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Abstract

Shortly after the demonstration of the existence of free-standing graphene, the need for
large scale production of two-dimensional nanomaterials was met by the emergence of
a solution processing method called liquid phase exfoliation. The versatile and easily
scalable nature of this technique made the manufacturing of various nanomaterials in-
stantly more accessible. Furthermore, it wonderfully complimented the growing industry
of printed electronics where flexible circuitry required that novel materials be discovered
to support increasingly improving device architecture and performance. This synergy
has led to numerous published reports where 2D nanomaterial inks are prepared through
liquid-phase exfoliation and subsequently printed into devices using various deposition
methods developed in parallel. The devices are generally heterostructures made up of
stacked nanosheet networks. However, problems arise when attempting to insulate the
conducting and semiconducting networks from each other and this is where dielectric
films play an important role.

For the successful fabrication of stacked heterostructure devices, such as thin-film
capacitors or thin-film transistors, it is vital that dielectric networks are uniform and
pin-hole free to effectively insulate the various films that make up the device. Disconti-
nuities in the dielectric film can lead to unwanted contacting and shorting of the overall
device. Generally, dielectric networks are investigated by incorporating the material in
question into a parallel-plate capacitor geometry and analysing its performance. To date,
the majority of work on dielectric nanosheet networks has been with hexagonal boron-
nitride, mainly due to its structural similarity to graphene, low toxicity and abundance.
However, it presents several difficulties in that it suffers from a low dielectric constant
and forms brittle, highly porous films making it challenging to fabricate an all-printed
device. In this vein, we introduce bismuth oxychloride (BiOC!) as a new candidate
for dielectric nanosheet films. We report the liquid phase exfoliation of BiOC! into
nanosheets for the first time through existing techniques and environmentally friendly
solvents. Using aerosol-jet printing (AJP), we fabricate all-printed stacked capacitors of
varying thicknesses and identify a minimum insulating thickness of 1.6 um. With the
help of impedance spectroscopy, we model our devices as a Randles circuit in order to
extract capacitance values and ultimately the permittivity of the BiOC' nanosheet net-
works. We obtain areal capacitances ranging from 40 to 110 uF/m? and a permittivity
of ¢, = 41 £ 3, a significantly higher value than those previously reported for printed
dielectric networks. Through breakdown voltage analysis, we deduce a dielectric break-
down strength of 0.67 M'V/em. Thus, we present a new dielectric layered material that
is easily exfoliated and can be a good contender for insulating nanosheet networks in
printed electronics.

Combining different substances to create a composite material has been widely used
as a way of enhancing the properties of a system. In particular, conductor-insulator
composites have been of interest in the past as a means of improving permittivity. Such



composites exhibit a colossal increase in permittivity near the percolation threshold of
the conductive filler which is attributed to the formation of several microcapacitors
within the system. Motivated by this, we aim to make composite films from 2D nano-
material inks. While it was demonstrated that an all-printed heterostructure device
was achieved through aerosol-jet printing of BiOC! nanosheet ink to obtain a permit-
tivity of 41, AJP is a recent development that involves a vast parameter space, thus
lacking a full understanding of the deposition process. Considering the difficulty in-
volved, it is prudent to continue to explore printed dielectric nanosheet networks via a
more straightforward deposition method, such as spray coating. We therefore fabricate
spray-coated parallel-plate capacitors using BiOCl — Ag nanoplatelet composite inks of
varying volume fractions of Ag nanoplatelets. A percolative behaviour was observed as
the conductive filler was steadily increased from 0% to 40% with a percolation threshold
measured at ~ 18v0l%. This was accompanied by a two-fold increase in the permittivity
that illustrated the formation of microcapacitors in the composite system. Although this
is a relatively low increase compared to previous theoretical predictions, it can serve as
a test-bed for future 2D nanomaterial conductor-insulator composites.

An ideal dielectric material is one that displays high electrical resistivity, large di-
electric constant and a high dielectric breakdown strength. Unfortunately, instances
have shown that the strong electric field created in high-x dielectrics weakens the polar
molecular bonds within the material, which reduces the enthalpy of activation required
for dielectric breakdown. Furthermore, dielectric breakdown in thin films is difficult to
measure since breakdown first occurs in localised “weak” regions of the film, making
it challenging to discern the material’s intrinsic breakdown strength. To adrress this,
we present dielectric composites made from 2D nanomaterials. Having established that
BiOC! films exhibit significantly higher permittivity than previously reported 2D nano-
material dielectric networks, we look towards A BN for its high breakdown strength. By
forming a composite using BiOC! and hBN, we aim to produce films that have both
large permittivity, and high breakdown strength. The composite inks were deposited
into films using a spray-coating method to form an array of capacitors with increasing
volume fractions of BiOC!. Impedance spectroscopy was used to extract the permit-
tivity of these composite capacitors. A linear increase in permittivity of the composite
films was observed upon the addition of 50v0l% BiOCI! reaching a maximum value
of 19. While dielectric breakdown measurements posed a logistical challenge, we were
able to conclude with preliminary data that the breakdown strength of BiOC! films
was improved by the addition of hBN. The highly disordered nature of these films
made it challenging to accurately characterise their electrical properties, nonetheless, a
proof-of-concept was achieved.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

In December 1959, the great American physicist Richard Feynman appealed for us to
think smaller. In a talk titled “There's plenty of room at the bottom” [1], he effectively
showed us where lies the new frontier of physics research. During a time when a computer
filled an entire room, he had the audacity and foresight to ask “What would happen if
we could arrange the atoms one by one the way we want them” — a future where we are
able to manipulate and control things at the smallest of scales.

Half a century later, Feynman’s musings have more than come to reality. As pre-
dicted, the advancement of imaging technology seen in the emergence of the Scanning
Tunnelling Microscope and the Atomic Force Microscope in the 1980s propelled forward
scientific research in the atomic scale. Thus grew the field of Nanoscience. Nanomate-
rials on the other hand, were already being used in ancient times. As early as 400 CE,
the Lycurgus cup manufactured by Roman glasswork makes use of metallic nanoparticles
that leads to a dichroism effect depending on how light is shone at it [2]. Dating further
back to 1300-1400 BCE, nanomaterials were often used as colourants for glass making
and ceramics in Egypt and Mesopotamia [3].

During the 20" century, material science research on the nanoscale was peppered
with reports on fullerenes and carbon nanotubes [4, 5]. However, the hallmark publica-
tion from Geim and Novosolov in 2004 definitively paved the way for a whole world of
possibilities that led to rapid progress in the field of 2D materials [6]. A demonstration of
that calibre was sure to be followed by a myriad of discoveries of new 2D nanomaterials.
So understandably, the years following the discovery of free-standing graphene involved
identifying and characterising the properties of the ever-growing family of 2D nanoma-
terials [7]. While there are methods of synthesis to produce pristine, high quality low
dimensional materials, nanoscience research has become axiomatically accessible with
the emergence of solution processing methods. It has allowed for flexibility in developing
potential applications based on 2D materials. Among the solution processing methods,
Liquid Phase Exfoliation (LPE) is a highly versatile and low-cost technique of producing
nanomaterials. It presents the perfect gateway into exploring the full breadth of what
nanoscience has to offer [8].

Modern technological advancement is innately associated with the improved perfor-
mance of electronic circuits. In this way, printed electronics presents a promising avenue
for developing smaller circuitry that is cheaper to produce and compatible with growing
technologies such as the Internet of Things. The technique of manufacturing electronics
using text/graphic printing allows for thin, lightweight, and flexible electronic products
— a key piece in furthering our society’'s symbiotic relationship with technology. While
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printed electronics was initially limited to organic polymers, the appearance of solution
processed nanomaterials allows us to take a new direction. The family of nanomate-
rials encompass the electronic properties necessary for device fabrication, enabling us
to revisit applications such as energy storage as well as active circuit elements such as
transistors and sensors.

Many modern electronics devices can be viewed as heterostructures that are made up
of stacked layers or films. Oftentimes this structure is some combination of conducting,
semi-conducting and insulating films of materials. In order to fabricate a high performing
device, we must ensure that the involved films are uniform and without defects. Under-
standing the morphology of such films, i.e. how the nanomaterials arrange themselves
to form a network, and the corresponding electronic properties it exhibits is therefore
non-trivial. With respect to printed electronics using solution processed nanomaterials,
we aspire to produce continuous and thin, yet compact and mechanically robust films
on flexible substrates. If successful, heterostructures made from nanomaterials can be
achieved at high throughput and cheaper production to enable applications in memory,
sensing and energy conversion devices.

While conducting and semiconducting networks of nanomaterials allow for charge
transport within a device, dielectric films provide insulation between the circuit elements.
Particularly as the move is made from planar to vertically stacked heterostructure devices,
unwanted contacting between the different layers can lead to shorting. Moore’s law
predicts that the density of devices on integrated circuits doubles every two years [9],
emphasising the need for effective insulation between circuit elements. In addition to
this, the currently used dielectric films of SiO, fall short of this downward scaling of
device architecture since its low permittivity (3.6) would require the films to be of the
order of 1 nm to match gate lengths going down to ~ 60 nm in field-effect transistors
[10]. Dielectric materials that exhibit higher permittivity would not only improve charge
separation and insulation within circuits but would also allow for thicker films while still
yielding a high capacitance. This would enable potential improvements in a whole host
of devices such as thin-film capacitors, transistors, tunable electronic devices, energy
storage and random-access memory devices.

The motivation of this thesis lies in exploring dielectrics in the realm of low-dimensional
materials that can be used in printed electronics. Following the undeniable progress
made in recent years on developing composite structures such as transistors, batter-
ies and other energy storage devices, a parallel unveiling of new dielectric materials is
necessary. Unfortunately, investigation with regards to dielectric nanomaterials has been
quite limited, with a disproportionate number of reports on a single material — hexagonal
boron nitride (hBN). The reason for this is obvious. Boron nitride is easily available
and cost-effective to produce. Its low toxicity and reputation as graphene's insulating
counterpart makes it a likely candidate for use in low-dimensional based devices. Rather
ironically however, the high volume of reports on hBN also exposes its many apparent
shortcomings. Films of hBN display low permittivity and often require thick films to
form continuous networks. Fabricating an all-printed heterostructure with hBN films
without the use of additives or binders can be quite challenging. With this in mind, we
aim to introduce a new layered dielectric crystal, bismuth oxychloride (BiOC). The
exfoliation of BiOC' to produce nanosheets and the subsequent analysis of its dielectric
properties will be presented in Chapter 5. A relatively new method of deposition called
aerosol-jet printing will be introduced to fabricate printed capacitors, an appropriate
medium through which to evaluate the efficacy of dielectric films in insulating vertically

10



CHAPTER 1. INTRODUCTION

stacked heterostructures.

Since the genesis of material science itself, material researchers have been combining
substances to enhance and control the properties of the resultant mixture. Emboldened
by the “1+1 > 2" composite effect, we aim to look beyond a blanket “wonder material”
and explore what combinations of materials could be used to improve the permittivity of
dielectric films. In this respect, composites in the form of conducting particles embedded
in an insulating matrix have shown tremendous promise in displaying permittivities that
are orders of magnitude higher than that of the stand-alone insulating material. This
enhancement can be attributed to the interfacial polarisation induced by the increased
local electric field at the interface between the conductive and insulating phases. The
evolution of such a composite with increasing amounts of conductive filler particles is
neatly described by percolation theory, a tool that has already made several appearances
in studying nanomaterial networks. Encouraged by this, in Chapter 6 we explore com-
posite films made from BiOC! nanosheets and silver nanoplatelets (Ag/N P) in a hope
to mimic the spike in permittivity previously reported in other materials. A parallel-plate
capacitor geometry is employed to investigate the dielectric properties of the composite
films, this time using a well-established spray coating method to reduce the complexity
of the study.

The ability of dielectric films to maintain charge separation within a device has
knock-on effects for example, on charge carrier mobility and switching voltages in thin-
film transistors. Although high-+ dielectrics effectively separate charge, a high permit-
tivity in and of itself is not the sole requirement. Oftentimes, a high-x material will
undergo dielectric breakdown more easily when subjected to strong electric fields. An
ideal dielectric material is one that displays large permittivity while also maintaining high
dielectric breakdown strength. Furthermore, it must form mechanically robust films that
are flexible and without defects. In an attempt to achieve this, we turn again towards
composite materials. Chapter 7 will research the properties of BiOC[ and hBN com-
posite networks in the hope to couple the former's high permittivity with the latter's
high dielectric breakdown strength. The printed composite networks are investigated
with the same parallel-plate capacitor protocol.

The analysis and characterisation of the printed dielectric networks presented in this
work heavily rely on impedance spectroscopy. This is a tool we have seen fit to use
recurringly for the investigation of network morphology through parallel-plate capacitor
devices. The approach to the impedance spectroscopy measurements have themselves
matured in the assembling of this body of work. In many ways, this thesis is as much
about learning to use impedance spectroscopy to unravel the morphological properties
of nanosheet networks as it is about improving their dielectric properties.

11
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Chapter 2

Low Dimensional Nanomaterials

Layered crystals were in use for hundreds of years before they were properly structurally
identified and characterised. The use of naturally occurring compounds for dyes and
lubricants dates as far back as 400 C.E. showing that layered crystals were being exploited
for their unique properties far before they reached mainstream science. Research into low
dimensional materials was brewing in the mid-1970s [11] when carbon nanotubes were
first found. They were later fully characterised in 1991 [12]. Meanwhile in the late 1980s
and into the following decade, fullerenes and nanoparticles were also being intensely
studied [13]. Add to this the isolation of graphene in 2004, and what followed was the
emergence of several nanomaterials that were being synthesised from bulk crystals. The
research that ensued made it clear that these nanomaterials display an almost exhaustive
range of physical and chemical properties which allows for several applications ranging
from electronics to energy storage and sensing.

The first instances of nanomaterial synthesis in the mid-19th century were from that
of Thomas Webb with vermiculite and chemists such as Schafhaeutl, Brodie and Stau-
denmaier [14] on production of graphite intercalation compounds and graphite oxide.
The confirmation of dimensionality and structure of these materials however was limited
by the lack of proper instrumentation at the time. It was only around 1948, that Transi-
tion Electron Microscopy (TEM) was starting to be used to analyse and image possible
single layer materials [14][15]. Interestingly, this early TEM characterisation consisting
of intensity analysis and shadowing would not meet today's standards of imaging proof
of a single layer of atoms. In the 1960s, several TMD crystals were cleaved to produce
nanosheets that approached monolayer thickness [16]. This was shortly followed by the
demonstration of two dimensional sheets of inorganic layered compounds [17]. By the
1980s, advances in imaging technology led to the development of the Scanning Tun-
nelling Microscope (STM) and the Atomic Force Microscope (AFM) making analysis of
possible new nanomaterials more thorough. Fast forward to 2004 to the hallmark pub-
lication from Geim and Novosolov in which they mechanically cleaved graphite to form
free standing single atom layers of graphene and demonstrated atomically thin devices.
This work caused the revision of previous theoretical studies that raised concerns that
monolayer graphite, or that any 2D material is thermodynamically unstable and could not
physically exist [18][19][20]. Since then however, several two dimensional nanomaterials
have come to the forefront of material science.

12
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This chapter will detail the structure and properties of the nanomaterials that are
used in this body of work. It will be followed by descriptions of methods of synthesis
of 2D nanosheets, with an emphasis on a particular solution processing technique called
Liquid Phase Exfoliation.

2.1 The 2D Material Family

Crystals that are layered consist of atoms that are covalently bonded in-plane but display
weak van der Waal's bonding out of plane as shown in Figure 2.1A. This allows for the
separation of the layers within the crystal to form planar sheets which can be micrometres
wide but atomically thin. Thus, we can define 2D nanomaterials as materials where
at least one dimension is of the order of 1 nm. Realistically, 2D nanomaterials are
not atomically thin but often consist of flakes comprising < 10 stacked monolayers.
Furthermore, 2D materials can be produced from means other than layered crystals
through growth process or by cleaving various other bulk parent crystals.

VdW bonding
out of plane

X

Covalent
Bonding in plane xy

? ¢35 ¢ o \ B /-5~ J
y 3 € ol \ ? J =y
e 3 @ \
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S\ _Electrocatalysis”

Figure 2.1: A: Bonding in-plane and out-of-plane in a layered bulk crystal of graphite
[21]. B: A graphic depicting several potential applications of 2D materials [22].

The 2D material family is large as well as diverse. The introduction of graphene has
led to a flurry of discoveries of other two-dimensional materials with varied properties and
applications as depicted in Figure 2.1B. A group of compounds, some 40 strong called
Transition Metal Dichalcogenides (TMD) [23-25] that consist of a transition metal and
a group VI element have made up an important section of nanomaterials. Black phos-
phorous (BP), a puckered hexagonal allotrope of phosphorous has been demonstrated
as a 2D material in transistors [26]. Hexagonal boron nitride (hBN) [23], the electrically
insulating counterpart to graphite has shown promise in 2D material electronics as an
electrical separator or an atomically thin insulator. MXenes or MAX phases are artificially
produced layered ternary carbides and nitrides. These can be engineered through chem-
ical functionalisation to be either metallic or small band-gap semiconductors [27] and
are an attractive option for optoelectronics and thermoelectric power generation. Group
[1I-VI materials such as indium selenide (InSe, InySes), gallium selenide and copper
indium selenide have also recently emerged as potential 2D materials for optoelectronic
applications [28-31].

1D materials also play an important role in the growing family of nanomaterials. For

13
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example, carbon nanotubes are well known for their electrical and mechanical properties
[12]. They have been comprehensively studied and show great potential for materials
engineering. Their insulating counterpart, boron-nitride nanotubes albeit not as exten-
sively studied [32] also show many desirable properties [33]. This work however deals
mainly with 2D nanomaterials and their composites.

2.1.1 Conducting Layered Materials

Identifying new conducting layered materials is essential in the development of printed
electronics. With graphene at its centre, the family of conducting layered materials is
expanding and few other emerging metallic alternatives such as V'S, and V' Se, [34-36]
and the 1T polymorphs of some TMDs such as MoS; [37-39] are being investigated.
The most growth however is seen in the family of transition metal carbide and nitride
ceramics - Mxenes [40, 41]. They display network conductivity values that are much
higher than graphene and have shown potential in applications such as transparent
electrodes and electromagnetic interference (EMI) shielding [42, 43]. Other options for
conducting nanomaterials are single-crystal metal nanoparticles or nanoplatelets such as
those made from cobalt, nickel, copper and silver [44, 45]. Graphene however still has
the advantage of being easily synthesised and is therefore the focus of this work.

Graphene

Carbon has allotropes in one, two and three dimensions. Graphite consists of stacks
of sheets of carbon atoms weakly bonded to each other via van der Waals forces. A
single one of these sheets in which the carbon atoms are arranged in a honeycomb lattice
is called graphene. Carbon nanotubes are achieved by rolling graphene along a given
direction and reconnecting the carbon bonds. Fullerenes are molecules in which carbon
atoms are arranged spherically and hence are considered to be zero dimensional objects.
This is depicted in Figure 2.2A.

Two-dimensional graphite or graphene was investigated academically for over 60 years
[46-48] and was used to describe the properties of carbon-based materials. Furthermore,
theoretical studies showed graphene to be an excellent condensed matter analogue of
(241) dimensional quantum electrodynamics [49-51]. The results from these studies
however remained purely abstract as it was theorised that free standing 2D materials
could not exist apart from a 3D base due to thermodynamic instability [18][19][20]. It was
thought that the thermal fluctuations occurring within the crystal would be comparable
to interatomic distances and that with the decrease in thickness, the atomically thin films
would disintegrate. These notions however were precipitously disrupted when in 2004
Geim and Novosolov successfully demonstrated monocrystalline graphitic films that were
stable under ambient conditions [6]. They were able to observe these monolayers with
an ordinary optical microscope due to the subtle optical differences it creates on top of
an Si0, substrate [6]. This was a major breakthrough as although graphene is relatively
straightforward to synthesise, it is not easy to identify. It was isolated 400 years after its
discovery, partly due to the absence of sophisticated imaging tools that could identify
flakes that are one atom thick [52].

Each carbon atom in graphene is sp? hybridised and forms three o bonds in the plane
of the lattice, each of length 1.42 A. These extremely strong bonds are what makes
graphene so mechanically robust in the basal plane, thus preventing crystal dislocations
and defects. Perpendicular to this is a 7 electron cloud formed by the electron in the

14
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p. orbital. This unbound electron is free to move in the lattice and contributes to the
extremely high carrier concentration n. seen in graphene [53].

Figure 2.2: A: A visualisation of 0D, 1D and 2D allotropes of carbon being constructed
from a sheet of graphite [54]. B: The dispersion relation in graphene 7 bands via the
tight-bonding model considering only nearest neighbour hopping. FEj is energy and k,
and k, are the z and y components of the wave-vector [55].

Graphene is considered to be a zero band-gap semiconductor or a zero overlap
semimetal. The electronic band structure of graphene was first described by Wallace
through a tight-bonding model [53] and is shown in Figure 2.2B. The electronic proper-
ties of graphene make it unique among other 2D electronic systems. The freely moving
electron corresponds to the low energies close to the Fermi energy and as this electron
can be in a spin-up or a spin-down state, the valence band is completely filled while
the conduction band is completely empty. Furthermore, the periodic potential in the
honeycomb lattice gives rise to degenerate levels in the valence and conduction bands
of graphene. This means that that the valence and conduction bands touch without
overlapping at the Dirac point of the Fermi energy making graphene a zero band-gap
semiconductor. While the charge carriers in condensed matter physics are generally de-
scribed by the Schrodinger equation as having an effective mass m™*, in graphene the
charge carriers are considered to be mass-less Dirac fermions. This is due to the linear
E- k relation in the vicinity of the Dirac point and leads to a very high carrier mobility
pte > 15000 cm?/V's [56]. Graphene exhibits high crystal quality which brings to atten-
tion yet another significant feature - the electrons while moving through the lattice can
cover submicrometer distances without scattering, even in samples on atomically rough
substrates and at room temperature.

