesives before.'® The pattern used allowed a much smaller open area for the
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contacts to access the electrodes. This pattern can be seen in Figure 6.2 (b).

The OLEDs on PET were made in the way described in Section 3.2.2. They are
then sealed in a moisture barrier bag in an inert atmosphere. The encapsulation takes
place in ambient conditions in a cleanroom. The bag is opened at the last possible
moment. The OLED is slid into the patterned laminator sheet pouch. The pouch is
held between two sheets of paper to prevent it getting lost in the rollers of the laminator.
The pouch and sheets are then sent through the laminator (Swordfish 40352), which is
set to 110°C. The device is placed into a desiccator before testing.

One of the issues that occurred with the laminator encapsulation was ensuring the
encapsulation layer always remained adhered to the sample. Therefore, it is necessary

to continue to investigate more encapsulation methods.

6.4.3 Wazx encapsulation

A different way of encapsulating the entire device involves wax encapsulation. This is a
form of film encapsulation, like ALD encapsulation. In this form of encapsulation, the
layer is adhered extremely well to the sample, and there is no way for air or moisture
to get in, or for volatile gasses to escape. This form of encapsulation traditionally has
excellent thermal transport properties.?

This involves coating the sample in beeswax. The sample is masked off to protect
the contacts using dicing tape. The exposed region, the same as in Figure 6.2 (a), is
used. The samples are spin-coated in a cleanroom environment and then baked on a
hot plate at 80°C. The dicing tape which acts as a mask is gently peeled off to reveal
the contacts. The device is placed into a desiccator before testing.

Over a very long time, this method may be limited by how soft the material is,
and the oxygen permeability of the wax. Pinholes may form in the film, limiting its

lifetime.

6.5 RESULTS

As this study was on improving the stability of the OLED devices, and not on electrode
performance, the indium tin oxide (ITO) based OLEDs were used. These were used in

the conventional configuration.
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Figure 6.3: (a) The half-life of the epoxy encapsulated devices is compared relative to
the half-life of unencapsulated devices from the same batch. (b) The same comparison for

devices encapsulated using the laminator method.

6.5.1 UV epoxy and coverslip

The devices which were encapsulated using epoxy, and the devices encapsulated using
the laminator method were tested in the same way. A test device from the batch was
first characterised from 0 V' to failure. The voltage required to power it to 80% of peak
luminance was chosen to do the lifetime tests. The lifetime tests were then carried out
by holding the device at this voltage until the luminance fell by half, to L; /. This way
the half-life of the OLED could be calculated. The half-life, ¢, 5, is given in Equation
6.1:

t1/2 = tLl/Q - tha,z (61)

where ¢, , is the time it takes for the luminance to fall to half its peal value, and tr,,,,
is the time at which the luminance was at its peak value.

The half-life of devices tested with epoxy encapsulation was shown to be 2.8 + 0.4
times longer than unencapsulated devices from the same batch. This is seen in Figure
6.3 (a), which shows the improvement in performance gained by using the conventional
encapsulation technique. It should be noted however that the yield of devices tested
using this method was low, with many devices seemingly failing in the same way. Scorch
marks were observed on the device itself, suggesting very poor thermal performance.
This is something that is often observed when encapsulating devices in this way. ¢
Often a solution to this is to use a glass cap, filled with a getter that can dissipate
heat, this could be in the form of a liquid getter.® As with all devices encapsulated in

this way, this method does not allow for flexible devices. It is therefore necessary to
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investigate an alternative encapsulation method.

6.5.2 Laminator encapsulation

The half-life of devices encapsulated using the laminator method were shorter than the
unencapsulated devices from the same batch. These devices showed a half-life that was
just 0.8 £ 0.1 times the unencapsulated device. This can be seen in Figure 6.3 (b). The
devices in this configuration were more covered than those with epoxy encapsulation,
so they were expected to produce better results. The likely reason for the poor results
is the thermally activated glue in the lamination sheets. The glue was not sufficiently
strong enough to bond with the device layers below. The lamination sheet could be
seen to be lifting off the surface. This is likely what lead to equivalent lifetime to the
unencapsulated reference. As the lamination sheet lifted off, in some instances it was
seen to peel up device layers, especially the electrodes. This is most likely what lead
to the reduced performance compared to the reference devices.

It is possible that some of these issues could be solved in future with stronger
glue. For commercially available lamination paper however, the glues used are not
published. This would make a further study of this technique extremely difficult. If it
works however, it could provide an extremely simple and cheap way of encapsulating

flexible OLED devices on the laboratory scale.

6.5.3 Waz encapsulation

The longevity of devices encapsulated with wax were analysed differently to those using
epoxy or the lamination method. This was because these devices were more stable and
so a more relevant method could be used.

The devices tested in this section had their luminance constantly measured. If the
luminance fell above or below 105 or 95 cd/m?, the voltage was adjusted down or up
by 0.1 V until the luminance was back within that range. This adjustment was carried
out automatically by a LabVIEW script. The luminance, voltage, and current were
measured at all times. The initial luminance was chosen so as the device would be
close to, but not over 100 cd/m?, to prevent damage. This was done by first measuring
a device from 0 V to failure. When the device can no longer sustain 95 c¢d/m? despite

increasing voltage then the device is declared failed, and the failure time is recorded
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Figure 6.4: (a) The J-L curve of an encapsulated OLED undergoing lifetime testing. The
dashed grey line shows where the device fails to remain above 100 cd/m? (b) The comparison

of relative lifetime of an unencapsulated device vs a wax encapsulated device.

as the device’s lifetime.