The optical properties of graphene can be calculated from its electronic properties,
showing that for visible light monolayer graphene is 97.7 % transparent. This combined
with its high carrier mobility makes for great potential in device applications such as
transparent conducting electrodes, ultracapacitors, field effect transistors and sensors
[57, 58]. Graphene is also structurally flexible, allowing its electronic, optical and phonon
properties to be modified by strain and deformation [59]. The reported mechanical and
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thermal properties of graphene show high breaking strengths that reach the theoretical
limit [60]. Record values for room temperature thermal conductivity [61] and Young's
modulus [60] have been achieved. Graphene can be stretched elastically by as much
as 20 % more than any other crystal [59, 60]. It has been nearly two decades since
graphene was first produced and since then the progress has been rapid with several
published articles investigating its remarkable properties and finding numerous wide-
ranging applications. Having established its significance consistently through the years,
the potential implications it could have on the future are indisputable.

2.1.2 Insulating Layered Materials

The group of insulating layered materials is quite limited with the focus historically
being mostly on boron nitride [62-65]. Some natural minerals such as talc [66] and
montmorrillonite [67] have shown potential as dielectrics used in printed electronics
however, the reports are minimal. The two insulating materials that are the focus of this
work will be described below.

Hexagonal Boron Nitride

Boron nitride (hBN) is widely used in industry as an ingredient in skin products, as a
lubricant and thermoconductive filler due to its high thermal stability. It is an inorganic
compound that exists in cubic, wurtzite and hexagonal lattices. Before the discovery
of free standing hBN monolayers, single layers of BN were epitaxially deposited and
studied on surfaces of transition group metals [68, 69]. A free standing hBN monolayer
was first found in the mechanically milled residue of boron nitride in 2005 shortly after the
rise of graphene [70]. However, it was Pacile et al. that first reported hBN nanosheets
and Han et al. that produced double layer and monolayer hBN in 2008 [71]. The yields
produced were quite low due to the limitations in production method nonetheless, since
then several works have been published on large-scale production of hBN nanosheets
via a wide range synthesis methods. Mechanical cleavage [72] and high energy electron
beam irradiation [73] are some of the techniques used to produce two dimensional sheets
of hBN.

Often times called “white graphene”, boron nitride is similar to graphene in many
ways. It has a hexagonal lattice as shown in Figure 2.3A and is made up of boron and
nitrogen atoms arranged in the AAA stacking sequence with boron atoms directly above
the nitrogen atoms. For comparison, in graphene the carbon atomic planes display Bernal
stacking (AB). The properties of boron nitride however are quite distinct from graphene.
There is significant charge transfer from boron to nitride atoms so the partially ionic
sp2 hybridised B-N bonds display notably different properties from the C-C bonds in
graphene for optics and electronic applications. Much the opposite to graphene, BN
is white in colour and has a large band-gap of 5.5 eV as described in Figure 2.3B. It
has a dielectric constant of 3-4 [63, 64, 76] and breakdown voltage between 1.9-2.5
MV /em [77, 78]. Two-dimensional hBN has an atomically smooth surface with no
dangling bonds or charge traps and is therefore a good candidate in electronic devices
as a dielectric separator [79, 80]. It is often used in UV light emitters [81, 82] and as
a thermoconductive filler in composites due to its exceptional thermal conductivity and
stability.

Boron nitride nanotubes (BNNT'), the 1D allotrope of hBN also have profound
chemical and thermal stabilities [83]. The B and N atoms are superimposed in succession
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Figure 2.3: A: The top and side view of the chemical structure of hBN [21]. B: The
band structure and density of states of hBN showing a band-gap of ~ 6 eV/. Here the x
axis is shown in terms of crystal lattice points [74]. C: A depiction of a sheet of boron
nitride and a boronnitride nanotube [75]. D: The stacking geometry seen in hexagonal
and rhombohedral boron nitride nanotubes and nanosheets [75].

along a particular axis to form mostly multi-walled 1D structures [33] as shown in Figure
2.3C. Boron nitride nanotubes however are more challenging to prepare than C'NT's since
the B-N bonds are partially ionic in nature, whereas the C-C bonds are purely covalent
[84-86]. This leads to lip-lip interactions between neighbouring BN layers. In a typical
multi-walled nanotube, the sheet layers are ordered with an inter-layer distance of 0.33
- 0.34 nm. There are two main types of stacking in BNNT's as seen in Figure 2.3D
- hexagonal and rhombohedral. BN NT's have been shown to be among the stiffest
insulating fibres ever known [87]. This implies they could be valuable for reinforcement
and/or used to increase thermal conductivity [62, 87, 88] of insulating polymeric films
and fibres.

It is clear that boron nitride displays several desirable properties such as a wide
band-gap, good thermal conductivity and non-toxicity. However, it has a low dielectric
constant [63, 89] and R BN nanosheets have been shown to form brittle and highly porous
networks. This poses a challenge to device fabrication through printed electronics and
limits performance. For example, films of boron nitride in printed transistors would
necessitate high gate voltages to modulate the transistor current given the low dielectric
constant [64]. Hence there is a requirement for other dielectric materials to be explored.

Bismuth Oxychloride

Bismuth oxychloride comes in a white powder and is highly stable in air at room tem-
perature, non-toxic and corrosion resistant. It is a member of V-VI-VII ternary layered
compounds consisting of [BisOq]*" slabs interleaved with double chlorine atom slabs
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as shown in Figure 2.4A. The crystal lattice dimensions within BiOCl are a = b =
3.91 A;¢c = 7.4 A. The conduction band minimum and valence band maximum are lo-
cated at the M and I points in the crystal’'s Brillouin zone respectively. This makes
BiOC! an indirect band-gap semiconductor as seen in Figure 2.4B, with a calculated
band-gap of 2.65 eV which is slightly lower than experimental results of 3.1 — 3.4¢V.
The valence band of BiOC1 is fully occupied by 2p C'l and 2p O orbitals whereas the Bi
6p orbitals contribute to the empty conduction band. This unique atom-plane correlated
band structure is the reason for the electric field between the [BiyO]2+ layer and the
C'l atom layer that allows for efficient charge separation. There is a tendency toward
cross-gap hybridisation between the cation-p states from the Bi atoms and anion-p
states from the C'l atoms. This indicates a covalency in otherwise ionic materials, and
results in a large Born effective charge and static dielectric constant. The large dielectric
constant is favourable for effective screening of charged defects and high mobility [90].
These properties make BiOC'1 an ideal candidate for electronics as a charge separator
and dielectric material.
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Figure 2.4: A: The chemical structure of BiOC'l showing halogen atoms between slabs
of [BiyOs]2+ from different directions. B: The band structure of BiOC! showing a
band-gap of ~ 3eV. Here the x-axis is the wave-vector at crystal lattice points in the
first Brillouin zone.

Bismuth oxychloride (BiOC!) has been researched extensively mainly as a photocat-
alyst in pollutant degradation, water-splitting and waste-water purification [91-97]. It
has been shown to have superior photocatalytic activity under UV irradiation, however
it displays poor catalytic performance under visible light. It has the advantage of a
wide band-gap which ensures high separation efficiency of photogenerated carriers and
powerful oxidation abilities. In BiOC', the internal static E-field generated between the
B>05 and halogen layer is thought to induce efficient separation in the charge carriers
to allow good photocatalytic activity. It shows a deflourination rate constant of perfluo-
rooctanoic acid (PFOA), a persistant organic pollutant, that is 14.6 and 1.7 times higher
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than commercial 7O and In,Os3, respectively [91]. These properties, along with its
ease of availability and non-toxicity, make BiOC! a good candidate to be used in 2D
nanomaterial based printed electronics.

2.2 Synthesis of 2D Materials

Two-dimensional materials are different to their bulk counterparts in that they have
a high aspect ratio i.e. their surface area to volume ratio is large. This allows for
more surface atoms to be exposed and hence they display different properties. In these
low dimensional materials, the electrons are confined in one direction which produces
changes in the electronic properties and thus modifies their electronic band structure. For
example, graphene shows exceedingly high carrier mobility when compared with graphite
[56]. The band-gap of semiconductor Mo0S; changes from 1.3 eV in bulk state to 1.9
eV in the monolayer state and has been shown to change monotonically with monolayer
number [21]. Therefore, to explore the different properties of nanomaterials, several
techniques have been developed to go from bulk powder to 2D nanosheets that will be
discussed below.

2.2.1 Synthesis Techniques

In the mid-19th century, exfoliation of layered crystals with low reductive potential was
performed by oxidation followed by dispersion in a suitable solvent [14]. Graphite upon
being oxidised would lead to weakening of the bonds by addition of a hydroxyl group mak-
ing it easier to delaminate. Recently however, more sophisticated and diverse techniques
have been developed to synthesise nanomaterials. Low dimensional material synthesis
can be broadly divided into two approaches. The bottom-up approach involves layers
of atoms grown epitaxially. For example, chemical vapour deposition (CVD) as shown
in Figure 2.5A involves molecules in the gas phase reacting with substrates and thereby
building up thin films upon it. This method is widely used in semiconductor micro-
fabrication. The other is the top-down approach (i.e. exfoliation), where bulk layered
crystals are delaminated to give few-layer thick nanosheets. For example, in mechanical
exfoliation atomically thin flakes are separated from their parent bulk crystal by rubbing
the face of the crystal against a solid surface such as a silicon wafer or by cleaving with
adhesive tape as shown in Figure 2.5B. The obvious advantage of this method is that
the flakes are chemically unaltered and are of exceptionally high quality. However, their
yield is low and the process cost is high. The trend between yield and production cost
for various synthesis techniques is shown in Figure 2.5C. Low yields are a limiting factor
for production of nanomaterials for application purposes where gram-scale quantities are
sometimes needed.

This brings us to solution processed nanomaterials which consists of three main
methods - ion intercalation, ion exchange and liquid phase exfoliation (LPE). These
techniques usually involve dispersing a powder of the bulk crystal in a suitable liquid
medium and then generating a force sufficient to exfoliate nanomaterials within the so-
lution. Solution processing has several advantages. Firstly, liquid processing eliminates
such complications as material transfer and demanding production conditions such as
high temperature. Dispersion in a solvent allows for characterisation of the nanomate-
rials through spectroscopic methods.The nanosheets produced in solution can be sorted
according to size and thickness, and can be easily chemically modified by the addition
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Figure 2.5: A: Nanomaterial synthesis by chemical vapour deposition [98]. B: Mechanical
exfoliation depicted by the scotch tape method [98]. C: The production rates and costs
compared for key synthesis methods along with applications for each [99].

of reagents. The formation of composite dispersions consisting of two or more nano-
materials becomes easier since they can be readily mixed. Finally, solution processing
techniques also allow for the dispersions to be deposited into films and coatings, enabling
the field of printed electronics. Emerging methods such as ion intercalation, shear exfo-
liation and ball milling will be briefly described below, followed by a detailed explanation
of ultrasonication which is the technique used in this work.

lon Intercalation and lon Exchange

In this technique that dates back to Schaffautl et al. in the mid-19th centuary [102],
the material is dispersed in a liquid medium and an ion species is introduced. As shown
in Figure 2.6A, the ions intercalate the layers within the crystal and weaken the bonds
as a result. Upon agitation these layers split apart forming nanosheets. lon exchange
exfoliation is applicable only to a limited few 2D materials that contain an interlayer
of cations that can be exchanged. Intercalation often vyields large flakes with a high
percentage of monolayer flakes [103-107]. This process however has some disadvantages
— it requires a harsh chemical environment and inert gas conditions. The synthesised
nanosheets may come with unwanted functional groups, which modify the properties of
the original material. They also often require post-processing which can cause defects
and structural altercations.

High Shear Mixing

High shear mixing is a method of exfoliating bulk powder dispersed in a liquid medium
through mechanical forces generated by rotating blades. Rotary blades apply shear forces
causing the liquid to delaminate the layered crystals to produce nanosheets as depicted
in Figure 2.6B. The shear mixer consists of a rotor and stator. The forces generated by
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Figure 2.6: A: Mechanism of exfoliation by ion intercalation and ion exchange[21].
B: Exfoliation by high shear mixing using a stator-rotor head [100]. C: Mechanism of
exfoliation during ball milling showing how the rotating balls exert shear and compression
forces. Large forces can lead to fragmentation [101].

the rotating blades cause the weakly bound layers within the crystal to split apart, as
long as the interaction between the liquid medium and layered material is energetically
favourable. Most of the exfoliation occurs in the gap between the rotor and stator and
in the holes in the stator suggesting a well-defined region of high shear rate. The blade
diameter, liquid medium, shear rate all play a role in the quality of exfoliation. This is
a highly scalable technology and is extensively used across a wide range of industries.
The resultant nanosheets are usually thick, ranging from 10 nm to 100 nm. The clear
advantage of this method is that large volumes of dispersed materials can be produced.
In the case of graphene, up to hundreds of litres with a production rate of 1.44 g/hr
[108] can be achieved.The downfall however is that the dispersion concentrations are
low, < 0.1 mg/ml and the specifics of the scalability of this method are still unclear
[109, 110].

Ball Milling

Ball milling is a method of grinding down particulate matter via shear and compression
forces exerted by metal balls rotating in a hollow cylindrical shell. It has been used to
produce mono- and few-layer graphene in 2010 [111]. During rotation the balls generate
shear forces perpendicular to the walls of the cylinder impacting the material in question
and grinding it down to a fine form. The forces generated by the balls on the powder
are depicted in Figure 2.6C. There are planetary ball mills and stirred media mills [112-
114], with the latter usually used to grind down powders to ultrafine particles. The
nanostructure of the material can be controlled by varying the number and size of the

21



2.2. SYNTHESIS OF 2D MATERIALS CHAPTER 2. LOW DIMEN-
SIONAL NANOMATERIALS

balls, the material out of which the balls are made up of and the material used for
the surface of the cylinder. The rotational speed and choice of material itself also play
an integral role in the quality and quantity of exfoliation. Since this is quite a violent
process, the operation parameters need to be optimised to prevent fragmentation of the
nanosheets or any defects introduced during milling [115]. Ball milling is a relatively new
technique for production of nanomaterials but due to its intrinsic scalability, it can be
very useful in industrial based applications. There are now several studies investigating
the effect of ball milling process parameters on the exfoliation of graphene [116, 117]
and the quality of the resulting nanosheets. However, little work has been done in ball
milling of other layered crystals outside of graphene [101].

Ultrasonication

The concept of using sonication to produce graphene from graphite was derived directly
from the research done in dispersing carbon nanotubes into solvents [8]. Through a
combination of experimental data and thermodynamical modelling, Bergin et al. showed
that carbon nanotubes are successfully dispersed in a solvent which has a surface en-
ergy close to that of the tubes. Since graphite has a similar surface energy to carbon
nanotubes it was supposed by Coleman et al. that powdered graphite sonicated in the
solvents established for carbon nanotubes could result in exfoliation. This paved the
way for more materials to be exfoliated this way and eventually a general protocol was
formulated for ultrasonication as a means to produce nanomaterials.

Sonic probe

Beaker

with

solvent
coolant

Figure 2.7: A: Graphical representation of exfoliation via ultrasonication. B: From pow-
der to nanomaterial dispersion [118]. The formation of cavitations in the liquid medium
is shown. C: An array of nanomaterial dispersions synthesised by ultrasonication [119].

Ultrasonication is a method of solution processing nanomaterials that involves gen-

erating shear forces by applying ultrasonic waves through the medium. This process
is depicted in Figure 2.7A. The ultrasonic waves are propagated out of a probe that
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is placed within the liquid. Rapid probe oscillation creates bubbles or “cavitations”
within the volume of the liquid, which on bursting release large amounts of shear force
that is sufficient to overcome the interlayer van der Waals attraction within the crystal.
This method yields nanosheets of a wide range of sizes and layer numbers dispersed in
volumes up to 100 ml. The concentrations of the resulting dispersions can vary from
anywhere between 0.1 mg/ml to 1 mg/ml. In some cases it can be higher depending on
the specific method of production [120]. The nanosheets are unfunctionalized unlike in
ion-intercalation methods and are generally defect free. This approach for synthesising
nanomaterials is fairly straightforward with very little variation between exfoliation pro-
tocols of different materials. The frequency and amplitude of the sonic waves generated
affects exfoliation as ultrasonic LPE causes delamination as well as fragmentation of
the nanosheets [121]. Moreover, the initial concentration of bulk powder and sonication
time play a role in the outcome of exfoliation and quality of nanosheets. The shape of
the vessel is also a contributing factor as the power from the sonic probe decreases both
axially and radially, which limits the volume that can be exfoliated [118]. The choice of
liquid medium is important as the delaminated sheets have to be stable in the dispersion
to avoid reaggregation. As will be detailed in the following section, the liquid medium
is selected by the matching of Hansen solubility parameters of the solute and solvent.

2.2.2 Stabilisation

It is necessary for the nanosheets formed in solution to be stable against reaggregation
during exfoliation as well as after, particularly for application purposes. A well stabilised
mixture can produce a high percentage of nanosheets that are monolayers and is one that
does not undergo coagulation or reaggregation for long periods of time [122]. The time
scale for which a dispersion needs to be stable depends on the device fabrication method.
Stabilisers reduce the net energy cost of exfoliation by binding onto the nanosheet surface
and preventing reaggregation. There are three main types of stabilisers — solvents,
surfactants and polymers. The choice of stabilisers is made with the printing/deposition
method and target application in mind. For example, use of surfactants and polymers
although effective could potentially change the rheological properties of the dispersion.
Furthermore, to remove them from a printed network they would require post processing
methods which could damage or compromise the quality of the flakes. Solvents would
then be the ideal candidate for developing application-based dispersions, however they
too have advantages and disadvantages which will be discussed below.

Solvents, surfactants and polymers, each have slightly different mechanisms for sta-
bilising colloidal mixtures. Solvents achieve stabilisation through minimising the total
free energy of the system, which in turn depends on the enthalpy and entropy of mixing.
Surfactants on the other hand, stabilise colloidal particles through forming an electrical
double layer which is explained through DLVO theory. Here, the van der Waal attraction
between the particles is counteracted by the electrostatic repulsion due to the electrical
double layer. In the case of polymers, stabilisation is established through steric hindrance.
The bulky polymer molecules take up space within the mixture and prevent aggregation.
All three of these stabilisers have been used in 2D nanomaterial dispersions, depending
on the target application. Below, these will be discussed in detail.
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Solvents

Theoretical models designed to predict stability of small molecules in solution can be
modified to account for low dimensional materials [8, 123]. In solution, small molecules
and extended objects such as 2D materials interact via dispersive, dipole-dipole and
dipole-induced dipole forces. However, it is the dispersive forces that are usually critical
to understanding stability. First it is important to establish that the solubility of solids or
any mixing of solids in a liquid medium is determined by the free energy of the system,
AG ;.. This quantity represents the free energy difference between the mixture of the
components and the two components in their unmixed states, as follows

Here, AH,,;, is the enthalpy of mixing and AS,,;.. is the entropy of mixing carried out at
temperature, 1. The entropy of mixing is generally calculated statistically for a random
mixture. For a successful mixing outcome, AG,,;, must be negative. Small molecules
often have a large entropy which implies mixing is generally allowed even for large AH,,;..
values. Large molecules however have a lower entropy which means if AH,,;, is below
a critical value, mixing is energetically favourable. One can then pick a solvent so as to
minimise AH,,;, and facilitate dissolution. This brings us to the Hildebrand-Scatchard
equation [124-126] which can be used to approximate AH,,;,

v = (1= 9)(ors — or,n)?
where % is the enthalpy of mixing per unit of volume being mixed, ¢ is the solute

volume fraction and dr,s and 07 n are the Hildebrand solubility parameters of a given
solvent (S) and solute (V). The Hildebrand parameter is a single parameter, ¢ that
is made up of the Hansen solubility parameters which consist of three components as,
6% = 67 + 67 + 6j, where J7 represents energy due to dispersion forces, &7 is energy
from dipolar forces and 67 is from the hydrogen bonding between the molecules. The
Hildebrand equation is minimised for values of 7, ~ dr n i.e. if the solubility parameters
of solvent and solute are close in value. This approach dates back to the 1930s and is
a simple guide for choosing a solvent for a given solute. While it is common to use
this equation empirically for polymers in solutions, the work of Coleman et al. outlines
equations that are modified versions of the Hildebrand equation for extended objects i.e.
rods and platelets in solution [123]. For dimensionalities of 1 and 2, the derived equation
only differs to the original Hildebrand expression by a numerical constant.

Figure 2.8A shows data that compares the resulting concentration of nanosheets
with the surface energy of the solvents used for its exfoliation [127]. As seen, the
solvents deemed to be within the critical range of surface tensions ( 40 mN/m for
graphene and W.S,) tend to be toxic with high boiling points [8, 21, 127, 128]. Solvents
such as N-Methyl-2-Pyrrolidone (NMP), Dimethylformamide (DMF) and N-Cyclohexyl-
2-pyrrolidone (CHP) are highly dangerous and have been shown to have teratogenic
effects [129, 130]. In addition, the low volatility means that rapid device processing is
challenging. An alternative to such solvents are low-boiling point and environmentally
friendly substances such as IPA and ethanol but the surface tensions of these are too low
25 mN/m for exfoliation purposes and yield a low concentration of dispersed flakes.

The problem with using solubility parameters is that solubalisation of solutes in sol-
vents is a result of several forces in play such as London dispersive forces, polar forces
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Figure 2.8: A: Concentration of graphene dispersion as a function of solvent surface
tension from [127]. B: Stabilisation in organic solvent and stabilisation via formation
of electrical double layer by surfactants [131]. C: Comparison of a stable well-dispersed
silver nanoplatelet solution in water and a badly dispersed silver nanoplatelet dispersion
where the nanomaterial has coagulated and sedimented to the bottom of the vial.

and dipole-dipole interactions. The work of Shen et al. shows that all contributions
of solvent and solute need to be matched i.e. the total surface tension as well as the
ratio of polar and dispersive forces of the nanomaterial and solvent must be matched
[132]. Several strategies have been developed in an attempt to overcome these issues.
Tuning the surface tension by changing the temperature or by adding salts has been
shown to improve stabilisation in solvents as an alternative to toxic high boiling point
solvents [21, 128, 132, 133]. The use of co-solvents to tailor rheological properties such
as surface tension, viscosity and density of the resulting mixture has been attempted by
adjusting relative concentrations of the substituent solvents [129, 134, 135]. However,
it must be said that the yield of the resultant dispersions is still inferior to those ex-
foliated in high-boiling point solvents such as NMP and DMF which have the suitable
solubility parameters. With regards to co-solvents, there are issues with the stability
of water-alcohol mixtures [129, 134-137] as the surface tension of the mixture changes
exponentially after addition of alcohols to water. The rheological properties of alcohol
based co-solvents are also very sensitive to temperature changes.

An approach that was shown by Zhang et al. has been adopted by our group to get
around this issue involves one of solvent exchange or solvent transfer. The exfoliation,
since it is done under controlled conditions and with safety precautions, is carried out
in the aforementioned high-boiling point solvents which have the appropriate surface
tension values. After exfoliation, the resultant dispersion is centrifuged at high speed to
separate out all the solvent and the sediment is redispersed in a low boiling point, less
toxic solvent such as IPA or acetone. The idea is that there is still some of the initial
solvent from the exfoliation adsorbed onto the surface of the nanosheets that keeps the
sheets from aggregating in the poorly matched solvent that they are redispersed in [138].

Surfactants

Surfactants work as a stabilising agent by coating the nanomaterial in dispersion through
collision and diffusion mechanisms. Surfactants can be ionic (anionic, cationic, zwitteri-
onic) or non-ionic [139, 140]. Most effective ionic surfactants are facial amphiphiles i.e.
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molecules with a quasi-flat molecular structure with hydrophobic and hydrophilic faces,
for example bile salts such as sodium cholate (SC) or sodium deoxycholate (SDC). They
are used in nanotechnology to stabilise nanomaterials in water. Typical non-ionic surfac-
tants include Trition and the Tween and Brij series. Here we will focus on stabilisation
through ionic surfactants.

lonic surfactants consist of a head group that is polar and a tail group that is non-
polar, usually an alkyl chain. The polar head group interacts with other ionic groups
electrostatically whereas the tail group interacts with non-polar molecules via London
forces. In solution at room temperature, the surfactant molecules dissociate i.e. they
undergo ionisation. They are still in the vicinity of each other as they are attracted via
electrostatic forces but are moved away from each other via Brownian motion. So when
the surfactant molecules coat the nanosheet in question, the tail groups are bound to the
surface of the sheet but the head groups float further away forming a diffuse cloud of ions.
This is known as the electrical double layer. The nanosheets in this case have an effective
negative charge Q.ss. This effect is not quantified through the amount of charge but
through the potential at the edge of the bound tail group ions because of the electrical
double layer. This potential is termed Zeta potential, [C|. If |(| > 30 mV/, the dispersion
is considered to be stable against reaggregation [141, 142]. The physics of the double
layer was described independently by Derjaguin & Landau and Verwey & Overbeek and
therefore is known as DLVO theory. Broadly, it describes the attractive and repulsive
forces experienced by nanomaterials in a dispersion — the attraction is described by van
der Waal's forces and is dependent on nanomaterial size and the distance between them.
The repulsive force is described by DLVO theory as being related to the zeta potential
and inversely to the thickness of the layer of mobile counter ions, among other factors
[143]. The total potential experienced by any nanomaterial in a dispersion stabilised via
surfactants then, is the sum of these two forces.

Polymers

Polymers such as sodium carboxymethyl cellulose (CMC), Polyvinylpyrrolidone (PVP)
and ethyl celluose are commonly used to stabilise nanomaterial dispersions against reag-
gregation [144-146]. The polymer chains adsorb onto the surface of the nanosheet
at several sites forming loops that protrude into the solvent. The movement of the
nanosheets are hindered as they approach each other in the liquid medium due to the
space occupied by the long polymer chains. As a result, the number of chain conforma-
tions decline resulting in an increased free energy in the system [147] which acts as a
repulsive force between the nanosheets, preventing coagulation or aggregation. In order
for this to happen, the combination of the loop-tail entropy of the polymer and the
energetics of adsorption of the polymer onto the surface of the nanosheet must result
in a favourable free energy [148]. May et al. have analysed this balance of energies
and developed a set of rules to predict successful nanosheet polymer-solvent combina-
tions. Adding polymers allows formulation of composites [149] as well as control over
the viscosity of the resulting dispersion, which can be beneficial while tailoring physical
properties to suit the deposition methods.

Polymers however are lacking in some ways despite good stabilisation. For one, the
resultant dispersions are still lower in final concentration and have fewer single layer
sheets than those exfoliated in surfactants. This is due to bulky polymers being unable
to easily insert themselves between partially exfoliated sheets. Polymers also sometimes
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dope the nanosheets resulting in a change of properties of the material [150], although
this can sometimes be beneficial [151]. In cases where this is undesirable, post processing
is required to remove the polymers which often involves high temperatures or chemical
intervention.

2.2.3 Sorting 2D Crystals

The nanosheets produced in dispersion after ultrasonication are extremely polydisperse
and generally consist of sheets 100 nm — 1 um in size and 1 to 10 monolayers in thickness
[118]. The mean size distribution of the nanosheets differs according to the material
being exfoliated and the specific process parameters. Therefore certain methods have
been developed to isolate nanosheets of different sizes. Sorting the 2D nanosheets in the
dispersion is an essential precursor to device fabrication as nanosheet size affects film
morphology and hence its properties. There are broadly two methods of sorting liquid
dispersed nanosheets — sedimentation based separation (SBS) and uniform or density
gradient medium separation (DGM). The former is what is commonly used in this work
to separate out nanosheets of different sizes. This technique exploits the centrifugal
force generated when dispersions are spun at high speeds. The Svedberg equation [152]
determines the sedimentation rate during centrifugation,

S=m(l—pv)/f

where S, the sedimentation coefficient is the time needed for the nanomaterial to sed-
iment (1S = 107!3s). The coefficient depends on morphological properties of the
material. m and p are the mass and density of the nanomaterial being centrifuged and v
is the volume taken up by each gram of the nanomaterial. f is the frictional coefficient
which depends on the nanosheet lateral size and thickness as well as the viscosity of
the liquid medium it is dispersed in. Large or elongated nanoparticles experience more
frictional drag than spherical ones and so have higher f values. According to the above
equation then, it is clear to see that thick and large nanosheets which have a higher
mass, sediment faster with respect to thin and small sheets which have a lower mass.
Single layer nanosheets have very low sedimentation coefficient values and hence are
difficult to isolate using SBS.
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Figure 2.9: Size-selection by consecutive centrifugation steps. At each step, the nano-
material sedimented is of smaller size and results in a less concentrated dispersion [122].

Liquid cascade centrifugation is a technique developed to isolate nanosheets of dif-

ferent sizes through incremental increases in centrifugation speeds. It is depicted in
Figure 2.9. This procedure is termed as size selection and is a vital step after exfoliation.
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We have established above that lower the frequency of rotation, larger the nanosheets
that are dragged out of the dispersion and sedimented. The first step in size selecting
nanosheets in dispersion is to spin at a low frequency, typically &~ 250g. The sediment
from this round consists of unexfoliated bulk material that can be discarded, or put
through to another round of exfoliation if the bulk powder is valuable. The supernatant
from this first round of centrifugation is spun at a slightly higher frequency, say 425g.
The sediment from this run now consists of nanosheets of sizes trapped between frequen-
cies 250g - 425g. The supernatant from this second run can be further centrifuged at a
higher frequency, say 960g and the sediment collected will consist of nanosheets of sizes
corresponding to frequencies 425g-960g. This can be continued until the supernatant is
clear meaning that all material has been extracted from the dispersion.

The choice of stabiliser and size selection of nanosheets are non-trivial steps in devel-
oping a nanomaterial dispersion. The stabiliser affects properties such as viscosity and
surface tension. The nanosheet size dictates how they will be arranged when deposited
into a film. The chapter that follows will describe how to tailor nanosheet dispersions
for optimisation in application purposes.
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Chapter 3

Functional 2D Materials Inks

Historically the printing industry has used substances like soot, plant and earth additives
as pigments and dyes for colour in graphic inks. This has allowed large-scale production
of newspapers, magazines and packaging material at very low costs. With the advent of
printed electronics, functional inks are being developed where these pigments are replaced
by utile particles and deposited through well-established printing methods. This enables
the inks to perform certain tasks, for example to conduct or insulate against electric
current by using conducting, semi-conducting and insulating materials respectively. Some
examples of active inks used in the past contain metallic particles [119] such as gold
and copper. Organics [153] and carbon-based materials like carbon black and carbon
nanotubes [154] were also widely used in applications such as biosensors, novel gas
sensors and voltammetry [155, 156].

With the emergence of nanotechnology in the last 20 years, solution processed nano-
materials are being deposited and patterned onto substrates for functional device applica-
tions [131]. The commonly used printing or deposition methods used are screen printing
[157-160], flexographic and gravure printing [161-164], spray coating [149, 165, 166]
and digital deposition processes such as ink-jet [167, 168] and aerosol-jet printing [169-
172]. The first instance of a printed transistor was reported in 2012 when graphene
produced through liquid phase exfoliation was ink-jet printed to fabricate field-effect
transistors [173]. Several other printable inks have since been formulated using reduced
graphene oxide (rGO) [174-177], TMDs [77, 178], hexagonal boron nitride and black
phosphorous [64, 179-181]. Each printing method requires the ink to have a specific set
of rheological properties to produce a successful print. Thus, understanding ink rheology
and ink drying mechanisms is non-trivial in the progress of functional device fabrication.
This chapter will first detail principles of ink systems such as viscosity, surface tension
and composition. This will be followed by a description of the two deposition methods
used in this work i.e. spray coating and aerosol-jet printing.

3.1 Principles of Ink systems

The physical properties of an ink are dictated by its precise composition. In the case
of functional inks the composition has to be carefully constructed, keeping in mind
the method of deposition and the target application. For example, screen printing or
flexographic and gravure printing requires a highly viscous and concentrated ink [153,
182, 183] whereas ink-jet printing and aerosol-jet printing require only low viscosity
and dilute inks [169, 171, 184-187]. Additives and binders used in the ink need to be
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compatible with the printing method but also not interfere with the properties of the ink
or require rigorous post-processing. Furthermore, the substrate-ink affinity plays a major
role in ink drying and film formation. After establishing some important rheological
properties of inks, we will discuss ink spreading and drying mechanisms that ultimately
affect morphology and hence performance of the functional films.

3.1.1 Ink Rheology

The deposition of inks often involves processes such as atomisation and fluid transfer,
which require an understanding of the rheology of liquids i.e. how they behave under
deformation and flow. Properties such as viscosity, density and surface tension of liquids
must be well-defined and controllable. Viscosity is a fundamental characteristic property
of all fluids that describes the measure of resistance to flow or shear. It is a function of
pressure and temperature and is described mathematically as the ratio of shear stress, 7
to shear rate 7: 7 = 17y where 7 is the dynamic viscosity. This is represented graphically
in Figure 3.1A. Based on this definition, liquids can be broadly divided into Newtonian
and non-Newtonian liquids. When the viscosity of a liquid is constant and independent
of the applied shear stress, it is a Newtonian liquid. In the case of non-Newtonian liquids,
the viscosity changes with applied shear force and time. Among non-Newtonian liquids,
there are pseudoplastic and dilatant behaviours. As seen in Figure 3.1B, pseudoplastic
is a type of liquid that shows decreasing viscosity with increasing shear rate, whereas a
dilatant liquid displays increasing viscosity with increasing shear rate. For nanoparticle
ink systems, their behaviour can deviate from Newtonian flow due to the associated
chemical bonds and physical interactions between the components.
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Figure 3.1: A: Flow and viscosity curves for a Newtonian liquid. B: Newtonian and
non-Newtonian flow behaviours of functional inks [131].

Rheology of such inks is largely influenced by the nanoparticle volume fraction, ¢
as well as their shape and spatial arrangement [188]. The nanoparticles dispersed in a
flowing liquid experience fluid-particle and/or particle-particle interactions which results
in an increase in energy dissipation [189, 190]. These interactions increase with volume
fraction, restricting particle diffusion to small clusters or “domains” formed by the nearest
neighbours. This causes the viscosity, 17 to diverge according to the generalised Stokes
relation [191]: D = kgT/6¢nr which relates the diffusion coefficient, D of the particle
to the viscosity, n of the fluid in which it is dispersed. Here, kg, T and r are the
Boltzmann constant (kp = 1.38 x 10723 JK '), the absolute temperature (K) and the
particle radius (m) respectively. In the case of 2D nanosheets with plate-like geometry,
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the variation in viscosity is strongly affected by the high aspect ratio of such objects
[192-196]. The increase in contact area and surface interaction between elongated and
plate-like nanoparticles when compared to spherical nanoparticles at similar conditions
of loading level and density, results in an increase in viscosity of the dispersion [197].
There have been several studies to determine viscosity values of fluids with dispersed
nanomaterials [198-200], however they fall short of a precise theoretical model due to
complexity of the system.

3.1.2 Ink Composition and Processing

We have established that developing nanomaterial inks for specific printing processes
involves control over their rheological properties since they determine if the printing
results are consistent and reproducible [201, 202] . An ink generally consists of a pigment,
a solvent vehicle to carry the pigment and any necessary additives or binders to enhance
the final ink properties. Typically, the basic role of a pigment is to give colour to an ink. In
this context however, we talk of active pigments which possess functionality. Consider
solution processed nanomaterials that have electrical properties that are conducting,
semiconducting or dielectric [131, 203]. Rheology and surface tension modifiers in the
form of additives and binders can be added to prevent aggregation and/or precipitation
[201] of the nanomaterials. The vehicle that carries these components is usually in the
form of a solvent and is responsible for the viscosity, surface tension and ultimately drying
characteristics of the ink.

The compounds commonly used as binders are polymers, such as acrylics, cellulose
and rubber resins [204-206]. Their function is to bind the pigment particles to each other
and to facilitate adhesion to substrates. Upon deposition, binders can dry and solidify
in the film or if necessary be removed by post-processing methods such as annealing
or exposure to UV radiation. In addition, the choice of binder can impart specific
properties to the film such as adhesion or resistance to certain ambient conditions [207-
209], for example using water insoluble polymers to protect films from moisture [119].
Additives are substances that are included in the ink system to tailor the properties of the
dispersion. They can be used to improve the wetting properties of either the pigment
or the substrate. For example, surfactants are typically added to reduce the surface
tension of water-based inks. Defoamers may be used to avoid bubble formation during
the deposition process. They can also be used to alter the chemical properties of the ink
for example, addition of alkalis results in a mildly basic pH making it easier to dissolve
polymeric binders. The common formulation rule is that additives are supplemented in
amounts not exceeding 5 wt% of the ink [210] to avoid it affecting the final network
properties.

Solvents are the instrument through which pigments, binders and additives are car-
ried. Its primary function is to provide a liquid medium so that the components within
it can be transferred to a substrate via a printing method. Generally, an ideal solvent
is one that dissolves most chemicals. Water comes closest to this as it dissolves more
substances than any other solvent. A good solvent choice while preparing solution pro-
cessed 2D material inks however, abides by the solubility parameter matching detailed
in the previous chapter. Matching of Hildebrand solubility parameters ensures a well
dispersed ink of nanosheets. The solvent of choice must not dissolve or degrade the
dispersed material. It must evaporate at a rate compatible with the printing method
and deliver the required ink viscosity. Typical solvents used in 2D material inks include
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water, other polar solvents such as alcohols and ethers and organic solvents. The solvent
is selected conidering the deposition method, the substrates, drying conditions and the
product destination. For example, gravure and flexographic printing require that the ink
drying is prompt [211, 212]. Common solvents for this type of printing are IPA and ethyl
acetate which have high evaporation rates. Screen printing on the other hand requires
less volatile solvents such as butoxyethanol to avoid clogging of the screen mesh associ-
ated with fast drying [213]. However, the choice of solvent for each deposition method
is not always straightforward as there are several factors in play. It will be later discussed
how morphology and therefore functionality of the film are also affected by the choice
of solvent.

3.1.3 Ink spreading and Drying

In addition to ink processing, it is important to understand surface properties of the
substrate since it is the inter-play between the two that decides the quality of the re-
sulting printed pattern. The key properties of substrates to consider for a good print are
substrate porosity and surface free energy. Structural and dimensional considerations
include thickness, smoothness and flexibility. It is also important that the substrate is
durable. Other factors like optical transparency and resistance to moisture can be taken
into account depending on how relevant it is to the target application.
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Figure 3.2: A schematic showing different substrate wetting conditions with respect to
contact angle, #. A: The case where the surface tension of the liquid is higher than the
surface free energy of the substrate leading to beading and no wetting. B: The case of
poor wetting where § > 90°. C: The case of good wetting where 6 < 90°. D: The case
of perfect wetting corresponding to 6 = 0°.

The porosity of the substrate determines the absorption of the ink or paste. For
example, absorption will be higher in the case of uncoated paper compared to plastic
due to higher porosity. On absorbent substrates, adhesion is influenced by the degree of
ink penetration. The pigment remains on the surface while the solvent is drawn into the
substrate. If too much solvent is absorbed it could leave the pigment dry and unbound
causing poor adhesion. On non-absorbent substrates, adhesion is primarily controlled
by the film coating ability of the solvent and molecular affinity of the substrate. This
is where surface energies need to be considered. Surface tension can be defined as the
attractive force of the molecules present at the surface of a liquid towards each other.
Surface free energy, albeit used interchangeably with surface tension, is the equivalent
attractive force present between the molecules at the surface of a solid substance. Thus,
for ideal wettability, the surface tension of the ink must be lower than the surface energy
of the substrate. The surface tension of inks is decided by its composition i.e. solvent,
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pigment or any binders and additives present. Polar inks have a higher surface tension
than non-polar inks [214, 215]. For example, water has a higher surface tension than
IPA. The surface free energy of substrates can be defined based on measurements of the
contact angle obtained for different liquids according to Young's equation:

Yi—v COS 0= Vs—v — Vs—i

Where ~;_,, 7s—» and y,_; represent the respective interfacial tensions between the
solid surface (s), the ink (i) and the vapour (v) and @ is the contact angle as depicted
in Figure 3.2. The correct blend of solvents can influence adhesion by creating better
wetting of substrate and flow out. Contact angle values, 6 > 90° suggests no or poor
wetting whereas, # < 90° suggests good wetting. A contact angle of § = 0° represents
perfect wetting and spreading. Good wetting is achieved in the case where ~;_, < v5_,.
This suggests that substrates with low surface energies are difficult to wet. In such
cases, the ink cannot remain in contact with the surface and tends to retract and form
beads leading to a discontinuous film. Generally, good wetting is seen when the surface
tension of the ink is 7 -10 mNm ™! lower than the surface energy of the substrate [216].
This would mean for functional printing on substrates commonly used in electronics and
optoelectronics such as Si/Si0s, glass and plastics such as polyethylene terephthalate
(PET), the surface tension of the inks must be sufficiently low (eg. < 30mNm™!) [181,
217, 218].

Figure 3.3: A: Different drying profiles of printed lines with highly viscous inks resulting
in a rectangular cross-section and low viscosity inks leading to the coffee ring effect
[119]. B: A schematic showing the mechanism of droplet drying with the blue arrows
representing solvent evaporation at the surface and the red arrows representing material
flow within the droplet.C: A photograph of a droplet of coffee containing 1 wt% solids
dried to form the ring effect [219].

Considering reliable ink spreading, the morphology of the printed pattern is further
influenced by the ink viscosity as shown in Figure 3.3A. High viscosity inks like those used
in gravure and flexographic inks contain a high concentration of pigments and binders.
These types of inks tend to form lines that have a rectangular shaped cross section when
deposited. This is representative of a uniform distribution of material and follows that
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the resulting film will show desirable properties such as high conductivity and mobility of
charge carriers through the film. The ideal cross-section of a medium viscosity ink such
as those used in ink-jet or aerosol-jet printing is semi-circular in shape. This pattern is
due to low solid content for example, the amount of binder or pigment in the ink [220].
A common unwanted feature seen in medium and low viscosity ink deposition is the
“coffee-ring" effect [219]. This is a highly non-uniform deposition result where most of
the material dries to be concentrated on the periphery of the print, leaving a concave
central area. This effect was explained by Deegan et al. and is related to non-uniform
solvent evaporation across the droplet during ink drying. As shown in Figure 3.3B the
evaporation rate is usually highest at the edge of the droplet-substrate interface i.e. at
the contact line. This is due to the high surface area to volume ratio at that point.
During drying, the contact lines pin the droplet to the substrate such that an outward
convection flow is induced from the droplet centre to its edges, moving material as it
does so. This is depicted in Figure 3.3C and is a process that is largely dependent on
the drying conditions and surrounding environment [221].