The J-L curves of a wax encapsulated OLED, lifetime tested in the way described
is shown in Figure 6.4 (a). The luminance initially goes above 100 cd/m? and the
system attempts to reduce the voltage, hitting the upper limit several times as despite
reducing voltage, the luminance continues to rise. This is consistent with other devices,
taking some time to become stable after turning on. The luminance then begins to fall
and starts hitting the lower limit before voltage is increased. As this is happening with
the luminance the EQE undergoes a large drop from its initial value. All metrics now
become very stable after 30 minutes. The device EQE steadily declines throughout the
life of the device, as would be expected. Before the device fails to remain lit evidence
of failure is seen in the rapidly increasing current density and tumbling efficiency.
Eventually the device fails to remain within the 95 - 105 c¢d/m? window, and despite
rising voltage fails quickly. The device shown here is typical of the devices tested for
lifetime.

When the lifetime of wax encapsulated OLEDs is compared with an unencapsulated
device from the same batch a very large difference in lifetime is observed. Figure 6.4 (b)
shows the comparison of the best performing devices of each type. The lifetime values
are with respect to the lifetime of the unencapsulated device, which has a lifetime of
1. The wax encapsulated OLED showed a lifetime ~ 13 times higher.

For laboratory encapsulation this method is low-cost and simple and can be adapted
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to many other types of devices, such as PVs or photodetectors. It also could be used
on a large scale, being solution processable could allow it to be used in conjunction
with roll-to-roll manufacturing techniques with relative ease.

For use in this work this method of encapsulation ensures device stability for long
enough to fully characterise the EL spectrum, and emission angle without luminance
degradation. Between hours 1 and 2 the EQE fell by just 0.8 points, or 6%. All
measurements that require stability can be easily taken in this time, and a 6% change

in EQE is not going to significantly change any of the measurements.

6.6 SUMMARY AND OUTLOOK

Encapsulation is a very important element of OLED device fabrication. In laboratory
settings stability is critical to accurately characterising device performance. When
flexible devices are considered the usual small-scale method of gluing a glass coverslip
with UV cured epoxy is not suitable. It has been shown in the past to work very
successfully in rigid devices,? and when implemented in the devices investigated in this
thesis increased the lifetime of them by a factor of almost 3. The fact so much of the
device remained exposed to the ambient environment likely meant the benefit wasn’t
greater. There is also the fundamental problem of heat dissipation using this method.
The fact the system is not flexible meant it could not be used in flexible devices.

I investigated a novel encapsulation method using standard office lamination sheets
and a laminator. The sheets were laser cut with an appropriate pattern and applied
in the standard way. The results of this showed that the overall half-life of the devices
was reduced. This was likely due to weak adhesive, not adequately adhering to the
OLED surface. The difficulty of choosing lamination sheets based on their adhesives
meant this study could not continue further. With more commercial knowledge into
the materials used in these sheets, this is an area that could be investigated further to
give a cheap, easy, and scalable encapsulation method for flexible devices.

Finally, [ investigated another novel encapsulation method. This time using beeswax
as the encapsulation film. The results of this study showed very promising results. The
encapsulated devices remained at a useful luminance for almost 13 times longer than
the unencapsulated devices. The degradation was slow enough that many measure-

ments could be carried out to characterise the devices. Critically I have shown that
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this method of encapsulation is significantly better than the standard laboratory tech-
nique of epoxy encapsulation. Although cover encapsulation techniques that involve
caps, getters, or air gaps were not compared. This technique is also potentially scalable
and compatible with current industry roll-to-roll techniques. This method offers the
most promise going forward.

This area of research is very active, there is still a significant search on for a novel
material that meets the requirements of low-cost and high throughput. It is still well
recognised that for OLEDs, PVs, and perovskite solar cells there is an urgent demand
for a flexible, cost-effective encapsulation material. I have demonstrated beeswax as
being a potential starting point for investigating new, wax-based encapsulation mate-

rials.
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ALTERNATIVE PROPERTIES WHICH AFFECT DEVICE
PERFORMANCE

7.1 INTRODUCTION

Surface roughness of substrates for use in organic light-emitting diode (OLED) and
photovoltaic (PV) manufacture is known to be a major barrier to efficient and uniform
devices. 12 Large surface roughness is known to cause pinhole defects, which cause high
leakage current, electrical shorts, and reduced device lifetime due to ingress of oxy-
gen, moisture, and other contaminants.? High surface roughness is also known to cause
charge scattering, charge trapping, charge imbalance in devices, and an increase in ex-
citon quenching.®* The electrical effects appear as dark spots on the device. Reducing
surface roughness is often seen as one of three key elements of integrating graphene-
based materials such as FeCls intercalated FLG (FeCl3-FLG) into OLEDs, the other
two are reducing sheet resistance, and tuning work function.* Already FeCl;-FLG
achieves the latter two, with a 10-fold reduction in sheet resistance, and a reduction in
work function from -4.4 eV to -5.0 - -5.5 eV.

The importance of surface roughness in transparent conductive electrodes (TCEs)
means [ wanted to investigate and report the surface roughness of FeCl3-FLG along
with other common materials and precursors used in this work. I also wanted to
investigate possible mitigation strategies that could be introduced to reduce surface
roughness before OLEDs are made on top. Here I evaluated the surface roughness
of various electrode candidates and substrates, I then evaluated mitigation strategies,

before integrating these materials into OLED devices.
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Figure 7.1: (a) AFM map of glass used as OLED substrate. The masked area is not
included in the roughness calculation. (b) Bar chart showing the RMS roughness of OLED

substrates used in this work.

7.2 ROUGHNESS OF VARIOUS ELECTRODES/SUBSTRATES

The most fundamental part of the OLED device is the substrate. If the roughness of
the substrate is not controlled, any material deposited on top will take its form. It is
also important to look at substrates to get an idea of the resolution of the measurement
equipment.