3.2 Printing Technologies
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Figure 3.4: A: Throughput and printed feature resoltion for various printing methods. B:
Comparison of graphene ink viscosities for screen printing, gravure printing and ink-jet
printing respectively [119]

We have discussed above how solution processed dispersions can be formulated into
functional inks ready to be printed. The printing processes differ mainly in throughput
and resolution, often compromising one for the other as seen in Figure 3.4A. They can
be broadly divided into non-digital processes such as screen, gravure and flexographic
printing and digital, non-contact processes such as spray coating, ink-jet and aerosol-jet
printing. The former has the advantages of being an inexpensive, scalable and reliable
method of device manufacturing [218]. They require inks of high loading levels (>10
wt% 2D material concentration) and volumes ( > 1L) [119, 222]. Digital printing
processes on the other hand have the advantage of being non-contact, high-resolution
and mask-less printing processes that require minimal volume (typically 1-2 ml) inks of
low loading levels (<0.1 wt% of 2D material concentration) [64, 173, 179, 223]. This is
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ideal for investigating new materials that are difficult to synthesize and yield low masses.
An example of this is shown in Figure 3.4B where the ink viscosity varies for different
printing methods. Therefore, it is essential to select the printing process based on the
target printed feature size and fabrication throughput [222]. In the following sections,
the two main printing processes used in this work — spray coating and aerosol-jet printing
will be introduced

3.2.1 Spray Coating

Spray coating is a method of depositing inks that is widely used in graphic art [224]
and industrial coatings [149, 166]. It allows the deposition of inks over rigid and flexible
large area substrates [225, 226]. Recently, there have been significant advances in
spray coated functional films using solution processed nanomaterials. The versatility of
this method has been shown through fabrication of flexible printed gas sensors [227,
228], conductive patterns [226, 229] and even in pharmaceutical applications [230-232].
Casaluci et al. [233] have demonstrated the printability of graphene inks in DMF on large
area transparent conductive oxide (TCO) by spray coating. An ultrasonic spray coating
method has been reported by Lin et al. [234] to produce transparent conducting films
from a hybrid of graphene and conductive nano-filaments. This has several potential
applications such as in solar cells, LEDs, touch screens and displays.

N, gas flow Ink flow
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Figure 3.5: A: Schematic of the spray coating process showing the ink flow from the
spray gun on to the substrate. B: Zoomed in diagram of the nozzle showing movement
of the needle upward allowing the ink to spray out.

Although the mechanism is quite straightforward, spray coating is not a simple pro-
cess and has several parameters that affect spray. An aerosol of the ink is formed via a
back-pressure of Ny gas or by using electricity, in which case it is termed “electro-spray” .
Here we will be describing the air-assist spraying technique where the ink is sprayed out
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of a nozzle as a fine aerosol formed from the pressure applied by a transporting gas.
As seen in Figure 3.5A, N, gas flows through the line and into the main body of the
airbrush spray-gun where it is met with the ink in the reservoir. As the piston is pushed,
the needle (shown in Figure 3.5B) moves up, allowing the ink to spray out. The solvent
nature (i.e. polarity, solvent pressure) [235], viscosity [236], flow rate [235], substrate-
nozzle distance [225, 237] are some of the parameters that need to be controlled to
obtain a uniform film [238].

The nature of the solvent and the platen temperature together determine the evap-
oration rate at the substrate surface. Low vapour-pressure solvents such as NMP
(0.00045 atm at room temperature) promote long crystal formation by allowing struc-
tural arrangement before drying [235]. High vapour pressure solvents like IPA (0.043 atm
at room temperature), toluene (0.031 atm at room temperature) promote faster solvent
evaporation which substantially reduces the ability of functional particles to organise
themselves into an ordered fashion, decreasing the final device performance. For ex-
ample, the work of Owen et al. investigated the effect of solvents on the performance
of spray coated organic TFTs. Field effect transistors were sprayed using inks made of
three different solvents. Since the semiconductor does not incorporate solvent into its
crystal packing, the difference in the value of mobility comes from the fact that the three
solvents present different evaporation rates, leading to different morphologies within the
film, which is mirrored in its electronic properties. However, just selecting low vapour
pressure solvents does not guarantee a uniform sprayed film, the flow rate has to also be
adjusted to the solvent. For example, if the flow rate is high while using a solvent such
as NMP, it could cause pooling on the substrate. This allows material to flow within
the film leading to uneven material distribution and ultimately a non-uniform film. Fur-
thermore, high flow rate with a high vapour solvent could lead to redispersion of any
underlying printed films, as is the case while printing stacked heterostructures.

There are several other factors to be considered during spray coating. One such
important parameter is the substrate-nozzle distance, d. For small d values, the ink on
the substrate can be blown away by incoming flow whereas for large d values, the solvent
can evaporate before the droplets reach the substrate. Optimal d values have been cited
in the 10-15 ¢m range [226, 235]. Yu et al. [239] therefore, have reported a relationship
between droplet size and spray height

UdAHUap
2mkg AT

where D, is the average droplet diameter, v, is the average drying rate (mass/time)
of the droplet, AHwvap is the latent heat of vaporisation ( Jg~!), k4 is the thermal
conductivity of the liquid droplet ( Wm™'K~!) and AT (K) is the mean temperature
difference between the droplet surface and the surrounding air [240]. Spray coating is
also affected by properties such as surface free energy of the substrate and wettability by
the solvent. Film formation during spray coating is therefore a complex process, but has
the advantage of being solvent agnostic. it allows for deposition of inks with practically
any solvent, considering the viscosity is low enough, unlike in IJP or AJP which are highly
sensitive to viscosity and surface tension of inks.

Dav =
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3.2.2 Aerosol-jet Printing

Aerosol-jet printing (AJP) is a non-contact, direct-write digital process for depositing
patterns. It can be used to produce conductive traces [170, 241, 242] but also has
gained traction in applications involving other functional [243-245] and structural inks
[246-248]. Allowing for control over several parameters such as ink flow and focus-
ing during deposition and design flexibility [249], this method is an attractive option
for functional ink printing. The opportunity for the functionality of AJP beyond pas-
sive patterns and packaging applications was recognised in the DARPA-funded MICE
(Mesoscale Integrated Conformal Electronics) project in the late 1990s, which aimed
to develop manufacturing processing capable of depositing a range of materials onto
various substrates [250]. Aerosol-jet systems were born from this project and have since
been commercialised by Optomec Inc. Being relatively new to the printing toolbox, the
first research publications featuring AJP began to emerge only in the early 2000s [251].
As was detailed in the previous section, understanding rheological properties of inks
is vital in tailoring it to the printing method. The material surface tension, viscosity,
volatility, and density introduce a high degree of process variability between different inks.
This highlights an obvious drawback of this technique in that determining the optimal
printing parameters is a sensitive process [170, 252, 253] because there are several factors
at play. This makes consistency and reproducibility challenging as optimal parameters
for one ink do not necessarily translate to new materials. Thus analyses of this method
have largely been focused on a single aspect of the overall process [252, 254-257].
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Figure 3.6: A & B: A schematic of the AJP process where the ink is first converted
into an aerosol. This is transported by the carrier gas flow through a mist tube to the
deposition head where it is virtually focused by a sheath gas flow [258].

Although AJP is often compared with traditional ink-jet printing (IJP) techniques
since they are both digital, non-contact printing methods, they have some key differences.
Ink-jet printers make use of piezoelectric crystals which expand or shrink depending on
the current passed through them, thus allowing ink to flow out of the nozzle. In AJP
however, the ink is first converted into a mist through an atomisation process, before
it is transported to the nozzle. The printer head of an ink-jet printer consists of an
array of nozzles which eject ink to form the printed feature, whereas in AJP, there is
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only one nozzle out of which the aerosol-jet mist flows. This gives AJP printed features
a far cleaner line edge and highly controllable low resolution patterns. Another main
advantage of AJP over |JP techniques is that it is less sensitive to ink rheology, allowing
for various types of inks to be easily deposited. In the following paragraphs, we will
detail the working of AJP.

The first step of the AJP process as shown in Figure 3.6A is atomisation of the ink
into an aerosol. This can be done through ultrasonication or by pneumatic atomisation.
The former, which will be the focus in this work generates a more monodisperse aerosol
but is only compatible with small volumes of inks of viscosity 1 — 10 ¢P. Pneumatic
atomisation on the other hand can print inks upto 1000 c¢P [171] but creates more
polydisperse droplets in the aerosol. An ideal aerosol is one that is monodisperse and
highly dense while the droplets are not too large that they affect minimum feature size
or clog the nozzle. In ultrasonic atomisation, a transducer is submerged within a transfer
medium (usually DI water) where it is operated at high frequency (MHz). These waves
propagate through the transfer medium to a vial containing ink suspended above the
transducer. A standing wave is generated within the vial on the surface of the ink and the
superposition of consecutive waves results in formation of large peaks. The local shear
at the top of the peaks results in small droplets with fairly well-defined size distributions
[259, 260] being ejected from the bulk of the ink. The droplets formed are generally
between 2 — 5 pum in size [261] and are related to the ultrasound frequency, the ink
density and ink surface tension [262]. Higher atomisation power is shown to produce
larger droplets [263]. The ink viscosity and volume determine the critical power required
for atomisation since the wave must propagate through the liquid surface with limited
damping [264].

The generated aerosol is transported through the mist tube to the deposition head
via the carrier gas flow. This process typically occurs in the order of 10 s. The droplets
colliding with the walls of the tube are lost leading to material build up and possible
clogging or contamination. In general, material loss during transport is due to two
physical mechanisms — gravitational settling and diffusion. Large droplets are susceptible
to gravitational settling while the smaller droplets display increased diffusion away from
the beam trajectory. This defines a window of droplet sizes useful for uniform deposition.
Thomas et al. [265] have investigated gravitational settling of droplets by calculating the
survival probability i.e. the fraction of droplets that remain suspended in the aerosol, as
a function of droplet size, gas flow rate and geometry of the mist tube. Loss of material
through diffusion occurs by small droplets colliding with the walls of the mist tube and
impinging. It is therefore important to control the system geometry in this case as a
longer mist tube will lead to increased diffusion losses. However, a longer mist tube will
necessitate a higher flow rate.

Another factor to consider is the boiling point of the solvent used in the ink. Since
the droplets formed after atomisation are only microns in size, they lose solvent quickly
upon contact with the dry carrier gas [266-268]. This results in a reduction of droplet
size and leaves the carrier gas flow saturated. This in turn leads to a stable droplet
volume during transport. In addition, low boiling point solvents can evaporate in flight
resulting in the deposition of dry, discrete particles. This would form features with high
surface roughness and porosity. To prevent this, the ink is usually mixed with 10% of
a low volatility cosolvent [269] so that it keeps the aerosol wet during transport. Thus,
transport efficiency is a non-trivial factor in the AJP process since if nearly constant
aerosol density is assumed, any non-linearity in deposition with varying aerosol flow rate
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Figure 3.7: A: Over-spray during AJP by caused by drifting small droplets. B: Parameters
affecting the AJP process [171]

can be attributed to material loss during transport.

Upon reaching the deposition head, the carrier gas flow is met with a secondary gas
flow that constrains and constricts the aerosol within an annular sheath as seen in Figure
3.6B. Termed as sheath gas flow, this air stream creates an interlayer between the aerosol
and the physical components of the deposition head, reducing the chances of clogging.
It collimates the aerosol to allow for high precision patterning and enables the user to
manipulate the aerosol beam without any changes in the hardware. This combination
of virtual focusing by the sheath gas flow and physical focusing by the nozzle allows
deposition beams that are 1/10th the size of the nozzle orifice [248]. By considering a
baseline focusing of the aerosol beam as a simple non-mixing volume displacement and
modelling a parabolic velocity profile for a fully developed laminar pipe flow, Binder et
al. have investigated the collimation of the beam with respect to the nozzle diameter
and the focusing ratio i.e. the ratio of the sheath flow rate and carrier flow rate [270].
An important feature of their results is that the collimation is independent of droplet
size which means it can be generalised for different inks.

The focused aerosol beam upon leaving the nozzle travels towards the substrate in an
impinging jet. The small droplets, lacking enough inertia are carried away from the axis of
deposition with the smallest droplets not impacting the surface at all [271]. The droplets
of critical size upon impacting will deposit in a broadened pattern [254]. Small droplets
could add to overspray around a central thick line as seen in Figure 3.7A. Assuming
the critical droplets have the same range of density and velocity, any inertial differences
arise from variation in volume of droplets which can be controlled somewhat through ink
composition and atomisation parameters. This raises the need for a parameter such as
the Ohnesorge number used in ink-jet printing which dictates the rheological properties
an ink must have for a successful print [272]. As shown in Figure 3.7B, the AJP process
is quite complicated with the apparatus, process and design readily configurable but
leaving aspects such as environmental factors, substrate, material and ink formulation
challenging to control.
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Chapter 4

Printed Networks and their
Applications

Flexible electronics are a rapidly expanding research area [273] with the most common
fabrication strategy involving direct deposition of functional inks on the target substrate
by various coating or printing methods [273-276]. Of late however, printed devices made
from solution processed 2D nanomaterials have come to the forefront of nanotechnology
research in the form of directly assembled heterojunctions [277-279]. Printed devices are
generally a heterostructure made of films that are arranged in-plane or stacked one above
the other. The underlying vdW interactions between these films to a large extent removes
the conventional lattice matching that constrains traditional compound semiconductor
heterostructures [280]. This enables the assembly of relatively strain-free and charge-free
heterointerfaces for most 2D materials in the form of photodetectors, photovoltaic cells
and other intricate digital circuits [281-285].

These devices are constructed to demonstrate the potential applications of printed
electronics, but also can be used as a means to characterise the printed network itself.
For example, to investigate properties of printed dielectric films we employ them as the
separator in the geometry of a parallel plate capacitor. By analysing the performance of
the capacitor, it allows us to describe and detail properties such as the permittivity of
that particular dielectric film [63, 78, 286, 287]. Thus, the investigation of the network
morphology and its effect on electrical properties such as mobility and conductivity is
vital in expanding the potential of printed electronics. In the coming chapter, nanosheet
network properties will be discussed with an emphasis on percolation theory and poros-
ity. This will be followed by a discussion on simple parallel-plate capacitors, and the
characterisation of their properties using electrical impedance spectroscopy. Finally, a
literature review on printed dielectric films will be presented at the end of this chapter.

4.1 Printed Network Properties

In Chapter 3, we have established how solution processed 2D nanomaterials can be
tailored into functional inks and deposited via various printing techniques. The compo-
nents of the ink, its concentration and rheological properties, along with the printing
method influence the resulting film. For example, high-concentration inks that are used
for contact deposition techniques result in thick films, > 10 um, and are limited by a
low pattern resolution of ~ 100 um [288-290]. More complex printing methods for ex-
ample, non-contact deposition techniques use low concentration inks for fabricating thin
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films. These result in higher resolution features, down to ~ 10 um features and allow
for more intricate patterning [63, 172, 180]. The morphology of these printed films i.e.
the arrangement of the nanosheets within the network, directly affect its electrical and
mechanical properties [291]. Therefore, it is important to understand the architecture
of the printed films in order to fabricate functional devices.

A printed network consists of an array of nanosheets organised randomly, with some
degree of in-plane alignment [292]. Nanosheet arrangement, connectivity and porosity
are some of the properties that delineate a network. These are the parameters that need
to be controlled for optimal functionality of the printed film. An important property
of such networks are nanosheet junctions. They can be defined as the locations where
nanosheets are in close proximity and are separated only by narrow vdW gap. These
junctions play an important role especially in charge transport mechanisms through the
film. For instance, reports by Kelly et al. [64] show the conductivity of a network
is significantly inferior to the values displayed by single nanosheets. Consequentially,
individual nanosheet devices far out-perform nanosheet network-based devices and this
is largely due to the presence of nanosheet junctions. This implies that the presence of
nanosheet junctions creates a resistance to the flow of charge. This junction resistance
depends on the properties of the nanosheet and the network morphology, which in turn
is contingent on the deposition method and post treatment, as we will discuss below.
In most cases, the junctions introduce resistances orders of magnitude higher than the
individual components. An example of this discrepancy is seen in reported MoS5 film
conductivity values which range across five orders of magnitude [64, 179, 293, 294].

Further analysis of the effect of nanosheet junctions can be made by modelling a sin-
gle current path through the network as being comprised of a series of resistor pairs: the
resistance within the nanosheet and junction resistance. The former is an intrinsic mate-
rial property which means the scope for altering the network resistance lies in controlling
the junction arrangement. Although this might be a simplification of the mechanism of
charge conduction through the network, it can be said with some confidence that the
quality of charge transport through a film is chiefly dependent on network morphology.
Below we will discuss percolation theory in the context of conductive nanosheet networks
and porosity and packing in the context of dielectric networks.

4.1.1 Conductive Networks

Charge transport in printed electronics is facilitated through conductive networks. Sev-
eral applications of graphene networks as static electrodes [179, 293, 295, 296], flexible
electrodes [297-299], transparent conductors [217, 300], antennae [301, 302], electro-
magnetic shields [303, 304], supercapacitors [305, 306] and gas sensors [34, 35, 307]
have been reported. The difference in morphology of various printed films results in
a variation of reported values of mobility of charge carriers across the film and hence
conductivity. This disparity is due to the arrangement of nanosheets within the film
and ultimately can be related to junction resistances within the network. To further
elucidate this point, reported values of graphene film conductivities can be compared
for different deposition techniques. Graphene films printed via screen printing, blade
coating or flexographic and gravure printing display conductivities of ~ 10%S/m [288,
290, 308, 309], which is two orders of magnitude lower than the graphite basal plane
conductivity, ~ 10°S/m [309]. Ink-jet printed graphene films show a wider range of
conductivity values with a mean of ~ 5.5 x 103S/m. Initial reports on AJP graphene
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films present conductivities in the range of ~ 103S/m [172, 206, 310, 311] but the
results are too few to display a conclusive trend. This is also the case with spin-coated
[312, 313] and vacuum filtered films [108, 314] of graphene where conductivity values
can range anywhere between =~ 5005/m to ~ 2000S/m.

The arrangement of graphene nanosheets within the network hence majorly affect
film conductivity. The reason for the difference in arrangement and alignment of the
nanosheets with different printing methods is largely due to the type of inks used. For
example, screen-printable inks that consist of nanosheets with a broad range of sizes and
are of a high loading level (> 50g/L) [315, 316] generally produce films with nanosheets
that are highly aligned in-plane. Inks for IJP and AJP generally consist of nanosheets
smaller than 400 nm [179, 180, 293] and use dilute inks (< 3g/L) [291, 302, 317]
where material migration during solvent evaporation could cause misalignment and more
disordered networks. In addition to the arrangement of the nanosheets, conductivity is
also seen to depend on nanosheet size. Some studies have observed a nanosheet size
dependence on conductivity for graphene oxide [318, 319], graphene [320] and WS,
[321]. Analogous to work done on mobility in carbon nanotube (CNT) networks where
the longer tubes lead to higher mobility due to fewer junctions [321], it can be assumed
that larger sheets lead to conductive paths with fewer junctions and thus should have
a higher network conductivity. However, the data does not show an obvious trend in
favour of this. It is largely observed that the highest conductivities can be achieved with
either large or small nanosheets. This suggests that it is the quality, and not the quantity
of these inter-nanosheet junctions that is the key factor, at least in the case of graphene
networks.

Another significant difference between the various printing techniques is the deposited
mass. Screen printed networks are usually tens of microns thick whereas [JP or AJP
networks are tens of nanometres thick. As we will discuss below, the thickness of networks
plays a role in the connectivity of the nanosheets within it and can be described using
percolation theory.

Percolation Theory

Printed networks of LPE nanosheets are severely disordered systems. They require a
well-defined model that describes the varying interconnectivity as the network is built
up through successive layers. Previously used to describe the evolution of electrical
characteristics of CNT networks [322-324], percolation theory provides an intuitively
satisfying model that outlines this spatially random process.

Considering AJP as an example for printing dilute inks, we observe that the network
formed after a single print is not a continuous one but one that is sparse and poorly
connected as shown in Figure 6.4A. The objects, or nanosheets in this case, form discrete
islands. As more prints (or passes) are made over it, more material is deposited and
eventually a connected path is formed within the network as shown in Figure 6.4C. This
path allows for the first amount of current to flow through the film. Known as the
percolation threshold, it is the point at which long range connectivity suddenly appears
with increasing density/occupation/concentration of nanosheets. As more print passes
are made, more connected paths are formed in the network as shown in Figure 6.4D
and conductivity increases until it saturates at a bulk value. This scaling law has the
form P oc| t—t. |" [325] where P is the electrical property being investigated, ¢ is the
thickness of the network, t. is thickness at which first conductive path is formed and
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n is the exponent describing the system. The exponent n reflects a remarkable aspect
of percolation theory as it shows that the material property around the percolation
threshold scales independently of the property being measured and is only dependent on
the dimensionality of the system [325].
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Figure 4.1: Network of nanosheets as more material is deposited after each printing pass,
leading to percolative behaviour. Percolative pathways through the network are denoted
by the shaded regions.

Percolation theory can also be applied for composite systems where for example, a
conductive filler is increasingly added in volume fractions, ¢. In that case, the equa-
tion takes on the form P | ¢—¢. |* where ¢, is the critical volume fraction where
percolation threshold is reached. The behaviour of networks in the vicinity of the per-
colation threshold is of great interest, however it is a highly sensitive and elusive region
to examine.

4.1.2 Dielectric Networks

Dielectric materials are often used as part of the passive components of integrated
electronic circuits. Typically, these would be polymers or inorganic ceramics. However,
polymers have the disadvantage of low permittivity (= 2 — 5) and producing crystalline
films of inorganic ceramics often requires high temperatures, in excess of 500°C' [326—
328]. With the recent development in flexible, printed electronics, solution processed
thin-film dielectrics have piqued an interest. Of late, there have been reported works on
the use of hBN [63, 286, 329], montmorillonite [67], titania [330] and BiOCI [172] as
part of fully printed electronic circuitry. The key role of dielectric films is in vertically
stacked heterostructures as electrical separators for electrolytically gated transistors [64]
and lithium ion batteries [331]. They are generally explored by incorporating them into
parallel-plate capacitors [63, 78, 223, 286].

It is vital that dielectric films form a continuous network as gaps in the film can
cause shorting. These discontinuities are called pin-holes and they present a challenge
to the construction of such stacked structures. To a great extent, pin-holes are an
artifact of the deposition technique. Figure 4.2A shows a schematic of an ideal zero-
porosity network, but in reality all 2D nanomaterial films display some degree of porosity.
For example, layer-by-layer (LBL) or electrophoretic deposition (EP) yields tightly tiled
networks of nanosheets with a high degree of alignment. Film continuity is sometimes
achieved at network thicknesses as low as 20 nm [67, 330, 332, 333].On the other hand,
non-contact deposition methods that use dilute inks, such as |JP, AJP or spray coating,
are susceptible to non-uniformities during droplet drying [302, 334, 335]. These types of
films are depicted in the schematic in Figure 4.2B and need to be 1 —2 um thick to form
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continuous networks. This disparity is especially evident when comparing the minimum
insulating thickness of films i.e. the thickness at which the films are continuous without
pin-holes, of the same material deposited using different printing methods. For example,
boron-nitride nanosheets deposited by IJP/AJP reach an insulating thickness at ~ 1 um
[63, 286] whereas when assembled via LBL or EP, they need only be tens of nanometres
thick to form a continuous film [336, 337].

pin-holes

Figure 4.2: A: Schematic showing the idealised layout of a zero-porosity network [291].
B: Schematic showing the realistic cross-section of a 2D nanosheet network with oblique
junctions and pin-holes.

As mentioned above, discontinuities in dielectric films can lead to shorting. It then
follows that network porosity, which can be quantified as P,.; must be controlled. Highly
porous networks tend to have poorly aligned nanosheets leading to oblique junctions
with low area, point-like contacts. When the nanosheets within the film are aligned, the
porosity is low as junctions are formed with large basal plane area overlaps leading to
desirable network properties. Barwich et al. have examined the effect of applying heat
and pressure to controllably annihilate large pores (> 40 nm) in nanosheet networks and
improve nanosheet alignment [291]. They estimated network porosity as Py, = 1 — %
[64, 291] where the density of the film is derived from measurements of the film mass
and dimensions. This brings to light that the mechanical properties of networks are also
important. As a film is deposited, nanosheets must be easily able to conform to the
ones underneath. This conformality, albeit partially driven by vdW interactions, depends
mainly on the bending rigidity of the nanosheets. Classically, the bending rigidity can
be written as D ~ Eh® where E is Young's modulus and & is the thickness [338, 339].
It should be noted however, that this model breaks down at the monolayer limit [340].
In the case of 2D nanomaterials, h is extremely small meaning that they can be very
flexible. Considering that thin nanosheets are highly conformal and a large basal plane
allows for nanosheet alignment, it can be concluded that the aspect ratio is the chief
geometrical variable in determining the quality of networks [318]. Nanosheets produced
by LPE however often have low aspect ratios (< 30) [341] and pose a challenge to
producing well defined networks.

Post-processing

Printed nanosheet networks typically require some sort of processing after deposition to
improve network properties for optimum device performance. Post-processing techniques

44



4.2. CAPACITORS CHAPTER 4. PRINTED NET-
WORKS AND THEIR APPLICATIONS

can involve calendaring and thermal or photonic annealing. Calendering or compressing
of films can lead to improvements in network conductivity by reducing the porosity, and
improving nanosheet alignment within the film [316, 342-345]. However, as it involves
physical contact, this technique could easily damage the type of films that are used in
this body of work. In this case, we turn to thermal annealing which involves heating the
network in a vacuum oven. It is important to anneal in vacuum to prevent oxidation of
the films at high temperatures, however this depends on the material. Usually, it is to
remove trapped solvent within the network or in some cases to degrade any ink-stabilising
polymers or additives that might be undesirable in the film [346, 347]. For example,
thermal annealing has been shown to drive changes in the vertical inter-layer spacing
(on the order of angstroms) in both MoS, [348] and graphene oxide networks [349],
leading to improvements in the out-of-plane conductivity. When considering printed
electronics on flexible substrates such as PET, high temperatures cannot be used. In
such cases, photonic annealing can be performed where a series of light pulses are applied
to a nanosheet network causing a rapid increase in local temperature (up to 500° C' [350].
This decomposes the unwanted organics such as polymers while leaving the substrate
intact. When polymers are included as part of the ink formulation and deposited into
the film, they sterically separate the nanosheets. Thus, their removal is beneficial as it
would significantly collapse the network structure [351] causing more contacts between
the nanosheets, which reduces the porosity and enhances network properties such as
charge carrier conduction.

This work largely deals with improving the permittivity of printed dielectric films
made of solution processed 2D nanosheets and their composites. As mentioned above,
they will be investigated through their integration into a capacitor geometry. Thus, in
the sections that follow we will describe in detail the working of a parallel-plate capacitor,
along with a discussion on impedance spectroscopy and modelling techniques used in
this work to characterise the dielectric films.

4.2 Capacitors

The genesis of capacitor technology is generally attributed to the invention of the Leyden
jar in 1745 by the German scientist Ewald Georg von Kleist and independently by the
Dutch physicist Pieter van Musschenbroek in 1746 [352]. The Leyden jar is a narrow
necked jar partially filled with water with an electrical lead brought through a cork into
the neck of the bottle of water. The Dutch version of the jar employed a foil over
the outside surface that acted like an electrode. Kleist's implementation however, was
more colourful as his hands holding the jar formed the outer electrode, which led him to
experience a painful shock as he touched the lead going in to the water. It was in fact
Benjamin Franklin, the great American statesman and inventor that later showed that
the water in the jar was not essential and proceeded to make flat capacitors consisting
of a sheet of glass between foil electrodes [353]. The first practical fixed and variable
capacitors were invented by Michael Faraday, the scientist whose name is now the unit
for capacitance.

A capacitor is an important two-terminal electrical device whose function is to store
electric charge. They are primarily used as low or high-pass band filters and in high
speed switching logic circuits. As shown in Figure 4.3, it is a simple system consisting of
two parallel metal plates, of area A that contain a dielectric material between them and
are separated by a distance d. As the two metal plates are charged, positive charge +Q
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Figure 4.3: Geometry of a parallel plate capacitor of area A and thickness d.

is accumulated on one plate and a negative charge —() of the same magnitude on the
other. The charges on the plates create a potential difference, V/, that is proportional
to their magnitude, ). Thus we can write () = CV where C is the proportionality
constant called capacitance. By considering the voltage V, the distance between the
plates, d, and defining surface charge density, o,. = /A, we can write V' = Ed where
E' is the electric field strength that is generated between the plates. Consequentially, it
can be shown that C' = % = %‘. Here, € = 0./ E is the permittivity of the material
between the two metallic plates. The so called dielectric constant or relative permittivity
of a dielectric material can be written as €, = €/€ey where ¢ is the permittivity of free
space of the value 8.854 x 107 12m =3 kg~1s*A2.

For dielectric materials, the permittivity is dependent on the frequency of the applied
electric field, £. It also depends on the chemical structure and imperfections/defects
of the material along with other physical parameters like pressure and temperature.
The permittivity of a material is a measure of electric polarisation, i.e. the relative
displacement of negative and positive charges of atoms or molecules within the material.
Polarisation requires time to take place and is the reason that it is dependent on the
time variation, i.e. frequency of the applied electric field. An ideal dielectric material
is one with no mobile charge carriers (electrons or ions) that is able to store electrical

energy.
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Figure 4.4. A: Circuit diagram of current Jr flowing through a capacitive circuit. B:
Circuit diagram representing the dielectric loss contributions. C: Phasor diagram repre-
senting the loss angle, 9.

Resistors are circuit elements that resist the flow of current. Electrical resistors
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follows Ohm's law (V' = IR) at all current, voltage and frequencies. Moreover, the
voltage and current signals are “in-phase” with each other, which means there is no
phase difference between them. Capacitive behaviour is different in that the resistance it
presents to the flow of current is dependent on the frequency of the AC voltage applied.
When a time-varying electric field is applied across a parallel-plate capacitor, the current
leads the voltage by 90° and in these cases, a more general concept of resistance is
used, called impedance. Impedance takes into account the voltage and current phase
differences through circuit elements.

Consider an applied sinusoidal field, E, where w = 27 f is the angular frequency and
E,, is the amplitude of the signal or magnitude of the electric field.

E = E,e™ (4.1)

When a time varying electric field of this nature is applied across a parallel-plate capacitor,
the total current density, Jr through the dielectric as depicted in Figure 4.4A can be
written as

Jr=J4e (4.2)

where J is the conduction current and €* is the complex permittivity that is introduced
to allow for dielectric losses due to orientation of electric dipoles. First let us consider the
conduction current, J. Considering a material with cross-sectional area, A and length [
displaying a resistance of R, the conductivity can be written as

L
T AR AV
The current density can be defined as J = I /A since it is the magnitude of current per
cross-sectional area of the material. Furthermore, the voltage across the material and
the applied electric field are related as V' = El. Thus, it follows that Eqn. 4.3 can be
written as

o

(4.3)

o== (4.4)

In order to work out the current density due to dielectric losses, the complex permittivity
can be written as

€ =e—ie = (& — i€.)eg (4.5)

where €, is the dielectric constant and €, is the loss factor. Using Eqn. 4.1 and Eqgn.
4.5, the second term of Eqn. 4.2 can be written as

iw(e — i€ E (4.6)
Finally, using Eqn. 4.4 and Eqn. 4.6, the total current density can be written as

Jr = (0 + we')E + iweE (4.7)

The first term of Eqn. 4.7 is a loss component that is present at all frequencies, even
w = 0i.e. DC voltage. It is due to inelastic scattering of charge carriers with scattering
sites. The second term is also a loss component, but one that increases with frequency
and disappears at w = 0. This contribution to loss is due to the material resistance to
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polarisation. The conductivity, o, in dielectric materials is generally very small and so
can be neglected. It would follow that

/

tand = = (4.8)

€
and is termed the loss tangent. In the case that ¢/ /e << 1, Eqn. 4.5 simplifies into

6/

tand = — ~ 0 (4.9)

€
where ¢ is the termed the loss angle. A representation of the various loss components
of a capacitor is shown in Figure 4.4B and C. Having established the basic working of
a capacitor and describing permittivity of dielectric materials, we will now discuss the
means by which these characterisations are made - through a technique called impedance
spectroscopy.

4.3 Impedance Spectroscopy

Impedance spectroscopy is a well-established body of research, albeit one that is the
subject of many controversies. It is based on the detection and interpretation of processes
that occur in response to an external voltage perturbation applied at predetermined AC
frequencies. The current in response to this perturbation is indicative of the physical
or mechanical structure and chemical composition of the analysed system. Historically,
it was used to analyse electrically conductive ionic fluids or to analyse highly resistive
materials such as polymers, ceramics and organic colloids [354]. The dielectric impedance
response in particular, is based on the concept of energy storage and the resulting
relaxation per release of this energy. This notion was introduced by Maxwell and later
expanded by Debye who used it to describe the time required for dipolar molecules to
reversibly orient themselves in an external AC field.

Hence, impedance analysis of dielectric materials allows us to extract two of their
fundamental properties - permittivity, €, and conductivity, o. These two are characteristic
of the materials ability to store electrical energy and transfer electrical charge respectively.
They are both related to molecular activity and depend on the frequency of the applied
oscillating electric field. In the terahertz frequency range, polarisation can be electronic
and atomic in the form of very small translational displacements of the electron cloud.
Orientational or dipolar polarisations i.e. rotational moments experienced by permanently
polar molecules are experienced in the megahertz to kilohertz frequency range. Finally,
polarisation can be ionic with ion displacement within the material in the kilohertz to
hertz frequency range.

Consider an applied sinusoidal voltage of the form

V = Vet (4.10)

The current is at the same frequency but phase shifted

I = Te'=? (4.11)

where 6 = —90° for ideal dielectrics. Using Eqn. 4.10 and 4.11, the impedance, |Z| can
be defined as
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Using de Moivre's theorem we can represent impedance as a complex number,

7 = — |Z|e" (4.12)

Z = |Z|cosO+i|Z|sinb = Z,ca) + i Zimaginary (4.13)

We had mentioned above that the two characteristic properties of a dielectric are the
storage of electrical energy, that is represented by its permittivity and the transfer of
electric charge, that is represented by its conductivity. We shall now see how the real
and imaginary impedance can represent these two quantities. Consider a dielectric sand-
wiched between two electrodes. When an alternating voltage (Eqn. 4.10) is applied, an
alternating current will flow (Eqn. 4.11). As we described earlier, this current has two
components - one that is due to Ohm’s law and the other due to the polarisation of
the dielectric in response to the voltage i.e. the alternating charging/discharging of the
capacitor. The first term can be written as I = V//R and the second as I = dQ/dt.
Hence, using () = C'V, we can write

Vv av
[=—+C— 4.14
R (4.14)
Substituting Eqn. 4.10 in 4.14,
iwt
1= 0 ovet (4.15)

Using the definition of impedance from Eqn. 4.12,

1 1 1
—_— = — 1 C = — 4-16
voR M7 (4.16)
Capacitance and resistance can be written in terms of permittivity and conductivity as
€A
C=—
L
and,
L
R=—
Ao

So, Eqn. 4.16 becomes
1 cA | eA A

— = - == ' 4.1
7= Tiwg L(a+zwe) (4.17)
Dividing through by (iwA/L) we have
Xy 1 L
€ — I; = —’LZM (418)

Since impedance is a complex number, (Eqn. 4.13),

N _ 1 L

€E—l— = —t0—m5——

w Zre -+ ZZMn wA

Finally, by multiplying top and bottom of Eqn. 4.19 by the complex conjugate, we can
write

(4.19)
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o L —iZ..— 7
E—l—=———
w wA Z2+ 72,
By comparing the real and imaginary parts of Eqn. 4.20, it is clear that the permittivity
can be written as

(4.20)

—Zim L

|Z]?2 wA

Note from Eqn. 4.13 that Z;,, is negative since § = —90° making permittivity is a
positive number. The frequency dependent conductivity can then be written as

€ = €.6p =

L Zc
o= —
AlZ?

Graphical Representation of Impedance Spectroscopy data and Circuit Models

We have established that impedance spectroscopy involves the measurement of the
current response to an AC voltage perturbation at a range of frequencies. The impedance
therefore is the ratio of the applied voltage and measured current, at each frequency. As
seen above, impedance is a complex number and has real and imaginary parts. Impedance
data can be presented in two ways - via a Bode plot or a Nyquist plot. The Bode plot
displays the phase angle and the logarithm of the impedance magnitude as a function
of the logarithm of frequency. It explicitly shows frequency information. The Nyquist
plot shows the imaginary impedance plotted against the real impedance. The impedance
spectra often appear as single or multiple arcs in the complex plane. Nyquist plots are
especially popular because the shape of the plot yields insight into possible conduction
mechanisms or kinetic governing phenomenon. This will be discussed more in detail
below.

It is important to note here that impedance spectroscopy should not be applied with-
out some prior knowledge of the analysed system’s chemical, physical, mechanical and
electrical characteristics. In order to avoid misinterpretation of the data, a preliminary
idea of what the system is expected to perform like is necessary. The experimental data
must often be interpreted within the context of the developed model even before the
data is acquired. We will now describe the impedance response of a few common circuit
models.

The impedance of a simple capacitor can be easily derived from the definition of
capacitance,

Q
== 421
< (421)
We can write
dQ dVv )
Therefore,
Vv 1
J=—=—— 4.23
I wC ( )

Thus, the impedance of a capacitor increases as the frequency is reduced. A more
realistic circuit model contains both resistive and capacitive elements. One such circuit
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model is the R||C circuit which consists of a resistor and a capacitor in parallel as shown
in Figure 45A. As the frequency is scanned the current flows according to the path
of least impedance. At low frequencies, the current flows only through the resistor as
the impedance due to the capacitor is highest. The impedance due to the resistor is
independent of frequency and follows V' = I R with a phase ¢ = 0°. At high frequencies,
the current flows entirely through the capacitor, following Z = 1/wC' with a phase ¢ =
—90°. The phase transitions from 0° to —90° at the critical frequency f. = 1/(2rRC')
at 45°. The value 7 = RC' is referred to as the time constant of the circuit and is a
measure of the rate of discharge of the capacitor.
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Figure 4.5: A: Circuit diagram of an R||C' circuit and its respective B: Bode and C:
Nyquist plots [354].

The impedance of a R||C circuit is added according to

L1, 1
Zr  Zrn  Zc
We know Zr = R and Z¢o = —i/wC so,
R(—i/wC)
Ir = 55—~
R — (i/w(C)

By multiplying the top and bottom by R + (i/wC'), the complex conjugate of the
denominator, we get
R . wR*C
—1
1+ (wRC)? 1+ (wRC)?

Zp = (4.24)
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with the first term being Z,. and the second term Z;,. Hence, the phase can be
determined by ¢ = tan~!(—wRC). The Nyquist plot of a R||C circuit, shown in Figure
4.5C is a semicircle starting at the origin and each point denoting the frequency of
measurement. The x intercept denotes the resistance, R,and the impedance vector
denotes |Z| and the phase angle ¢.
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Figure 4.6: A: Circuit diagram of a Randles circuit and its respective B: Bode and C:
Nyquist plots [354].

The Randles circuit is a slightly more complicated circuit model where a resistor, R,
is added in series to the above circuit as seen in Figure 4.6A. At low frequencies, when
the impedance from the capacitor is at its highest, the current entirely flows through
the two resistors. The height of the plateau as seen in Figure 4.6B at low frequency
thus represents (R + R;). The phase angle is 0° and the current flows according to
I =V/(Ri+R). At medium frequencies, the current is distributed between the capacitor
and resistor, R and the phase angle starts to go towards —90° as we begin to see
capacitive effects. At high frequencies, the impedance is equal only to series resistance,
R, that is represented by the height of the plateau at low frequency and the phase
returns to 0°.

The impedance response of a Randles circuit only differs slightly from the R||C
circult as

Zr = Zp + Zp)c

Therefore, the total impedance can be written as,
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R . wR*C
—1
14+ (wRC)? 1+ (wRC)?
The Nyquist plot as seen in Figure 4.6C is also a semi-circle but with z-axis intercepts
R, at high frequency and (R; + R) at low frequency.

ZT:R1+

(4.25)

4.3.1 A Review of Printed Dielectric Films

Dielectrics play an important role in printed electronics, especially in heterostructure de-
vices where conductive elements need to be electrically isolated from one another. They
mainly function as charge separators and enable independent device arrays in integrated
circuits. In thin-film transistors (TFTs), a good gate dielectric allows for lower switch-
ing voltages [355, 356]. A common issue in TFTs is charge carrier scattering at the
dielectric/semi-conducting interface that leads to a reduction in carrier mobility. This
is mostly due to charge traps in the dielectric surface and phonon scattering caused by
high-x dielectrics. Thus, the investigation of dielectrics with high permittivity and low
losses are vital to the progress of printed electronics. Improving dielectric permittivity,
breakdown strength and mechanical robustness will ultimately lead to better device per-
formance. In this review, we will discuss the three main types of dielectrics that have
emerged in the field of printed electronics.

Ceramic and Metal Oxide Dielectric Films

In electronics, capacitors can be generally classified depending on their function and
operating frequency as being surface-mount, on-chip or embedded. Discrete surface
mount capacitors are usually made of ceramic materials and termed as multi-layer ceramic
capacitors (MLCC). Over the years, several studies on developing MLCCs into integrated
circuits have been made [357]. In the past, ceramic powders would be cast and sintered
into dense bodies. Solution based deposition approaches however are more scalable and
tend to be more robust. Another avenue of progress in the field of dielectric materials has
been in metal oxides. They have demonstrated desirable properties such as high relative
permittivity and low dielectric losses for use as gate dielectrics in TFTs [358-360].

MLCCs enable application flexibility and show large capacitance values with manage-
able operating voltages. Common high permittivity ceramics are usually ferromagnetic
materials for example, BaTiOs, PZT and Bi,Ti303. These have also been integrated
in silicon based electronics [361-364]. BaSr047103 (BST) is emerging as a suitable
candidate for applications in embedded memories, frequency agile tunable devices and
embedded capacitor layers [326], exhibiting high permittivity values (¢, = 700). In par-
allell, metal oxides such as AlyO3, SiOs, H fO5 and TiO, are showing great promise as
gate dielectrics in printed electronics [365-368]. Their direct deposition on substrates
and electrodes via various methods such as CVD, CSD, ED and pulsed layer deposition
allows for control over film growth. Among these, 170, has caught the most traction
for its high dielectric constant, low cost and low toxicity [369, 370].