A NanoSurf Naio atomic force microscopy (AFM) is used to measure the surface
roughness of all substrates and materials. The AFM in contact mode is used to create
5 x 5 pum roughness map. The data is then processed using the free, open source,
Gwyddion software package. Using Gwyddion, the data is levelled by mean plane sub-
traction, align rows using various methods, correct horizontal scars, shift the minimum
data value to zero, and mask off remaining scarred regions, before measuring the statis-
tical quantities of the map. The primary quantity evaluated is the root mean squared

(RMS) surface roughness Sq, defined as:

Sq = \/%//A(Z(:E,y))?ciwdy (7.1)

where A is the area being measured, Z is the height, and = and y are the location

coordinates. The resultant map, with masked region where there is a horizontal scar,



141 CHAPTER 7. ALTERNATIVE PROPERTIES WHICH AFFECT DEVICE PERFORMANCE
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Figure 7.2: Bar chart of the RMS roughness of FeCl3-FLG and ITO, on glass and PET

substrates. PMMA residues from thermal transfer and inverted FeCls-FLG is also compared.

can be seen in Figure 7.1 (a). In Figure 7.1 (a) a repeating pattern can be clearly
seen. This pattern is not a defect or material parameter, rather the resolution of the
AFM, the pattern is likely caused by the AFM tip and the internal fan. The pattern
can be extracted when a 1D fast Fourier transform filter is applied. The pattern has

L after clockwise rotation by 31°. The pattern is

a horizontal resonance of 0.026 nm™
particularly prevalent in samples with RMS values < 1 nm. For this reason, 1 nm is
set as the minimum roughness resolution. I will not routinely subtract the resonance,
as the high roughness of other materials seen later makes it irrelevant.

Figure 7.1 (b) shows four substrates used for OLEDs in this work. The rough-
ness is obtained in the same way as described before for all of them. Here the lowest
value roughness is reported for each of the four materials tested. The glass, polyethy-
lene terephthalate (PET), and silicon substrates all show RMS roughness < 1 nm,
I can conclude that these are all very smooth, sufficient for OLED fabrication. The
poly(ethylene 2,6-naphthalate) (PEN) substrate shows a much higher RMS roughness,
however studies suggest roughness below 10 nm may be sufficient for working devices.

Next, the electrodes are examined. To do this the electrode and substrate will be
taken together. As the device layers will be spin-coated onto the electrode-substrate
in liquid form, this is a relevant study. The results of this can be seen in Figure 7.2.

The roughness of both indium tin oxide (ITO) substrates is low, at approximately
2.0 and 3.5 nm. The roughness of ITO on PET is comfortably under the suggested 10
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400 nm

Figure 7.3: (a) Optical image of FeCls-FLG. (b) Optical image of the Ni/Si/SiO9 substrate
on which FLG grows. (c¢) AFM of same. The small square inset in (b) is the equivalent size
of the AFM map in (c).

nm cut-off, and as I will show later has no problems in working devices. The FeCls-
FLG based substrates are considerably rougher, with FeCls-FLG on PET breaking the
10 nm cut-off. This will be seen to be important and relevant later. These results show
the effects of the transfer process and adding materials with high roughness. Here the
effect of adding FeCl3-FLG to PET is seen to be greater than the sum of its parts.
Residues that remain from the thermal transfer process are the likely source of this.
Thermal transfer tape uses a thermal adhesive which likely leaves significant residues,
even after acetone cleaning, the same is known for poly(methyl 2-methylpropenoate)
(PMMA) which is used as a support layer. Due to being on a plastic substrate it is
not possible to thermally anneal these samples.

The roughness of the FeCl3-FLG substrates is clearly very high. This is fundamen-
tally due to the domain structure of Ni grown few-layer graphene (FLG). The domains
in Figure 7.3 (a) can clearly be seen, and it can be clearly seen how the graphene
takes this form. Figure 7.3 (b) & (c¢) show the Ni substrate on which FLG is grown.
The nickel on the SiO5/Si substrate appears in its own domains, up to 400 nm tall.
The FLG then takes this form during chemical vapour deposition (CVD) resulting in
a patchy and rough material. This is the one major drawback to using Ni grown FLG
for FeCl3-FLG, however no other graphene grown by other, smoother forms of CVD,

such as copper grown, have proven successful at making FeCls;-FLG.
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Figure 7.4: (a) Microscope image of SiOy nanospheres cured in optical adhesive glue. (b)
Emission angle profile of the scattering film compared to the control emission from the LED.
The area under the curve for the scattering layer is 10% greater. (c) The intensity of the

scattering layer minus the intensity of the control LED.

7.3 OUT COUPLING AND SUBSTRATE SCATTERING

One of the main sources of loss in an OLED device is through light lost within the
device. 40% of light can become trapped in the device due to waveguide modes.® These
modes form because of total internal reflection within the device, at every material
boundary. One effective way of reducing the amount of light lost because of this effect,
and to increase the viewing angle of a device is to employ a scattering layer.® This can
also serve as a useful test of my custom-built goniometer.

A simple and cost-effective way of using a scattering layer is to coat the emission side
of the OLED device with a scattering film.® For this test of the goniometer, I choose
a film that has been investigated before, and shown its ability as a scattering film.
This film is composed of 507 nm diameter SiO, nanospheres encased in a ultraviolet
(UV)-cured optical adhesive, NOA73 (Norland Products).

The scattering layer is made by mixing SiO, nanospheres 3% by wt. in NOAT73.
This mixture is sonicated in a sonic bath for 5 hours, before being filtered into a clean
amber vial using 5 um syringe filters.