Ceramic dielectric materials pose certain disadvantages. MLCCs often require high
operating frequencies (100 - 300 M Hz) [357] because of their geometrically restricted
distance from integrated circuits. Furthermore, they require high temperatures to obtain
crystalline structures. For example, BST needs a process temperature of 700 °C' and
Ny pressure of 13.3 Pa [326]. Post-processing temperatures in excess of of 500 °C'
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are often necessary. Electrophoretically deposited BaTiO3 films must be sintered at
1300 - 1400 °C' [328]. These high temperatures make ceramic dielectric films unsuitable
for plastic substrates. Thus, there is a challenge in integrating ceramic materials with
appropriate deposition techniques, patterning and thermal annealing processes required
for device fabrication. Metal oxides too pose challenges in film growth. Commonly used
techniques such as atomic layer deposition require functionalisation of the underlying
layer or substrate [371, 372]. Pulsed vapour deposition and sputtering could be used
as they do not require functionalisation, but they too cause significant damage to the
underlying layer and can result in poor quality dielectrics [373, 374].

In order for ceramic dielectric films to be embedded in printed wiring boards, there
is a need to reduce the high process temperatures. Several studies on polymer-ceramic
composites are emerging to circumvent this issue [375-377]. First, the ceramic film is
coated on metal foils and is processed at high temperatures. This is then embedded
into polymer packages. These composite devices show permittivity values orders of
magnitude higher than pure polymer films but the dielectric properties of the ceramic
film is observed to be deteriorated. If the ceramic content is increased, the films become
brittle and hence difficult to fabricate devices out of.

Polymer Dielectric Films

The development of electronic circuits on flexible substrates has been ongoing since the
start of the 215 century. Depositing dielectric materials as separators and gate dielectrics
over plastic substrates is only possible at low temperatures, unlike conventional silicon
based devices or those from the above mentioned ceramic dielectrics. This is where
the use of polymer-based dielectrics in flexible organic thin-film transistors (OTFTs) has
seen immense growth [378-380]. In addition to this, polymer films are also sometimes
used as a buffer between the semiconducting channel and traditional gate dielectrics in
TFTs to improve charge carrier mobility [77]. This section will detail some of the main
advantages and shortcomings of polymer dielectric films.

Polymers allow for easy processing as they are compatible with various deposition
techniques such as spin-coating, printing and evaporation. This enables large area films
to be conveniently deposited onto several substrates in a functional device geometry with
an opportunity for structural modifications. Recently there has been reports on the use
of dipolar glass polymers that show relatively high permittivity (~ 6) [381, 382]. These
polymers display intrinsic microporosity and have been used in high performing FETs
from solution-casted films [383]. In the past, low-frequency passives using polymers on
flexible plastic substrates have been demonstrated through ink-jet printed devices [145,
384]. Cook et al. have since demonstrated flexible multi-layer RF capacitors using two
custom formulated polymer based dielectric inks [385]. Thus, polymers are a versatile
option for use as dielectrics in functional devices.

There are however some shortcomings of polymer dielectric films. It is difficult to
raise the electrical permittivity above 5 for linear dielectric polymers [381, 386]. There
are very few choices of suitable polymer dielectrics with sufficiently high permittivity for
high performing OTFTs. As a result, they require high operating voltages, sometimes
> 100V since a thick dielectric layer is required to eliminate gate leakage current.
Another issue is that polymer dielectric materials interfacing with the semiconducting
channel can cause mobility degradation and instability issues in the transistors [387].
This makes developing high-x dielectrics that are compatible with OTFTs a challenge
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[388].

Polymer dielectric films often have low breakdown strength due to the large free
volume in the solid state. This also leads to redispersion of the polymer layer during
deposition of subsequent organic layers ultimately affecting performance [389]. Recently,
there has been development in cross-linking polymers at relatively low temperatures with
the help of reagents. Li et al. have developed a cross-linking reagent that improves sol-
vent resistance during solution processing and increases electrical robustness [378]. Solid
polymer electrolytes in the form of ion gels are being developed where inorganic/polymer
composites create an electrical double-layer and obtain high capacitances for low oper-
ating voltages [390]. Thus it is necessary to further explore dielectric materials beyond
polymers.

Dielectric Layered Crystal Networks

The advent of 2D nanomaterials has opened up another avenue in materials research for
device fabrication. An entire family of materials with desirable properties is fueling the
ever expanding field of printed electronics. Among printed dielectric nanomaterial films
however, boron-nitride (hBN) has dominated the field owing to its similarity to graphite
and its low cost, abundance and ambient stability. The majority of the reported work on
hBN has been based on mechanically cleaved high-quality thin flakes or from solution
processed inks that are deposited via coating techniques or digital printing methods such
as ink-jet and aerosol-jet printing.

Mechanically cleaved nanosheets are of superior quality and consist mostly of atom-
ically flat thin films that are robust and have few defects. Devices fabricated from them
show high performance for example in the work of Britnell et al. where defect-free ul-
trathin hBN crystalline layers are formed through mechanical cleaving and show high
breakdown field [391]. Withers et al. have fabricated LEDs made by stacking conduc-
tive graphene, insulating hBN sheets produced by the peel-lift/vdW technique [392]
and various other semiconducting monolayers into complex designed sequences [393].

Solution processed hBN has the advantage of yielding large quantities and being easy
and cheap to produce. It allows for large area printing on several substrate surfaces with
high design flexibility. For example, Zhu et al. have created a “one pot” formulation
of polyurethane and hBN that was deposited into capacitors via the K-bar coating
method to yield films of permittivity close to 8, [332] which is higher than other reports
of hBN films. Another study reported electrophoretically deposited films of hBN in
2-butanone that showed a permittivity of 5 [333]. Several reports have also deposited
LPE hBN nanosheets via digital printing methods [63, 286, 385, 394]. The inks were
formulated with binders or polymers accordingly to tailor their properties to suit the
printing technique. The highest permittivity among these was achieved by Worsley et
al. with water based inks that were ink-jet printed into capacitors, giving a permittivity
of 6 [78].

The reported work on printed dielectric films of 2D nanomaterials is highly skewed
towards hBN. The above mentioned works are still limited to permittivities between
~ 2 — 8. Furthermore, films of hBN are quite porous and can be brittle which poses
challenges to printed devices. There has been some significant work done with 2D
nanosheets of other materials such as montmorillonite (MTM) [395-398] and titania
[399-402]. Ultrathin dielectric films from solution processed 2D nanosheets of MTM
have been assembled on silicon and show high capacitances of ~ 600nF/cm? and low
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leakage currents down to 6 x 1072 A/cm? [67]. They display a permittivity of 5.7. Other
studies involve films fabricated from titania nanosheets. Osada et al. have demonstrated
high-~ films of 2D nanosheets of titania which exhibit high relative dielectric constant of
~ 125 and low leakage currents of 1072 — 10~7 A/em? [330]. Although films of MTM
and titania have desirable dielectric properties, their fabrication is generally through
layer-by-layer deposition or electrostatic self-assembly which are complex processes that
involve high temperatures and sensitive environments. They have not yet been deposited
using digital or scalable printing techniques. Below is a table comparing the different
publications on printed electronics using solution processed 2D dielectric nanomaterials.
While other printable dielectric materials may be more mature, printed networks
of dielectric layered crystals appear to offer compelling advantages over polymeric and
ceramic networks. They can be processed at ambient temperatures and show potential
of scalability. However, there is a lack of reports of fully printed heterostructure devices
in the field of printed electronics. Vertically stacking printed films often leads to shorting
via redipsersion and damage of the underlying layer during subsequent layer deposition. It
is in this vein that the following chapters are focused on exploring dielectric 2D materials
with high permittivity that can be readily used to fabricate printed electronic devices.
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Reference Materials + substrate Method of Fit parameters: R, C/A Dielectric
deposition constant
ACS Nano | Water based graphene and All ink-jet (Randles) 6117
2019, 13, hBM inks; printed Rser ~ 90kohm
54-60 Pre cleaned glass substrate Rleak > 1Gohm
C/A ™~ 2nFfem?2 for 3 um
thickness
10.1002/ad “one-pot” formulation K-bar coating (Randles) ~7157
fm.202002 (exfoliated together) of
339 polyurethane (PU) w/ hBN Bottom: ITO C/A~2.72 pFfmm?2
nanofillers Top:
+ hardener ; evaporated
PET/ITO substrate Au/Pt
10.1021/ac | hBN + propylene glycol as AP Overlap area ~0.664 ~3.01
snano.9b04 | secondary solvent + HPMC mm*2
337 binder Bottom:
evaporated
Kapton substrate CrfAu
Top: AJP AgNW
http://dx.d Graphene (NMP) + hBN Inkjet-printed (RC circuit) ~2.25
oi.org/10.1 (IPA) graphene
063/1.4958 electrodes Rser~125kohm
858 PET substrate C/A~0.245 nFfcm"2
Spray coated
hBN
10.1038/s4 Ag/hBMN/Ag DoD ink-jet Overlap area ~ 500um®2 | Mot reported
1467-017- | PET substrate coated with printer t=1.2 um
01210-2 Si02 np C/A~ 8.7 nFfcmh2
10.1109/L | Polymers SU-8 (photoresist) | Dimatix DMP- SU-8 shows C~20pF Not reported
MWC.2013. and PVP 2800 ink-jet PVP ~ 50pF for same A
2264658 printing
Flexible polymide substrate Quality factor between 4 —
Bottom+top: 8
Cabot CCI300
silver
nanoparticle ink
printed and
cured at 120 C
https://doi. hBN in 2-butanone Electrophaoretic 175 nF/cm#2 5
org/10.102 deposition of | Phase stable at 87 degrees
1/acsaelm. hBN
9b00500
Evaporation of
Al
ITO/hBN/AI
https://doi. | Water based, additive free All ink-jet High C/A, good cycling, Mot reported
org/10.101 MXene as electrodes printed supercaps, specific cap can
6/i.ensm.2 | GO ink as solid state flex SSCand M5Cs | be changed by addition of
polymide substrate lig electrolytes.

Figure 4.7: Literature table comparing various publications specifically on printed elec-
tronics using solution processed 2D dielectric nanomaterials
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CHAPTER 5. ALL-PRINTED CAPAC-
ITORS FROM BIOCL NANOSHEETS

Chapter 5

All-Printed Capacitors from BiOCI
nanosheets

5.1 Introduction

With the rapid progress seen in solution processed 2D nanomaterial research, the field
of printed electronics is more accessible than ever. The liquid-phase exfoliation (LPE)
of layered crystals has been integral to this shift, from generating and characterising
nanosheet dispersions to the refinement of functional inks suitable for printing [77, 119,
131]. A whole host of nanomaterials with varying electronic properties have been made
available in an ink form that can be easily deposited on rigid or flexible substrates
via several printing techniques [341, 403, 404]. The learnings from exfoliation studies,
combined with rheological tuning have allowed nanosheet inks to be developed and
facilitated rapid growth in printed devices, from early photodetectors to complex devices
such as transistors that involve multiple processing steps [64].

However, there is a challenge in constructing all-printed vertically stacked heterostruc-
tures made from 2D nanomaterial films. One of the main issues being that 2D nanomate-
rial networks are quite porous and contain discontinuities within the film, called pin-holes.
These pin-holes could lead to electrical shorting by creating undesired contacting between
adjacent layers. Another difficulty that arises during multiple layer-on-layer depositions is
re-dispersion. This leads to non-uniform and poorly defined interfaces and could result in
shorting. These issues underscore the importance of finding dielectric 2D materials that
can form robust films so as to sufficiently insulate vertically stacked networks and enable
multiple layer printed heterostructures. Thus, it is not surprising that the increase in
reports of fully printed transistors using 2D materials has necessitated a parallel growth
in investigation into printed dielectrics [67, 332, 333].

Dielectric network properties are typically investigated using a vertical parallel-plate
capacitor design [63, 64]. This allows features such as dielectric constant and strength
to be evaluated and most importantly, allows the minimum thickness of a continuous
network to be found as devices will short when pin-holes are present. So far, BN has
been the main dielectric material that has been explored and incorporated into printed
structures [63, 78, 223, 286, 405]. This is primarily due to its structural similarity
to graphene and wide availability. However, hBN presents several difficulties. For one,
hBN films have a low permittivity of 3-6. Furthermore, h BN has a density of 2.1 g/cm?,
making its powder density substantially lower. This causes it to be frustrating to handle
and requires large quantities for exfoliation. The low density also translates into poor
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quality films that are brittle and highly porous, leaving them open to redispersion and pin-
holes. Considering these factors, making an all-printed device out of binder-free hBN
films is extremely challenging. Some works have incorporated binders or polymers into
the hbN inks, but that compromises the purely 2D nature of the printed device. Thus,
there is a clear gap in the field that requires further exploration of dielectric materials.

Thin films of high-~ dielectrics grant superior performance in silicon devices and
allow lower operating voltages [406]. In addition, a high dielectric constant means the
charged impurities and defects are more effectively screened [407]. Going by this, a
similar strategy can be applied to layered crystal networks, where thin films of high
dielectric constant materials can be used in printed electronic devices. Given the inverse
scaling of the dielectric constant with the band-gap [406], there are a range of materials
that may be suitable for use as alternative dielectrics. In this vein, we introduce bismuth-
oxychloride as a viable option for all-printed heterostructure devices.

In this work, we report the liquid-phase exfoliation of BiOC! for the first time. We
demonstrate the exfoliation of BiOC', characterise the resultant nanosheets, and opti-
mise the dispersions for printing. Here, we use an aerosol-jet printer (AJP) to deposit
both graphene and BiOC! inks to create vertically stacked capacitors. We then charac-
terise these structures using impedance spectroscopy to extract the dielectric constant
and find the minimum insulating thickness where a continuous network is formed. We
report a material dielectric constant of ~ 41 and a dielectric strength of 0.67 MV /cm
with a pin-hole free network obtained at a thickness above 1.6 um. Interestingly, our
data suggests the presence of a second series capacitance, which we propose originates
at the inter-sheet interfaces within the electrode networks.

5.2 Experimental Procedure

Graphite powder was sourced from Asbury (Grade 3763) and BiOC' powder from Sigma-
Aldrich. The graphite was first pre-treated by tip sonication 450 W) in 80 mL of N-
methyl-2-pyrrolidone (NMP) at 40 mg/mL for 1 h, followed by a short centrifugation
at 3218g. The supernatant containing the soluble impurities was discarded and the
sediment was redispersed in 80 mL of fresh NMP and tip-sonicated for a further 6 h at
450 W power. The BiOC'! bulk powder did not require pre-treatment due to its purity
and was directly tip-sonicated in 80 mL of NMP at 20 mg/mL concentration for 4 h
and 450 W power. Both the dispersions were size-selected through a two-step liquid
cascade centrifugation technique. They were first centrifuged at 106g for 90 min, and
the sediment containing large un-exfoliated material was discarded. The supernatant
from this run was centrifuged at 3830g for 90 min, and the corresponding sediment
collected.

The concentration of the resulting dispersions was measured using a vacuum filtration
method where 1ml of the dispersion was filtered through a PETE membrane whose
weight was recorded prior to filtration. By subtracting the weight after filtration and the
weight before filtration, we can deduce the mass per 1 ml of the dispersion. In this way,
the collected sediment of graphene was redispersed in triethylene glycol monomethyl
ether, MTG at 1.5 mg/mL and the collected BiOC! sediment was redispersed in IPA
at 3 mg/mL. UV - visible spectroscopy was performed using a Varian Cary 5000 to
optically characterize the exfoliated nanosheet dispersions. The wavelength was scanned
between 800 and 200 nm, and a 4 mm path length-reduced volume quartz cuvette was
used for the measurement. Raman spectroscopy was performed on the liquid BiOCI
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dispersion using a Horiba Jobin Yvon LabRAM HR800 with a 532 nm excitation laser in
air under ambient conditions. The spectra were collected by a 100x objective lens (NA
= 0.8) and dispersed by 600 g/mm at 25% of the laser power (9 - 5 mm). Bright-field
TEM images representative of the standard dispersion of BiOC were captured using a
JEOL 2100, operated at 200kV. The morphology of a vacuum-filtered film of BiOCI
flakes was studied through scanning electron microscopy carried out using a Zeiss Ultra
Plus SEM using a 2 kV accelerating voltage and 30 um aperture.

The films were deposited using an aerosol-jet printer from Optomec. A 150 pum
nozzle was used, and the sheath and carrier flow rates were set to ~ 45 and ~ 25 sccm
respectively, giving a focusing ratio of 1.8. The platen temperature was set at 80° C' for
IPA-based inks and 100° C' for MTG-based inks, and all of the printing was carried out
at a 1 mm/s platen speed. The coolant temperature was kept between 20° C and 25° C',
The film geometry was drawn in AutoCAD and converted to a code that was fed into
the Optomec software. The graphene bottom electrode (roughly 7 x 0.3 mm?) was
printed onto an alumina coated polyethylene terephthalate (PET) substrate designed to
minimize droplet wetting. A total of 25 passes were deposited to ensure the film has
bulk-like characteristics. The BiOC'l layer was deposited over the bottom electrode in
0.7 x 0.7 mm? boxes of varying pass numbers. The top graphene electrode (roughly
0.1 x 7 mm?) was then deposited over this dielectric layer by performing a total of 30
passes to ensure it had adequately coated the underlying dielectric layer and reached
bulk-like characteristics. At each stage of the vertically stacked heterostructure, the film
was annealed overnight in a vacuum oven at 80° C' to remove trapped solvent.

The thickness and roughness of the printed films was measured using a Dektak 150
Stylus Profiler. A typical optical flat-bed scanner was used to obtain scanned images
of the films for optical transmission data from the printed films. Preliminary electrical
characterisation was done by simple IV measurements using a Keithley 2621A to con-
firm capacitor behaviour. Impedance spectroscopy was then performed using a Gamry
Reference 3000 to characterise the printed capacitors. Finally, breakdown strength mea-
surements were carried out using a Keithley 4200-SCS Parameter Analyser where the
voltage was increased starting from 0.1V in steps of 1V until a spike in the current is
measured. The voltage at which this occurs is defined as the breakdown voltage of the
film.

5.3 Results and Discussion

Material Characterisation

Bismuth oxychloride is an inorganic crystal consisting of alternating layers of C1~, Bi3*
and O*" ions as seen in Figure 5.1A [408]. The presence of layered structures can
be clearly seen in the SEM image of the bulk unexfoliated powder in Figure 5.1B.
As described in the Experimental Procedures section, BiOC! was exfoliated into 2D
nanosheets in NMP via well-established probe sonication [128, 409, 410] to give a white
coloured dispersion, as seen in Figure 5.1C. This dispersion, that has not undergone
size-selection and consists of nanosheets of varying sizes is called the standard sample.

UV-vis spectroscopy was carried out on the standard sample to obtain its extinction
spectrum. As seen in Figure 5.1D, the extinction response is fairly featureless and decays
as a power law at high wavelengths. As dispersions of insulating 2D materials exhibit
large scattering [408], the extinction spectra was split into its inherent absorption and
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scattering components with the help of an integrating sphere [403, 411]. The absorption
spectrum has a clear band-edge at 340 — 360 nm which corresponds to a band-gap of
3.5 eV, validating its insulating behaviour [412]. The extinction spectra is completely
dominated by the scattering component above ~ 350 nm and decays with wavelength
as a power law with exponent close to -2.
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Figure 5.1: Liquid exfoliation of BiOCI. A: Structure of BiOCI. B: SEM image of
BiOC! powder. C: Photograph of a “standard sample” dispersion of BiOC| exfoliated
in NMP. D: Extinction, absorption and scattering coefficient spectra of a “standard
sample” dispersion of BiOCI. E-F: Example TEM images of BiOC! nanosheets (E)
and a histogram showing nanosheet length (F). G: An SEM image of a film of BiOCI
nanosheets. H: Raman spectra measured on bulk powder as well as on a nanosheet film
similar to that in G.

The TEM images taken of the standard sample show clear evidence of 2D nanosheets
as seen in Figure 5.1E. The length of a nanosheet is defined as the longest measured
dimension. The lengths of the observable nanosheets were measured and plotted as a
histogram as shown in Figure 5.1F. The standard sample contains a broad lognormal
distribution of nanosheet sizes with a mean length of < L >= 380nm. Figure 5.1G
shows an SEM image of a vacuum filtered film of a standard sample of BiOC'l. The film
consists of a disordered arrangement of platelets. In order to confirm that the insulating
nature of the material remains unchanged by the LPE process, Raman spectroscopy was
carried out on LPE BiOC' nanosheets as well as a spectrum from bulk BiOC! powder.
As seen in Figure 5.1H, the two spectra are virtually identical.

Exfoliation studies were carried out on the BiOC!| dispersions by varying certain
aspects of the exfoliation procedure. Firstly, the effect of initial powder concentration
on the final concentration of nanosheets in dispersion was tested. This was followed
by a sonication time study on the final dispersion concentration and lastly, a Bi:OCl
dispersion was monitored over several hours for a time stability study. In each case,
the different dispersions were characterised by UV-vis spectroscopy. Backes et al. have
shown that an increase in spectral intensity is indicative of an increased concentration
of dispersed nanosheets [403]. With this in mind, we shall now discuss the results of the
exfoliation studies.

BiOC1 was exfoliated in NMP with starting concentrations of 1, 5, 10, 20, 50 and 70
mg/ml. The same exfoliation procedure that is detailed in the Experimental Procedure
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Figure 5.2: A(i): Extinction spectra measured for different concentrations of BiOC!I
precursor. A(ii): Linear relationship between yield of exfoliated material and initial con-
centration of BiOC! precursor. B(i): Extinction spectra of precursor BiOC! sonicated
for different time durations. B(ii): Extinction at 313 nm plotted against sonication time
showing the effect of nanosheet concentration in dispersion with increased sonication
times. C(i): Extinction spectrum of BiOC! dispersion over time. C(ii): Extinction at
500 nm vs time.

section was applied to each sample. The results of the initial concentration study are
shown in Figure 5.2A(i). When the extinction spectra for each dispersion are plotted
together, the spectral intensity is seen to increase with the initial BiOC'l concentration,
indicating a higher concentration of dispersed nanosheets. [403]. The value of extinction
at 282 nm was extracted for each dispersion and plotted against initial concentration as
seen in Figure 5.2A(ii). A linear relationship is seen, however it is limited to a threshold
concentration, past which the powder does not undergo exfoliation due to saturation of
the precursor. Note, the 75 mg/ml sample is missing from the data for precisely this
reason. Large amounts of unexfoliated sediment was observed after sonication.