To coat the substrate the mixture is dropped onto a static sample, before the sample
is spun at 500 RPM for 60 seconds. The sample is then cured under UV for 5 minutes.

To investigate the effect that such a scattering layer might have at improving the
viewing angle of the OLEDs referred to in this work I compared the emission angle

profiles of scattering layers with a bare substrate. The control sample was a bare 12 x
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12 mm glass substrate, the same as devices are built on, back illuminated by a standard
light-emitting diode (LED). The scattering sample was the same 12 x 12 mm glass
substrate with the scattering layer deposited as described above.

Figure 7.4 (a) shows the distribution of scatters in the adhesive. Each scatterer is
spaced out from one another this ensures high transmittance and keeps haze reduced.
This figure also shows the nanospheres do not aggregate to form clumps this is likely
due to successful sonication followed by filtering out any particles larger than 5 um.

Figure 7.4 (b) shows the effect the scattering layer has on the emission angle profile
of a commercial LED. Here it is observed that the area under the curve of the scattering
film emission angle profile is 10.3% greater than that of the control device. This results
in an increase in viewing angle with a higher proportion of emission between 29° and
57°. The angle where viewing angle is most improved is seen in Figure 7.4 (c), this
graph shows the difference between the normalised control and normalised scattering
layer. A large increase in intensity, > 10%, centred around 45° can be seen.

These data show the potential benefits of using a scattering layer to increase viewing
angle. Ultimately however the reduction in transmittance means such a scattering film
in its current form would not be of benefit to increasing the efficiency of the devices

used in this work.

7.4 NOVEL SUBSTRATES AND METHODS TO REDUCE ROUGHNESS

Due to poor performance of FeCl3-FLG based OLED devices due to high surface rough-
ness it is necessary to investigate new methods of preparing FeCl3-FLG for devices. As
can be seen in Figure 7.2 the roughness of FeCls-FLG on PET is very high. A simple
way of reducing the roughness of FeCl3-FLG on flexible substrates may be to simply
invert it.

When FLG is grown on nickel via CVD the structure that forms is believed to be
1 or 2 continuous layers of graphene with 3 - 7-layer domains forming on top. These
domains are believed to contribute significantly to the roughness of nickel-grown FLG.
If the material can be easily inverted, it may be possible to access this smoother side
of the material. It is also worth considering the use of PMMA in the transfer of
FLG from nickel to glass. PMMA is used as a support layer on the top side of the

material, and this needs to be washed off. It needs to be used again when undergoing
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Figure 7.5: (a) The domain structure of FLG. Multi-layer islands of graphene sit on a
continuous bi-layer sheet. Any contaminants, such as PMMA residue, sit on top. (b) When
FLG is inverted the smooth bilayer is exposed on top, contaminants are covered on the

bottom side, leaving a smoother surface.

the thermal transfer procedure for the same reason. It again needs to be washed off.
At no stage however is PMMA or any other polymer used on the bottom side. The
bottom side is etched from the nickel chemically, then rinsed in deionised (DI) water
before being transferred to cleaned glass. This means there may be a double effect of
low roughness on this bottom side due to lack of exposure to any polymers, and the
continuous structure present.

The effect of the mentioned residues was investigated. The thermal transfer process
was conducted on glass. A PMMA support layer was deposited on glass, and then
removed using the thermal transfer method. It was transferred onto a new clean glass
substrate. This sample was then washed in acetone in the same way as transferred
FeCl3-FLG is. The roughness of this sample can be seen in Figure 7.2. The surface
roughness of cleaned glass is < 1 nm, while the residues increase the roughness to 3.3
nm.

Most importantly the inverted structure was investigated. This method relies on
using the thermal transfer tape to peel the FeCls-FLG off the glass substrate but does
not involve any other destination substrate. The inverted FeCl;-FLG now sits on its
PMMA support layer, thermal adhesive, and PET thermal tape. The top side is now
the bilayer. Figure 7.2 shows the roughness of this structure is very low, < 1 nm RMS.
This material, deposited in this way clearly solves the roughness issues associated with
FeCl;-FLG.
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7.5 SUMMARY AND OUTLOOK

This new way of inverting FeCl3-FLG shows great promise at significantly reducing
surface roughness of the material on flexible substrates where there is greatest need.
There are however several significant drawbacks that need to be overcome if this method
can be used for electrodes in devices.

This study used thermal transfer tape to invert the FeCls-FLG. This was used as
it is known to be very effective at removing FeCl3-FLG from glass. The problems
introduced by using thermal transfer tape are primarily its low temperature resistance
and chemical resistance. As the name suggests thermal tape undergoes a change in
properties at a certain temperature. At approximately 90°C this tape loses its adhesion
properties. This causes the inverted FeCl3-FLG to bubble up and partially detach
from the substrate. While poly(9,9-dioctylfluorene-alt-benzo-thiadiazole) (F8BT) can
be processed below 90°C, most other common OLED materials need to be processed
at much higher temperatures, aluminium doped zinc oxide (AZO) for example requires
a 200°C anneal.” This is likely to be an issue with most adhesives, however it does
not mean this method cannot be pursued further. Almost all commercial OLEDs
are not solution processed and so do not need high temperature annealing. Most
commonly materials are evaporated and do not need high temperature processes, this
would allow thermal tape to be used successfully. The chemical resistance problem
can also potentially be solved by evaporated devices. The tape used in this study is
not resistant to common laboratory solvents such as acetone. Chemicals used in the
solution coating of other OLED layers cause the adhesion of thermal tape to fail, and
the FeCl3-FLG lifts off in the same way as for heat. With an evaporated device, this
could be an effective way of reducing the surface roughness of FeCls-FLG.

Going forward further investigation is needed into inverted FeCls3-FLG to signifi-
cantly reduce its surface roughness. The method presented preserves transmittance,
ensures smoothness, and may offer better electrical contact with adjacent layers. This
method is not compatible with solution processed devices, however. This means it
cannot be tested in devices using the methods presented in this work. There is no rea-
son however as to why it cannot work in evaporated devices, the standard deposition
method in industry settings.® It is important that this work is carried out quickly as

overcoming surface roughness limitations is of key importance to integrating FeCl;-FLG
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into commercial OLEDs and PVs.
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HYBRID FECL;3;-FLG:ITO TRANSPARENT
CONDUCTIVE ELECTRODE

8.1 INTRODUCTION

Organic light-emitting diode (OLED) devices fabricated on indium tin oxide (ITO)
worked remarkably well throughout this work. ITO is the industry leading transparent
conductive electrode (TCE) material, its fabrication has been perfected over many
years, as a result the current material is incredibly well suited to many applications.?
I have discussed and investigated extensively using FeCls intercalated FLG (FeCls-
FLG) as an ITO replacement. The results from this investigation have been meagre.
To attempt to address this and to improve and increase the suite of materials available
attempting to incorporate the good properties of both I'TO and FeCl3-FLG is desirable.

To do this I have fabricated a hybrid material, known as FeCl3-FLG enhanced
ITO (FeCl3-FLG:ITO). This material is composed of FeCl3-FLG on ITO on a flexible
polyethylene terephthalate (PET) substrate.

8.2 FABRICATION

FeCl3-FLG:ITO was fabricated by taking FeCl3-FLG, fabricated in the way described
in Section 3.2.2 on glass and thermally transferring it to I'TO coated PET using the
thermal transfer technique discussed in Section 3.2.1.3. Once transferred the material is
cleaned in acetone to remove any poly(methyl 2-methylpropenoate) (PMMA) residues
from the transfer and it is then washed in propan-2-ol (IPA), before being blow dried

with nitrogen.

149



8.3. MATERIAL CHARACTERISATION 150

8.3 MATERIAL CHARACTERISATION

The characterisation will assume that this material combination is a single, new hybrid
material. I will investigate its properties as any other single material. There are several
main areas that I want to investigate this new material. The areas investigated will be
limited to those relevant for its use as a TCE in OLEDs. These are sheet resistance,

optical transmittance, Raman spectroscopy, and bending performance.

8.3.1 Sheet resistance

Sheet resistance is one of the most important properties for assessing materials suitable
for use as TCE. The expected sheet resistance of this hybrid material can be predicted
by assuming the two materials will act as resistors in parallel. It is known that the
sheet resistance of ITO on PET is approximately 60 €2/0J, and the sheet resistance of
FeCl;-FLG is approximately 100 2/, therefore it is expected that the sheet resistance
of the hybrid material will be approximately 37.5 Q/C1.

1 1 1

= 8.1
Ry R Ry (8.1)

Ry is the total resistance of resistors in parallel, and R, is the resistance of one of the
resistors.

When the sheet resistance of FeCl3-FLG:ITO is measured values very close to ex-
pected are seen. With only a small number of samples tested a sheet resistance of 39.5
+ 3.8 /00 was measured. This matches well with what is expected for two resistors
in parallel and is also a good value for an effective TCE in its own right. It is a value
that is significantly lower than both ITO and FeCl3-FLG, this is essential for an ITO
replacement material.

The measurements taken here were taken as described in Section 2.5. These mea-
surements can damage graphene-based materials due to the four-point probe making
physical contact with the material. It is for this reason that few measurements were
carried out. As the standard deviation was less than 10% it was decided that this
was appropriate. More measurements should be carried out in future to get a more

accurate number for sheet resistance of FeCls3-FLG:ITO.
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Figure 8.1: (a) Optical transmittance of FeCl3-FLG:ITO in the visible range. (b) Bending
performance of FeCl3-FLG:ITO vs FeCl3-FLG vs ITO, with the same graph in log scale
inset. Ry is the same value for all materials, allowing for all three to be compared against

each other.

8.3.2  Optical transmittance

The next most important property that must be investigated for TCE materials is
optical transmittance. Here no benefit of putting these two materials together is ex-
pected. It is anticipated that the transmittance of the hybrid material will be reduced
compared to the materials individually. The expected transmittance, T.zpecteq, Will be
as follows:

Texpectea = 11 - T3 (8.2)

where T, is the optical transmittance of one of the materials.

Knowing that the transmittance of ITO at 550 nm is 91%, and the same for FeCls-
FLG is 71% indicates that the transmittance of FeCl3-FLG:ITO is expected to be
65%. The optical transmittance of this hybrid material can be seen in Figure 8.1 (a).
The transmittance is approximately flat across the visible range, as expected as both
constituent materials have a flat profile. The transmittance at 550 nm is 68%, and the
transmittance on average is 70%. These values fit well with what I have just predicted.

The transmittance on average was expected to be 70%.
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8.3.3 Bending

The primary reason for combining ITO and FeCl;-FLG is to incorporate their proper-
ties. OLEDs made on ITO worked well for us, but ITO is not flexible, OLEDs made
on FeCl3-FLG failed to work, but FeCl3-FLG is flexible. Combining these two into
a hybrid material could allow the TCE to continue conducting well, even with slight
damage occurring to the I'TO underneath.

To assess the bending performance, the roller bender described in Section 4.5.0.2
was used. The samples are all bent around a cylindrical pin with a radius of 3 mm.
The samples used are all 12 x 12 mm in size, the same as the OLEDs discussed in this
work.