Similarly, to study the effect of sonication time on the final dispersion concentration,
BiOC1 powder was exfoliated for sonication times of 0.5, 1, 2, 3, 4, 6 and 24 h in
NMP, otherwise following the same exfoliation procedure. As seen in Figure 5.2B(i),
the intensity of the peaks in the extinction spectra is seen to increase with increasing
sonication time, indicating a higher concentration of nanosheets being produced. The
extinction value at 313 nm was plotted against sonication time as shown in Figure
5.2B(ii). This wavelength was chosen since there is feature visible at 313 nm which
allows us to directly compare the spectra. The relationship is not linear but represented
by the curve y = 1.232°%!. This square-root dependence, where the concentration of
the final dispersion saturates on increasing the sonication times is widely observed [120,
141, 413, 414].

Finally, the stability of a BiOC'l nanosheet dispersion was assessed over time. An
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extinction spectra was taken after specific time intervals as seen in Figure 5.2C(i). The
overall shape of the spectra remains largely unchanged, indicating no change in the
chemical behaviour of the dispersion. However, there is a systematic reduction observed
in the spectra over time which could indicate degradation and reaggregation. Figure
5.2C(ii) shows the extinction value at 500 nm plotted against time to be relatively
stable, with little change over several hours. Here, the extinction value at 500 nm was
chosen since it displays no prominent feature in the spectra, allowing us to track the
stability of the dispersion with certainty.

TEM analysis was performed on the graphene ink. Figure 5.3A shows a TEM image
of typical graphene flakes. A histogram showing the distribution of flake sizes is seen in
Figure 5.3B with a mean length of < L >= 360 4+ 20nm. Raman spectroscopy was
performed on the graphene nanosheets to extract information about nanosheet thickness
using the metrics developed by Backes et al. where they relate the variation of the 2D /G
band intensity and 2D-band shape with nanosheet thickness [404]. Figure 5.3C shows
the obtained Raman spectra for the graphene ink, giving an average nanosheet thickness
of N = 12 monolayers.
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Figure 5.3: A: TEM image of graphene flakes. B: Histogram showing average the
nanosheet length. C: Raman spectrum of graphene ink showing the characteristic D, G
and 2D peaks.

Device Fabrication

It is essential in electronic devices that insulating films that are pin-hole free and have
desirable dielectric properties such as high permittivity and breakdown strength can be
produced [63, 78, 286]. In order to characterise films of BiOCI, vertically stacked
parallel-plate capacitors were fabricated in the geometry shown in Figure 5.4A. Us-
ing solution processed inks of graphene and BiOC', we sequentially printed nanosheet
networks in a capacitor configuration. The networks were deposited using aerosol-jet
printing (AJP).

The bottom electrode was printed using a graphene ink that was prepared using the
procedure outlined in the Experimental Procedure section. The graphene was exfoliated
in NMP but then solvent transferred to MTG. This technique of transferring material
to a different solvent for printing after exfoliation in a solvent with well-matched solvent
parameters is quite common [64, 223, 411]. It is usually done when the solvent used for
exfoliation is not suitable for the printing method, or the substrate used. In our case,
where the device fabrication is performed in open-air conditions, the highly toxic nature
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of NMP makes it unusable. However, NMP consists of polymerised by-products that
adsorb onto the nanosheet surface [415] and allow the material to be dispersed at higher
concentrations when transferred to poorly matched solvents such as alcohols.

We initially transferred the NMP-exfoliated graphene into IPA at a concentration
of 0.5mg/ml but the resultant printed features were discontinuous (and hence of low
conductivity, < 1.S/m). Furthermore, the ink was found to steadily accumulate in the
mist line resulting in large drops destroying the prints. Inspired from commercial silver
inks, which can print for a full day without similar accumulation, we transferred the NMP-
exfoliated graphene into MTG also at 0.5mg/ml. This allowed for long deposition times
(at least 8 h) and resulted in continuous networks. SEM images shown in Figure 5.4B
reveal good horizontal orientation of the flakes. The bottom electrode was printed with
dimensions 0.3 x 7mm? and a thickness of 200 nm (W to X in Figure 5.4C). After
printing, the bottom electrodes were put into a vacuum oven overnight at 100°C' to
remove any residual solvent that would adversely affect the conductivity.
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Figure 5.4: A: Schematic showing capacitor structure. B: SEM image of surface of
bottom graphene electrode. C: Photograph of printed capacitor. The lines W-X and
Y-Z are the bottom and top electrodes respectively which were both printed from liquid
exfoliated graphene. The dielectric is the white square in the centre which was printed
from BiOC' nanosheets. D: Roughness values obtained for films printed at two concen-
trations, each filled using perimeter and serpentine fill patterns. Also, schematic showing
fill patterns.

The dielectric layer was printed over the bottom electrodes with dimensions of 0.7 x
0.7mm?. A feature size large enough to ensure the printing of the top electrode will not
lead to any undesirable contacting. We found that the method for filling a rectangular
feature also plays a role in the uniformity of the films. There are two fill options with the
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Optomec software — serpentine and perimeter. The serpentine fill produces a feature by
moving from top to bottom in a snake-like fashion whereas the perimeter fills from the
outside perimeter in like a spiral as seen in Figure 5.4D. The perimeter fill leaves ridges
in the film where material accumulates as the nozzle spirals inwards during filling. The
serpentine fills leaves ridges at the edges of the feature. This is represented by the red
circles in Figure 5.4D. Films of the same thickness (= 3 um) were deposited and their
uniformity was measured using a profilometry scan. The roughness, R, was calculated
by the program as the root mean square (RMS) of the surfaces measured microscopic
peaks and valleys. By dividing the R, values for the respective fill pattern with the mean
thickness, we can see that the serpentine fill gives more uniform films (11%) than the
perimeter fill (23%). However it should be noted that aerosol-jet printing has a rich
parameter space and the fill-pattern is not the only parameter that affects uniformity of
the films. Factors such as line width, concentration of the ink, substrate and numerous
others can affect film uniformity. At this stage also, the device was put into a vacuum
oven overnight at 80° C' to remove any residual solvent that may result in film flattening
and contribute to uniformity.

The top electrode was printed using the same ink and printing parameters as for the
bottom electrode. The top electrode was printed at a higher thickness of ~ 250 nm to
address the roughness of the BiOC! layer with lateral dimensions of 0.17 mm?. This
narrower width was chosen to avoid any undesired contacting between layers in the case
where ink spreads or pools during printing. During printing of stacked films, there is a
possibility of redispersion of the underlying layer. An advantage of having the two inks in
different solvents (MTG and IPA) is that it introduces solvent orthogonality and reduces
the risk of redispersion.

Optical Characterisation of AJP Films
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Figure 5.5: A: Scanned image of printed squares of BiOC!. B: Absorption line scans
for sample thicknesses showing topography of films. B: Histograms of scanned image
of films showing increased absorption and therefore filling up of pin-holes as thickness
increases
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Aerosol-jet printing being a relatively new method of deposition, leaves a lot to
be studied in terms of film morphology and the type of networks that are formed. A
small characterisation study was performed to understand the uniformity of aerosol-
jet printed films through optical transmission data. Ten boxes of BiOC1 ranging from
thicknesses 185 nm to 13 um were deposited on flexible PET substrate. A scanned image
of resolution 6400 dpi was taken using an optical flatbed scanner as shown in Figure
5.5A. In order to analyse the image, the scanner signal from each film was extracted using
ImageJ software. The scanner signal was converted into absorption using a calibration
curve [179] that was created for the scanner using optical filters of known transmission
values. Line scans across the printed films were extracted as shown in Figure 5.5B and
histograms were made from the data to show the thickness distribution for each film.
Shown below in Figure 5.5C is a sample of the absorption data collected. Considering the
resolution of the scanned images is 6400 dpi, using ImageJ we can calculate that each
pixel of our scanned images represents 0.2 mm. This can be identified as the minimum
size of pin-holes that can be detected using this technique. Pin-holes smaller than this
size, will lie outside the resolution of this image. The absence of data points at an
absorption value of 0 indicated no pin-holes (bigger than 0.2 mm) in the films, however
measurements past a certain thickness become difficult as the signal starts to saturate
due to low transmission.

The absorption data also reveals some information about the uniformity of the films.
The narrow distribution in the absorption peaks observed for each printed network implies
little variation in thickness across the film, pointing towards uniformity. Furthermore,
the distribution gets narrower as the networks get thicker suggesting that the thicker
films are more uniform. Thus, optical characterisation of printed networks can be used
to collect some morphological information about the films.

Device Characterisation

As the capacitance of a device is inversely related to the thickness, we printed a set of
devices with a range of dielectric thicknesses. The dielectric thickness was controlled by
increasing the number of print passes over the bottom electrode. As was discussed in
detail in Chapter 3, aerosol-jet printing is a highly complex process with several variables.
While the constitution of the ink and the carrier flow rates can be reliably controlled,
the atomisation process is still poorly understood. It is currently not known whether
there is preferential atomisation for smaller nanosheets over large, if the atomisation
causes secondary exfoliation or even for how long the deposited mass per unit area is
constant. However, these are questions to be addressed in later studies. For this work,
we kept our variables consistent across devices, but we note that this still results in
some currently unaccountable variations. As shown in Figure 5.6A, the relationship
between pass number and BiOC!| thickness is linear within error and is consistent with
a deposition rate of 85 4+ 3 nm per pass.

In order to identify which of the printed capacitors are insulating, we performed some
preliminary electrical measurements. |-V measurements of the bottom electrodes were
made immediately after printing and annealing, and before the subsequent layers were
deposited. A resistance of 100 k€2 was recorded, which corresponds to a conductivity of
2300+ 600 S/m, that is consistent with reports on similar LPE graphene films [64, 179,
223]. On completion of the printed device, two types of |-V measurements were made
to ensure the capacitors were insulating. First, the resistance of the top electrode, Ry 7,
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Figure 5.6: A: BiOC! layer thickness as a function of number of print passes. The
line is consistent with a deposition rate of ~ 85 nm per pass. B: Two-probe resistance
measured both through the dielectric layer (R —y) and across the top electrode (Rz_y)
as a function of dielectric thickness. The resistance across the bottom electrode ( Ry _x)
is shown for comparison. The dashed line plots the dielectric resistance assuming a
dielectric resistivity of ~ 10° Qm.

was measured to ensure the graphene network had reached a bulk-like conductivity in
agreement with the bottom electrode. A second resistance was measured between the
top and bottom electrode, Ry y, to determine if the dielectric layer is insulating where
we define the dielectric layer as sufficiently insulating if Ryy > 10* x Ryz. As seen
in Figure 5.6B, the resistance across the top electrode, Ry 2, is reasonably constant at
~ 100 k2 across all the thicknesses and matches closely to the resistance of the bottom
electrode with a conductivity of 2800 £ 600 .S/m.

The two thinnest capacitors, with dielectric layer thicknesses of 0.8 um and 1.1 um
yielded a value of Ry y =~ 100kS2 which indicates the devices are shorted. Devices
above this threshold thickness display Ry Y of a few G2, that is equivalent of an open
circuit measurement. This implies that the out-of-plane resistivity of BiOC! is at least
10° Qm, which compares to the measured resistivity of networks of BiOC1 nanosheets of
10'°Qm [416]. Thus, having established the capacitors above a thickness of 1.6 um are
insulating we performed impedance measurements in order to characterise the dielectric
films made from the newly exfoliated 2D material, BiOCI.

Impedance Measurements

Impedance spectroscopy is a useful method of characterising capacitors since the mea-
sured frequency dependence of impedance can be fit to circuit models that best match
the data. In our case where it is important to identify pin-holes in the film, such circuits
can be used to identify parallel resistances that are consistent with current leakage in
capacitors.

We performed impedance measurements on the graphene/BiOC!/graphene stacks
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for a range of BiOC' network thicknesses between 1.15 um and 3.3 um. An AC voltage
is applied over a range of angular frequencies, w and the associated current measured.
This current is shifted from the voltage by a phase shift, #. As detailed in Chapter 4,
AC impedance is a complex quantity that can be written as Z = |Z|cos 0 +i|Z|sin =
Zre + Zsz
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Figure 5.7: Impedance analysis of printed capacitors. A: Modulus, |Z|, and phase 6
(bottom inset) as a function of frequency for a typical (t = 2.3 ym) capacitor. Top inset:
Randles circuit used for fitting. B: Real and imaginary components of the impedance
measured for printed capacitors. In A and B, the lines are fits to Eqt. 5.1 and 5.2.

Shown in Figure 5.7A is the impedance spectrum, |Z| vs w for a representative
capacitor of thickness 2.3 um and overlap area 0.3 x 0.1 mm?2. It should first be noted
that for all the samples, the data from |Z| and Z,,, were fitted as they were generally
the most noise-free, whereas the 6 and Z,. data tended to be noisier. The modulus
of impedance for a Randles circuit, |Z| is characterised by a plateau at low angular
frequency followed by an w™"! decay at higher frequencies. Shown in the inset of Figure
5.7A is the phase versus angular frequency. The phase, 6 is =~ —90° over the middle
range of the frequencies, but falls off at both low and high frequencies. The plateau seen
in the |Z| vs w spectra as well as the tapering off of phase at low and high frequencies
are indications of resistances in the system.

The real (Z,.) and imaginary components (Z;,,) of the impedance are plotted vs w
in Figure 5.7B. The imaginary component of impedance closely resembles the modulus,
showing this component to be dominant, emphasising the capacitive nature of the sys-
tem. The real impedance transitions between plateaus at low and high frequencies via an
w2 decay at intermediate frequencies. This transition is also evidence for the presence
of series and parallel resistances in the system. Keeping in mind these behaviours, we
can suggest that the graphene/BiOC!/graphene stacks are electrically equivalent to a
capacitance (C) combined with series (R1) and parallel (R2) resistors as shown in the
inset in Figure 5.7A. This model is called a Randles circuit and as discussed in Chapter
4 the impedance can be represented as
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In addition, these equations can be combined to yield fitting equations for |Z| and 6

using
2] =\ 2. + 22, (5.3)
and
7.
0 = tan~" Z—m (5.4)

The data from |Z|, Z,. and Z,,, were fitted using the above equations yielding
reasonable fits in all cases. However, it should be noted that most of the phase curves
were too noisy to be fitted. From Eqn 5.2, we can see that the values of C' and R, can
be extracted from the fit of Z;,,,. The most reliable fit data for R; however came from
the Z,. versus w curves due to the presence of the high frequency plateau which pins
down the value of R; in the fit. In addition, to illustrate the dependence of # on w,
we have used Eqt. 5.4 coupled with the values of C, R; and R, found from fitting the
other data sets to plot the black line in Figure 5.7A(inset). This curve clearly illustrates
the deviations from # = —90° at low and high frequencies which are due to the presence
of parallel and series resistances respectively.

The values of Ry and Ry have a physical significance in our printed capacitor systems.
The series resistance R represents the electrode resistance which in our case is graphene.
The parallel resistance R; represents pin-holes in the systems and therefore any current
leakage between the two electrodes. The effect of these two resistances is most clearly
seen in the Z,. versus w plot in Figure 5.7B. The height of the plateau seen at low
frequency is the sum of R; and R, whereas the height of the plateau seen at high
frequency is the value of R;.

Figure 5.8A shows the values of R; and R plotted against thickness of the BiOC!|
films. We find that this graph is quite similar to that in Figure 5.6B. The series, Ry, is
of similar magnitude to the resistance across the top electrode, Ry, while the parallel
resistance, Ry, is of similar magnitude to the resistance through the dielectric layer,
Rw _y. In addition, we find that while Ry is very large (> 10® Q) for BiOC! thicknesses
above 1.6 um, the two samples with the thinnest dielectric layers display much lower
values of Rs, consistent with the presence of pinholes.

In the case of a simple capacitor, we expect the the capacitance to scale linearly
with thickness of the dielectric film as C'/A = e€pe,/t. Shown in Figure 5.8B are the
capacitance values obtain from the Randles circuit fits that have been normalised to over-
lapping electrode area and plotted against the inverse of thickness. We see a monotonic
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Figure 5.8: A: Parallel (R2) and equivalent series (R;) resistances plotted versus dielec-
tric thickness. B: Areal capacitance plotted versus inverse dielectric thickness. The line
is a fit to Eqt. 5.7.

increase of C'/A with 1/t, however there are two abnormalities. First, there is clearly
some curvature in the data set and second, the data is not consistent with a straight-line
through the origin. This can be explained if we consider the measured capacitance to
being equivalent to a series combination of two capacitors: one of which is thickness in-
dependent, which we will call C'y and one which scales normally with dielectric thickness,
C(t). We can write

=y 55
C =G T (55)
where
FA
C(t) = % (5.6)
It is easy to see by inserting Eqt. 5.4 into 5.3 that,
C At
== —60‘10/6 — (5.7)
L+ Go/a

Here, ¢, is the dielectric constant associated with the BiOC! network. We find this
equation fits the data in Figure 5.8B very well if ¢, = 41 +£3 and Cy/A = 16.6 £
1.4nF/cm?. Assuming the porosity of the BiOCI network is ~ 50%, this value implies
an intrinsic dielectric constant of ~ 80 which is somewhat higher than the theoretical
permittivity of bulk BiOCI, which is ~ 50 — 60 [90, 412, 417]. This difference in
permittivity of printed films when compared to bulk could be a result of factors such as
lower porosity, flake orientation and electrode coverage. As far as we know, this is the
highest reported value of ¢, in the field of printed electronics. The majority of work in
printed dielectric films using 2D nanomaterials has been focused on hBN and depending
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on the method of deposition, the permittivity of these films range only between 3 and 6
[63, 223, 418]. Other papers have shown the use of montmorillonite, a commonly found
layered silicate, to fabricate capacitors through the layer-by-layer assembly process giving
dielectric constant of 5.7 [67].

In order to explain the origin of the series capacitance Cyy/A, we consider the inter-
nanosheet junctions within the graphene electrodes [323]. As has been proposed for
inter-nanotube junctions [419] it is possible that nanosheet-nanosheet junctions act as
parallel capacitor-resistor combinations. Then, the graphene electrode would display a
capacitance which was due to the network combination of all of the inter-nanosheet
capacitances. We can model the graphene electrode as a set of stacked layers, each
one nanosheet thick and separated by a distance A = 1nm. Given the combined
thickness of both electrodes is ~ 500nm and each graphene sheet is =~ 4 nm thick,
the pair of electrodes are =~ 100 layers thick. Thus, the capacitance associated with
the interlayer junction is C'/A = €pe./A. It follows then that the capacitance of n
stacked (i.e. in series) layers is C,,/A = epe,./nA. Taking ¢, = 1 (for air), n = 100
and A\ = 1nm, we get a capacitance ~ 10nF/cm? which is very close to the measured
value of 16.6 + 1.4nF/cm?.

It is important to ask why this "internal capacitance” has not been observed before,
for example in previous printed capacitors with graphene electrodes. If we consider Eqt
5.5, a series combination of Cj and C(t) yields C = C(t)/(1 + C(t)/Cy). This only
deviates from C(t) if C(t)/Cy is large enough. Here, C(t) i.e. the BiOC! capacitance
is large due to its high permittivity and could be the reason we see the influence of the
internal capacitance (.

5.3.1 Dielectric Breakdown Measurements
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Figure 5.9: Dielectric breakdown strength of BiOC' capacitors. A: Current density
versus voltage curves for three different BiOC/1 layer thicknesses. B: Breakdown voltage
plotted versus BiOC/ layer thickness. The dashed line represents a breakdown strength
of 0.67 MV /em.

We have measured the breakdown strength of our graphene/BiOC!/graphene ca-
pacitors. Figure 5.9A shows the out-of-plane (i.e. Ry _y) current density versus voltage
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curves measured for capacitors of three thicknesses. In all cases, we see a quasi-linear
increase in the current density up to the breakdown voltage, above which the current
density increases rapidly. Figure 5.9B shows the breakdown voltage plotted against the
BiOC! layer thickness. Interestingly, this graph implies the breakdown voltage to be
extremely small for dielectric thicknesses below 1 - 1.5 yum. However, above this critical
thickness, the breakdown voltage increases linearly with layer thickness. This critical
thickness is very similar to the thicknesses below which Ry and R, rapidly fall off.
This suggests that the very low breakdown voltages indicated by Figure 5.9B for thin
BiOCI films are associated with the presence of pinholes. Once the capacitors become
pinhole-free, the linear increase of breakdown voltage with thickness (dashed line) im-
plies a breakdown strength of 0.67 MV /em. This value is lower than those measured
for liquid-exfoliated BN nanosheets (~ 2.5 MV /em) [78, 131] and BN /polymer com-
posites (3 MV /em) [418]. In part, the break-down voltage is lower in BiOC'l compared
to that in BN because of the smaller band gap of the former material [420]. However,
it is likely that the low dielectric strength is also partly associated with the presence of
defects within the nanosheets. We speculate that edge defects, which are thought to be
prominent in all liquid-exfoliated nanosheets, may play a significant role.