When looking at the relative increase in resistance, in Figure 8.1 (b), and com-
pare the three TCEs after bending it can be seen how the resistance of ITO rises very
quickly. After just 4 bends the resistance of ITO has increased over 100 times, mean-
while the resistance of FeCl3-FLG and FeCl3-FLG:ITO increased by 1.6 and 6.5 times
respectively.

The change in resistance of ITO and FeCl3-FLG has been discussed before in Section
5.4, and the results seen here mirror those in that section. Here it is seen that in
terms of bending performance FeCl3-FLG:ITO degrades in a way which is much more
like FeCl3-FLG than ITO. The layer of FeCl;-FLG manages to successfully mitigate
the cracking I'TO and allows it to retain its low resistance. To see how the overall
performance as a TCE might be affected, and whether FeCl3-FLG:ITO is closer overall
to FeCl3-FLG or ITO the figure of merit for TCEs must be examined.

8.3.4  Figure of merit

Figure of merit (FoM) introduced in Section 2.3, is a figure which relates the electrical
and optical properties of a TCE for the purposes of accessing material suitability with
a single figure.? The overall suitability of FeCl3-FLG:ITO can be assessed with this
figure and by comparing it directly to I'TO and FeCl3-FLG. I can also look at how the
figure of merit changes after the material is repeatedly bent. The figure of merit, FoM,

is defined as:
Zy

FoM =
O T ORy(T05 — 1)

(8.3)
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Table 8.1: Figure of merit of the various TCEs.

TCE RS T550 FoM
material (Q/0O) | (%)
ITO (on PET) | 60 | 91 | 65
FeCl;-FLG 100 71 10
FeCl3-FLG:ITO 40 70 22
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Figure 8.2: Graph showing how the figure of merit (FoM) changes with bending cycles. As

the ITO cracks sheet resistance rises and FoM falls dramatically.

where Zj is the impedance of free space (377 Q).

Table 8.1 shows the calculated FoM values for the three materials being studied. It
shows that despite the sheet resistance of FeCl3-FLG:ITO now being less than that of
ITO, the FoM is not. It is also noted that the FoM of FeCl3-FLG:ITO is more than
double that of FeCl3-FLG, this is due almost entirely to the significant reduction in
sheet resistance, without much compromise in optical transmittance. This suggests
that ITO would be a better TCE than FeCl3-FLG:ITO, if FeCl3-FLG:ITO offered no
new properties. I showed in the previous section however that FeCls-FLG:ITO does
offer a significant new property in flexibility.

Looking at how the FoM changes as the device is bent, the superior properties of
both FeCl3-FLG:ITO and FeCl3-FLG over ITO are clear. Figure 8.2 shows how the
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Figure 8.3: (a) Raman map showing the area weighted < PosG > for FeCl3-FLG:ITO.
(b) Histogram summarising the data in (a). (c) Raman spectrum showing how a typical
point on the map is a convolution of three peaks, indicating the shift in G peak is due to

intercalation rather than strain.

high FoM of ITO quickly drops far below that of FeCl3-FLG:ITO and FeCl3-FLG. The
large drop in TCE performance is seen in the first 5 bends of the material, with the FoM
of ITO dropping by nearly three orders of magnitude in this time. At the same time
FeCl3-FLG and FeCl3-FLG:ITO stay relatively stable. This is the clearest indicator of
the benefits of FeCls-FLG and FeCl;-FLG:ITO over ITO as a flexible TCE.

By covering ITO in a layer of FeCl3-FLG it is clear that I can combine the con-
ductivities of the two materials and enhance the bending performance. This leaves
a material which combines the best overall properties of ITO and FeCl3-FLG, and
it gives substantially superior electrical properties after just 6 bending cycles. Even
if this material is not utilised for a flexible application, it offers significantly better

robustness for manufacturing processes such as roll-to-roll, which could damage ITO
during OLED fabrication.

8.3.5  Raman spectroscopy

With FeCl3-FLG deposited onto a new substrate it is important to assess if the vibra-
tional modes have changed. Raman is one of the primary characterisation tools when
using FeCl3-FLG and it is important to know if these modes have been affected by
the new substrate. The G peak is the most important to know about as it indicates
intercalation. It can however be affected by strain,** which may have occurred during

the transfer process.
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When Raman spectroscopy is examined, it is clear that the FeCls-FLG:ITO has
not been affected by strain. Raman maps were taken of the material which show a
constant material with little variation. Figure 8.3 (a) shows the Raman map. Here the
area weighted < PosG > position is plotted. The values have a mean of 1610 pm 1
em~!. The distribution of this is seen in histogram form in Figure 8.3 (b). Here it can
be seen that most values cluster tightly around 1610 em ™. 1610 em ™! is a figure that
most likely indicates good stage 1, G doping, with some partial G5. In Figure 8.3 (c)
a typical spectrum has been selected. This spectrum can be accurately reconstructed
through the convolution of 3 Lorentzian peaks. These are the 3 stages of intercalation.
It is clear from this that stage 1 doping dominates, with partial stage 2. The fact that
the spectrum is a convolution of multiple peaks is a clear indication that the doping
has not been affected and is the reason for the G peak shift. I anticipated that the
FeCl3-FLG on FeCl3-FLG:ITO will perform the same as it usually does on various other
substrates. This is seen to be true when sheet resistance and optical transmittance are
looked at.

8.4 OLED INTEGRATION

A significant motivation for investigating FeCl3-FLG:ITO is the absence of any working
FeCl3-FLG on PET OLED devices. By incorporating the two materials into a single
hybrid electrode it may be possible to minimise the brittle nature of ITO, while getting
working devices.

The FeCl3-FLG:ITO electrode was fabricated as described above and incorporated
into a conventional OLED. These OLEDs were tested unencapsulated, the same way as
all previous FeCl3-FLG were tested. The devices were characterised using the calibrated
luminance meter based setup. Each pixel was tested individually, they were tested
by biasing them in 1-volt increments, each voltage was held for 7.46 seconds while
the luminance meter acquired. Each pixel was tested to beyond the point of peak
luminance. Pixels were tested to destruction.

The FeCl3-FLG:ITO devices were tested in comparison to devices with ITO TCE
from the same batch. This ensures the results are directly comparable, accounting for

any storage related material degradation. The only difference in these devices is the
TCE.
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Table 8.2: Summary of ITO vs FeCl3-FLG:ITO OLEDs. Vi,

which the peak luminance occurs.

., refers to the voltage at

TCE L CE PE Ve V... EQE
(cd/m?) (cd/A) (m/W) (V) (V) (%)
TTO (best) 131 062 0077 15 27 0.19
FeCl3-FLG:ITO (best) 17 0.0014 0.0004 7 10 0.0004
Difference (-96%)  (-99.8%) (-99.4%) (-99.8%)

Table 8.2 shows the results of these FeCl3-FLG:ITO based OLEDs vs the standard
ITO based OLEDs. The results of this are clear, FeCls-FLG:ITO do not work nearly
as well as [TO OLEDs. The reasons for this are less clear. The likely major factor
preventing better device performance is roughness. The transfer process of FeCl3-FLG
most likely increases roughness, adding polymer residues, wrinkles, and dust. It is of
fundamental importance that the roughness issue with FeCl3-FLG is solved before it
can be seriously considered as an ITO replacement candidate.

There is one major positive that can be taken away from these results however,
the turn-on voltage, and the voltage at peak luminance are much lower for the FeCls-
FLG:ITO device than they are for ITO. This suggests that for domains where emission
takes place, a much lower driving voltage is required, this is indicative of better work
function matching between layers. It is likely that the deeper work function of FeCls-
FLG is responsible for this. With a layer with roughness equivalent to ITO, and work
function this deep, it is likely that device performance will be much better. This

requires further investigation.

8.5 SUMMARY AND OUTLOOK

FeCl3-FLG:ITO was investigated to see if the combined properties of FeCl3-FLG and
ITO could yield a working, flexible OLED using the methods described in this work.
The sheet resistance of FeCl3-FLG:ITO was less than that of both FeCl;-FLG and
ITO separately, matching very well what would be expected for resistors in parallel.
By combining the materials, I get an increase in conductivity.
The optical transmittance of FeCl3-FLG:ITO is lower than the two materials sep-

arately. The transmittance appears close to the multiple of the transmittances indi-
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vidually. The low transmittance of the combined material is a potential issue as it
significantly reduces the figure of merit.

The bending performance results show a compromise of properties. The FeCls-
FLG:ITO performs much better than ITO, but slightly worse than FeCl3-FLG. After
being bent around a radius of 3 mm just 3 times the FoM of ITO fell significantly
below that of FeCl3-FLG:ITO.

Raman spectroscopy indicated that the vibrational modes of FeCl3-FLG are not
affected by the ITO layer adjacent. The G peak maintains its shift due to intercalation
and is not affected by strain.

The results of the FeCl3-FLG:ITO TCE incorporated into an OLED are poor. The
main device parameters, such as external quantum efficiency (EQE) are reduced by
99% or more. There is one important improvement in properties however, the operating
voltages are significantly reduced. This is indicative of lower charge carrier injection
barriers, therefore better matched work functions between layers. The poor results are
likely caused by high surface roughness; however, the low operating voltage suggests
that if this can be solved, FeCl3-FLG:ITO could be a better TCE candidate than I'TO.

More work is needed to optimise the transfer of few-layer graphene (FLG) and
FeCl3-FLG for smoother samples. This is the most significant area where the material
differs to ITO. The deeper work function of FeCl3-FLG, and the better bending and
sheet resistance properties of FeCl3-FLG:ITO could result in a suitable ITO replace-

ment if this issue of fabrication can be solved.
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FINAL REMARKS AND OUTLOOK

The purpose of this work was to investigate FeCl; intercalated FLG (FeCl3-FLG), its
properties as they relate to organic light-emitting diodes (OLEDs), how and if the
material can be integrated into them, and what is the resulting performance compared
to indium tin oxide (ITO) for a range of substrates, both rigid and flexible. To main-
tain relevance to low-cost commercial processes there was a stipulation that the OLED
devices be fabricated in a way which maintains low temperature solution processabil-
ity, and allows for device flexibility in order to remain relevant to future flexible and
wearable devices.

In Chapter 4, I developed and improved upon some of the experimental setups used
throughout this work. A single metric, (< PosG >), was developed to represent qual-
ity of intercalation. This allows for the direct comparison of different samples’ levels
of intercalation. This number can be compared for samples of all sizes, and can be
calculated from measurements that can be taken quickly and non-destructively using
Raman spectroscopy. From this a Raman mapping technique for assessing the quality
of few-layer graphene (FLG) intercalation was developed which gives a more represen-
tative figure of the sample as a whole. The transfer process could be enhanced for
large area samples using a new floating transfer method. A poly(vinyl alcohol) (PVA)
enabled transfer method was also investigated, and warrants further investigation. The
usefulness of < PosG > was again seen when the FeCl3-FLG fabrication process was
optimised. There was an increase in < PosG >, and a reduction in sheet resistance of
intercalated samples to ~ 100 /7 for a new powder zone temperature. The character-
isation tools were also constructed, in order to evaluate the performance of OLEDs in

this work. The external quantum efficiency (EQE) could now be estimated for devices
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fabricated later using the setup introduced here, without the help of an expensive inte-
grating sphere, keeping to the low-cost remit. Finally sample bending was introduced.
A setup was built to repeatedly bend samples around a constant and fixed radius, thus
subjecting a sample to a constant level of bending in a controlled and uniform way.

In Chapter 5 I investigated the role of FeCl3-FLG in solution processed OLED de-
vices. Rigid ITO and FeCl3-FLG devices were measured and compared. I reported
that the peak luminance and EQE were 39% and 47% less for the FeCl3-FLG based
device. This significant reduction in performance was likely caused by the low material
transmittance, pinholes caused by the high roughness, and the lack of encapsulation
exacerbating that issue. I noted that the turn-on voltage was equal to the ITO based
device. This is indicative of good work function matching, despite the other issues. I
then moved onto flexible substrates. I found that the resistance of ITO increases by a
factor of 50 after just 100 bending cycles, while the resistance of FeCls;-FLG increases
by a factor of just 5 after 2000 bending cycles. FeCl3-FLG is clearly a superior flexible
conductor. OLEDs were then examined on flexible polyethylene terephthalate (PET)
substrates. Here the performance of the ITO device was reduced compared to the rigid
device, likely due to the increased surface roughness and sheet resistance of the sub-
strate and transparent conductive electrode (TCE). I was unable to fabricate a working
FeCl3-FLG device on PET. Most likely for the same roughness related reason. I then
examined OLEDs using an alternative architecture, these devices used the conventional
device structure. For ITO devices this resulted in a large increase in performance, EQE
increased by 150%. The failure of FeCl3-FLG based devices here is again likely due
to the surface roughness. Finally, I examined the unreported work carried out by a
colleague using devices which involved the evaporation of MoOs3, and calcium. Here, in
contrast with the solution processed work, the inverted devices showed better perfor-
mance. The FeCl3-FLG based devices outperformed the ITO based devices and showed
better uniformity. In my work, the TCE appeared to be the common cause of failure.
It is therefore extremely important to attempt to mitigate the effects of a rough TCE
and also find a way of obtaining a smoother film.

In Chapter 6 in order to address some of the degradation and stability issues I
investigated various ways of encapsulating the OLED devices which maintained the
low-cost, solution processable remit of the work. Most interesting from this chapter

was the work on the wax encapsulation. Here a beeswax was used to encapsulate the
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entire device. The encapsulated devices remained at a useful luminance for almost
13 times longer than the unencapsulated devices. The degradation was slow enough
that many measurements could be carried out to characterise the devices. Critically I
have shown that this method of encapsulation is significantly better than the standard
laboratory technique of epoxy encapsulation. This technique is also potentially scalable
and compatible with current industry roll-to-roll techniques. This method offers the
most promise going forward.

In Chapter 7 several additional ways of improving the device performance of FeCls-
FLG based OLEDs were investigated. Roughness of various substrates and TCEs were
investigated which resulted in the creation of a novel method of preparing FeCl;-FLG.
Here FeCl3-FLG was inverted during the thermal transfer process and rather than
being transferred to a destination substrate, it was investigated in its inverted state.
The measured roughness of this inverted FeCl3-FLG was found to be much less than
that of FeCls-FLG, similar to ITO. This is significant given the effect roughness has
had on devices throughout this work.

Finally in Chapter 8 I investigated a hybrid material which is a combination of
FeCl3-FLG and ITO. Here I showed that the transmittance was equal to the combi-
nation of the two constituent materials, and the sheet resistance was equal to the two
taken as resistors in parallel. The bending performance too shows performance supe-
rior to ITO but worse than FeCl3-FLG. The results of the FeCl3-FLG enhanced ITO
(FeCl3-FLG:ITO) TCE incorporated into an OLED show the EQE is reduced by 99%
or more. There is one important improvement in properties however, the operating
voltages are significantly reduced. This is indicative of lower charge carrier injection
barriers, therefore better matched work functions between layers. The low operating
voltage suggests that if issues such as high surface roughness can be solved, as it was

in Chapter 7, FeCl3-FLG:ITO could be a better TCE candidate than ITO.

FUTURE WORK

I highlighted some positive results at the end of Chapters 6, 7, & 8 which all should
be further investigated, optimised, and incorporated together.
The wax encapsulation presented in Chapter 6 needs to be expanded further to

devices beyond OLED where there may be additional success. Different waxes, with
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different melting temperatures should be investigated to provide a wax encapsulation
layer with better mechanical robustness. Flexibility is important, but too soft and
the layer will not be able to provide adequate protection to the device in commercial
devices.

The results of Chapter 7 and Chapter 8 should be incorporated together. It would
follow from my results that by using inverted FeCls-FLG to reduce roughness, and
FeCl3-FLG:ITO to enhance electrical performance, a new hybrid material could be
fabricated, investigated, and incorporated into OLEDs. This has the potential to
result in a FeCl3-FLG based OLED with far superior properties to any fabricated thus
far.

Looking at Chapter 4, the performance of the PVA transferred FeCls3-FLG showed
good results. It is worth investigating this material also in OLED devices. This material
could be significantly better due to its copper growth, and residue free PVA transfer.

Finally there is an emerging single layer graphene (SLG) growth methodology
emerging in the literature which does not involve transfers. This is the sapphire growth
of SLG.! The next potential FLG for use in FeCl3-FLG should come from a metal-
free growth source. This will minimise contamination, reduce roughness, and reduce
cost. It could be incorporated with a PVA transfer to build up to FLG before being
intercalated. If successful a FeCl3-FLG electrode fabricated in this way could be more
suitable for OLEDs than the current FeCl3-FLG produced in the way described in this

work.
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