5.4 Conclusions

In summary, we have demonstrated the liquid phase exfoliation of a new layered insulating
material, BiOC to give a stable dispersion of 2D nanosheets. Through extinction
spectroscopy, we see the data is consistent with insulating behaviour showing an optical
gap of 3.5eV. We then show how a dispersion of BiOC' can be easily tailored to be
aerosol-jet printed into thin, pin-hole free insulating films that are integral in the field of
printed electronics. We demonstrate this by fabricating capacitors of graphene-BiOC'l-
graphene and characterising their working to obtain a dielectric constant for BiOC'
films. Capacitors with dielectric layer thicknesses ranging from 1.15 um to 3.3 ym are
printed with films starting to be fully insulating, or pin-hole free, after 1.6 um. Impedance
spectroscopy performed on the stacked structure revealed the behaviour to be electrically
equivalent to a capacitance combined with series and parallel resistors. We find that the
data is consistent with the capacitance being equivalent to a series combination of two
capacitors, one of which is thickness independent (Cj) and one of which scales normally
with dielectric thickness. Fitting the data to this model, we derive a value of relative
permittivity €, = 41 4+ 3 which is currently the highest reported value of permittivity for
printed 2D dielectric nanosheet films. We also find some stray capacitance of the value,
Co/A = 16.6+1.4nF /cm? which is thought to be thickness independent. We speculate
that this additional capacitance may be related to the inter-nanosheet junctions.
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Chapter 6

Improving Permittivity through
BiOCI-Ag Nanoplatelet Composites

6.1 Introduction

Composite materials are generally fashioned to enhance mechanical properties such as
strength and flexibility [421-423]. However, they can also be used to change or tune
the electrical characteristics of a material. For example, the use of conductive polymer
composites that are made up of polymers and metallic fillers in a number of electromag-
netic frequency interference (EMI) shields, antistatic devices and conducting coatings
[424, 425]. Composite fabrication has the advantages of achieving performance superior
to either of its individual components, without altering their chemical and structural
identity. Furthermore, the electrical characteristics of a composite can be described by
percolation theory. It is a powerful tool that can be applied to investigate the physical
properties of heterogeneous materials [426]. Unlike the linear rule of mixtures [427, 428],
percolation theory accounts for the dramatic change in a property of the composite upon
reaching long range connectivity within the network.

With regards to insulator-conductor composites, polymer nanocomposites made of
conducting particles embedded in an insulating polymer matrix have been widely studied
[429-431]. This is due to the large increase in dielectric permittivity they exhibit in the
vicinity of the conductive filler percolation threshold [432—434]. The sudden increase is
attributed to the formation of conducting regions that are separated by small distances
within the network. This effect creates local microcapacitors that contribute largely to
the permittivity of the material [434]. Studies have even been performed in ceramic-
metal composites (CMCs) where metal particles are dispersed in a ceramic matrix, such
as BaT'iO5 without entering into their lattice structure [435]. Predictably, there has been
recent work on conducting polymers or liquid crystal suspensions using nanomaterials
such as carbon nanotubes and graphene flakes that display colossal spikes in permittivity
close to the percolation threshold [436, 437].

High dielectric permittivity materials are a necessary part of electrical applications,
mainly for charge separation purposes [438-441]. With the rise of 2D nanomaterial pro-
duction through liquid phase exfoliation and its subsequent success in printed electronics,
there is a more urgent need for 2D nanomaterial dielectrics with high permittivity and
low losses. So far, most of the work done in dielectric films from 2D nanomaterials has
been focused on hBN [63, 78, 223, 286, 405]. However, it suffers from low permittivity
(3-7) and in most cases requires a binder or additive in order to be deposited into thin
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films. Taking inspiration from the high permittivities displayed by polymer-conductive
filler matrices and from established works that show 2D nanomaterial networks follow
percolation theory [442-445], we propose a 2D:2D nanomaterial composite in the hope
that we achieve high permittivity values from its printed films.

We have introduced in the previous chapter a new dielectric 2D nanomaterial, BiOC'
that displays a permittivity that is significantly larger than the current 2D dielectric
nanomaterial films used specifically in printed electronics [172]. In this work, we fabricate
devices out of BiOC!I and Ag nanoplatelet (AgNP; note: not to be read as silver
nanoparticles) composite films. The BiOC! nanosheets are prepared through liquid
phase exfoliation and the Ag nanoplatelets sourced commerically. The composite inks
are deposited into devices using a spray-coating technique and their dielectric properties
are characterised by impedance spectroscopy.

6.2 Experimental Procedure

Silver nanoplatelet paste, Nanoflake N300 was sourced commercially from Tokusen,
USA. Graphite powder sourced from Asbury (Grade 3763) was first pre-treated by tip
sonication (450 W) in 80 mL of N-methyl-2-pyrrolidone (NMP) at 40 mg/mL for 1h,
followed by a 1h centrifugation at 3218g. The supernatant containing the soluble
impurities was discarded and the sediment was redispersed in 80 mL of NMP and tip-
sonicated for a further 6 h at 120 W power. BiOC'l powder, sourced from Sigma Aldrich
was pre-treated by tip sonication (450 W) in a 6 mg/ml solution of sodium cholate
and DI water at a concentration of 30mg/ml for 1h. This was followed by a 1A
centrifugation at 3218g to separate out the sediment. The supernatant containing the
soluble impurities was discarded and the sediment redispersed in a 2mg/ml sodium
cholate and DI water solution. This was tip sonicated for 6 h at 450 W power for
exfoliation. Both the graphene and BiOC'! dispersions were size-selected through a
two-step liquid cascade centrifugation technique. They were first centrifuged at 106g
for 90 min, and the sediment containing large un-exfoliated material discarded. The
supernatant from this run was centrifuged at 3830g for 90 min, and the corresponding
sediment collected.

Once again, the concentration of the resulting dispersions was measured using the
vacuum filtration method. In this way, the graphene sediment trapped between 106g
and 3830g was redispersed in IPA to give a 0.5mg/ml dispersion. Similarly, the BiOCl
sediment was redispersed in DI water to give a 5mg/ml ink. The silver nanoplatelet
ink was made by diluting the paste to a 5mg/ml dispersion in DI water. UV- visible
spectroscopy was performed using a Varian Cary 5000 to optically characterize the ex-
foliated nanosheet dispersions. The wavelength was scanned between 800 and 200 nm,
and a 4 mm path length-reduced volume quartz cuvette was used for the measurement.
Bright-field TEM imaging was performed on the standard dispersions of the BiOC'l and
AgN P inks using a JEOL 2100 operated at 200 £V and a beam current of 107 1 A.

Indium Tin Oxide (ITO) coated (100nm) glass slides were sourced commercially
from Ossila. These glass slides were segmented and certain areas etched away using
dilute HC'l solution at 50°C' followed by NaC'l solution wash to leave behind a strip
of ITO on each glass segment that would behave as the bottom electrode. The glass
segments were then cleaned by immersion in Helmanex solution followed by 10 min of
sonic bath. This was repeated with IPA to ensure clean substrates. The AgN P— BiOC|l
films are subsequently sprayed on top of the ITO with Kapton tape used to block areas
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so as to leave some of the ITO exposed for electrical measurements. The composite
inks of varying AgN P volume fraction were prepared using the BiOC!l and AgNP
inks using the formula ¢agnp = % They were placed in the sonic bath for
15 min before spray coating to ensure uniform mixing. The films were deposited using
a Harder & Steenbeck Infinity Airbrush secured to a Janome JR2300N mobile gantry.
5ml of the composite ink was sprayed on top of the ITO and annealed in the vacuum
oven overnight at 80° C' to remove trapped solvent. A mask was placed over this middle
layer and 15ml of graphene sprayed over this to form top electrodes. The device was
once again annealed overnight in a vacuum oven at 80° C' to remove trapped solvent.
This procedure yields four separate devices for each volume fraction of AgN P — BiOC'
ink. The thickness and roughness of the printed films was measured using a Dektak 150
Stylus Profilometer. The morphology of the spray coated composite films was captured
using a Zeiss Ultra Plus SEM in the InLens mode using a 30 um aperture and 2 — 5 kV
accelerating voltage.

Preliminary electrical characterisation was done by simple |-V measurements using
a Keithley 2621A to confirm capacitor behaviour. Impedance spectroscopy was then
performed using a Gamry Reference 3000 to characterise the printed capacitors. It
should be noted that the data obtained from the devices in this work is much less noisy
than that presented in the previous chapter. This is due to significant improvement in
the measurement set-up. The impedance spectroscopy was carried out in a Faraday
cage that was properly grounded. This vastly improved the signal-noise ratio of the data
collected and allowed for accurate fitting.

6.3 Results and Discussion

6.3.1 Material Characterisation

The dielectric - metallic composites are realised through mixing nanosheet inks of bismuth
oxychloride and silver nanoplatelets. The BiOC'l nanosheets are prepared through liquid
phase exfoliation. However, unlike in the previously reported work, the BiOC! ink was
prepared by exfoliation in a surfactant water dispersion. This was done in order to prevent
the use of any toxic solvents such as NMP since the film deposition takes place in an
exposed environment. Consequentially, there is no difference in the resultant nanosheets
as we will reveal through the characterisation techniques below.

Figure 6.1A shows the extinction spectrum obtained from UV-vis spectroscopy of
the surfactant-exfoliated BiOC' dispersion. The spectrum is identical to that measured
from the NMP-exfoliated dispersion presented in the previous chapter. The spectrum
is generally featureless as expected for insulating 2D materials and decays as a power
law at high wavelengths. The extinction spectrum has been split into its scattering
and absorption components with the help of an integrating sphere [403, 411]. For
wavelengths above ~ 350 nm, the scattering component largely dominates the extinction
response and decays with wavelength as a power law with an exponent close to -2. The
absorption component shows a clear band edge at 340 — 360 nm leading to an optical
gap of 3.5 eV in line with previous reports [412] and consistent with insulating behaviour.

Figure 6.1B and 6.1C show representative TEM images of the exfoliated BiOC!I
nanosheets and the commercially sourced Ag nanoplatelets respectively. In both cases,
the images reveal the presence of two-dimensional structures with no large 3D objects
observed. The BiOC! nanosheets are quite small in size, with the largest being ~
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Figure 6.1: A: Extinction spectrum of the surfactant exfoliated dispersion of BiOCI
showing scattering and absorption components. B: TEM image of BiOC! nanosheets.
C: TEM images of commercially sourced Ag nanoplatelets. D: Image of a AgNP —
BiOC1 composite ink.

150—200nm. The Ag nanoplatelets are much larger, with an average size of ~ 500 nm.
They are mostly triangular in shape and are expected to be 45 nm thick (as specified by
the supplier). Their thickness is also apparent in Figure 6.1C due to the darker contrast.
The composite inks are prepared by mixing together the BiOC![ and Ag nanoplatelet
inks in varying volume fractions as detailed in the Methods section. As seen in Figure
6.1D, the resulting composite ink is grey-ish in colour owing to the presence of silver.

6.3.2 Device Characterisation

The NMP exfoliated graphene was transferred to IPA after size-selection to allow spray
coating [64, 223, 411]. The mobile gantry used for spray coating is placed in a fume-
hood, but otherwise exposed to air and therefore it is essential that non-toxic solvents be
used during deposition. Similarly, the exfoliated BiOC was transferred from 2mg/ml
sodium-cholate solution to pure DI water. This solvent transfer is done mainly because
the back pressure during spraying can cause bubbles to form in the presence of surfac-
tants, leading to non-uniform films. However, the stability of the dispersion is maintained
as the surfactant molecules adsorb onto the surface of the nanosheets keeping them from
reaggregating [118]. Furthermore, any residual surfactants remaining in the dispersion
will help lower the surface tension of water (o =~ 72mN/m), making it more compatible
to be sprayed on glass or ITO (¢ ~ 36 mNN/m). As detailed in Chapter 3, surface energy
matching between solvent and substrate leads to better surface wetting and ultimately
more uniform film formation.

As as been established previously, the dielectric networks are characterised by in-
corporating them into a parallel-plate capacitor geometry. At first, an all-printed verti-
cally stacked heterostructure device was attempted. However, we quickly encountered
problems with shorting. A spray coated bottom electrode tends to be rough, and any
subsequent spraying on top of it results in highly porous and non-continuous films, even
for thicknesses on the order of 5 um. Thus, by eliminating a printed bottom electrode,
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Figure 6.2: A: Schematic showing the geometry of sprayed capacitors. B: Optical image
of a 15%AgN P — BiOC! film capacitor. C: Thickness profiles of representative com-
posite films.

we can ensure a uniform and continuous composite film by spraying directly on to ITO.
The composite inks are spray coated onto a glass substrate with a strip of exposed
ITO that is 100nm thick, acting as the bottom electrode. Figure 6.2A shows the
schematic of a typical batch of devices of one composite loading level. Four graphene
top electrodes are sprayed on top of this composite film using a shadow mask. Each
batch results in four distinct devices of overlap area 2 x 1.5 mm?. Composite films
ranging from 15% AgN P — BiOCI to 40% AgN P — BiOCI, were deposited as well
as a pure BiOC!I film (i.e. 0% AgNP). A representative batch of devices of loading
level 15% AgN P — BiOCI! is shown in Figure 6.2B. Note that the films are grey in
colour owing to the presence of Ag nanoplatelets. Silver paint is applied to the graphene
electrodes as contacts for electrical measurements.

The thickness of the films were measured using a profilometer and representative
thickness profiles are shown in Figure 6.2C. Although each film was prepared by spraying
5ml of ink, the thickness of each composite film varies over a range of values, typically
between 4 ym and 9 um. This can be partly attributed to substrate placement and
alignment during spraying. However, Ag nanoplatelets being of density 10.5 g/cm? and
BiOC!I being of density 7.8 g/cm?, the composite inks will vary in mass depending on
the loading level which could affect the resultant film thickness. The thickness profiles
display a small peak or “lip” at the start of the step seen at 0.3mm. This feature
appears when the Kapton tape covering parts of the substrate is peeled off and slightly
lifts the edges of the film. As envisioned, by spraying the films directly on ITO, they are
generally of low roughness, with R, between 2 — 5%. This is ideal for the subsequent
spraying of the top electrode. A mask is placed over the composite film to pattern
the top electrodes with feature size 4 x 1.5mm?. Graphene ink in IPA is used and
15 ml deposited to ensure the film is in the thickness-independent region of conductivity.
Solvent orthogonality is established in the deposition of the two stacked layers, which
reduces the risk of redispersion.

As the composite films increase in loading level of Ag nanoplatelets, percolative
paths start to form that alters the conductivity of the film. At low loading levels, the Ag
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nanoplatelets are few and far between within the film. As the volume fraction of Ag is
increased, nanoplatelets reside closer together and can form continuous paths within the
film going between the electrodes, allowing conduction. In order to identify when the
composite films start to be conducting, simple |-V measurements are performed. A DC
voltage is applied between the bottom electrode (ITO) and the top electrode (graphene)
and the current response measured. We will discuss this further below.

Figure 6.3A-C show SEM images of composite films of three loading levels. A
pure BiOC! film made up of a network of randomly arranged nanosheets is shown
in Figure 6.3A. Firstly, it is clear that the BiOCI nanosheets are quite small, with
most being < 200nm in length. They are quite densely packed and show no pin-
holes or gaps within the film. However, the film does not appear uniform but displays
“domains” or “dips” that are visible in the SEM image. This is a possible artifact of
the spray coated films, where large droplets might have landed on the substrate and
caused material displacement during drying. Seen in Figure 6.3B is the SEM image
of a 15%AgN P — BiOCI composite film. The black arrows in the image point to
Ag nanoplatelets within the network. The nanoplatelets are dispersed within the film as
discrete objects. Figure 6.3C shows the SEM image of a 40%AgN P — BiOC'l composite
film. As depicted by the black lines drawn over the image, the Ag nanoplatelets are much
more prevalent within the film and form areas of linked networks that create conductive
paths.
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Figure 6.3: A-C:: SEM images of composite films of 0%, 15% and 40% AgN P loading
level. D-F: Out-of-plane IV measurements of the respective composite films.

Figures 6.3D-F show the |-V responses of the three composite films. As seen in Figure
6.3 D and E, a voltage scan through =100 mV’ yields a current response identical to an
open circuit. This implies the insulating nature of the composite film, and thus it can
be concluded that there are no conductive paths formed by the Ag nanoplatelets that
span the entire composite. Figure 6.3F displays an example of a composite film that has
reached percolation. The 40% AgN P — BiOC! film conducts 60 uA of current when a
voltage of 100 mV is applied. It is important to note here that any current conducted
by the composite film is due to the conductive paths created by the Ag nanoplatelets,
and not by pin-holes or shorts within the system. It was for this reason that thick films
were deposited as it would ensure no pin-holes.
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As this is a system consisting of different films of varying conductivity, it is useful
to establish certain numerical figures to avoid confusion. Figure 6.4A shows the con-
ductivities of the different films in a typical device. The bottom electrode ITO displays
a conductivity of 1.78 x 105S/m and the top graphene electrode a conductivity of
500S/m. This is within the expected range of values for sprayed graphene films [446—
448]. A composite film that is insulating, i.e. before the Ag nanoplatelets have reached
percolation, displays conductivities in the range of 1 x 1078.S/m. A composite film is
considered to have reached percolation when it displays conductivities of 1 x 1072 S/m
i.e. > 10* times the conductivity before percolation.
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Figure 6.4: A: Conductivities of various films within the device. B: Out-of-plane con-
ductivity of composite films as a function of Ag nanoplatelet loading level.

As mentioned earlier, each batch of a composite film contains four devices. The
out-of plane conductivity of each device was calculated from their |-V responses. Figure
6.4B shows the out of plane conductivity as a function of Ag nanoplatelet loading level.
The conductivity values range from 1078 .S/m to 1072 S/m as the loading level of Ag
nanoplatelets is increased from 0% to 40vol%. Although the data is quite scattered,
there is a general upward trend, starting at ~ 18% — 20% AgN P — BiOC!I. This broad
percolation threshold can be explained by the highly non-uniform nature of the composite
films. Due to the random arrangement of the Ag nanoplatelets within the sprayed net-
work, the same loading level can have different distributions of nanoplatelets - with some
leading to percolative paths, while others not. This is especially clear around the per-
colation threshold point. For example, across the ten devices of 18% AgN P — BiOC!I
the conductivity ranges between 107 and 107%S/m and across the nine devices of
20% AgN P — BiOC! the conductivity ranges between 107 and 10=*S/m. Further-
more, this type of scatter around the percolation threshold is a statistical effect and to
be expected in randomly oriented systems such as these [449].

The increase in conductivity with Ag nanoplatelet loading level can be described
using percolation theory. When an electrically conducting filler is added to an insulating
matrix, a significant rise in conductivity occurs when the first conducting path through
the sample is formed. This theory that is widely used to describe percolation effects in
graphene-polymer composites [450, 451], recently has been applied also to nanomaterial
(2D:1D and 2D:2D) composites [442-445]. As detailed in Chapter 4, the equation
P | ¢—¢. |" can be written as 0 = g, | ¢, |' [452, 453] where o is the conductivity of
the composite film and o is the scaling factor that generally represents the conductivity
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of the metallic filler. The Ag nanoplatelet volume fraction is given by ¢, with ¢, and ¢
being the percolation threshold and the percolation exponent respectively.
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Figure 6.5: A: Conductivity (o) data fit using percolation theory to identify the perco-
lation threshold (¢.) and exponent (¢). B: Conductivity data after percolation threshold
to display linear behaviour in conductivity with increase in Ag nanoplatelet loading level.
The red lines are fit to the equation o0 = o, | ¢, |".

We have analysed the data for the AgN P — BiOC! platelets using the above equa-
tion. Although the data is scattered, the general trend can still be fit as shown in Figure
6.5A. From the fit, we find the percolation threshold to be ¢. = 0.177 +=2FE — 4. This
value is much larger than those previously reported for 3D composites with graphene
fillers (< 1vol%) [450, 451] and for 1D nanocomposite systems (= 0.1vol%) [444,
454-457]. However, theoretical predictions show that for composites of randomly ori-
ented monodisperse conducting discs in an insulating matrix, the percolation threshold
is actually independent of disk diameter [458]. This relatively high percolation threshold
has a practical advantage over 1D nanocomposite systems in that it is much easier to
design a percolative system accurately when the required volume fractions are high. It
should be noted that the small error presented in the fit derived percolation threshold
is not representative of the large scatter seen in the data, but is simply from the fitting
function used.

The percolation exponent was observed to be ¢t = 2.44 £ 0.8. This is higher than
the expected percolation exponent for 2D composites (t = 1.33) [452], but closer to
the universal percolation exponent, ¢ = 2 [452] for binary mixtures of 3D systems.
The scaling factor, o5 &~ 0.007 S/m is deduced from the intercept. Considering that the
scatter in the data is across a few orders of magnitude, we do not expect this value to be
representative of the conductive filler conductivity. Figure 6.5B shows the conductivity
of the composites after the percolation threshold at 0.177 volume fraction to be broadly
linear, however the significant scatter in the data should be noted.

6.3.3 Impedance Measurements

The aim of this work was to demonstrate an improvement in the permittivity of a di-
electric/conductive filler composite network in the region before percolation. In order
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to measure permittivity, impedance spectroscopy was performed on the parallel-plate
capacitors to first extract a capacitance and later, the dielectric permittivity. The fre-
quency dependence of the impedance and phase of the composite films was recorded
between 100 Hz and 10% Hz and the data was fitted to well-established circuit models.
As detailed in previous chapters, a sinusoidal voltage, V = V™! was applied over a
range of frequencies, and the associated current, shifted from the voltage by a phase ¢
i.e. I = Iye'“=% was measured. The AC impedance, which is a complex quantity can
be described by V/I = Z = |Z|cos 0 +i|Z|sin0 = Z,c + iZip,.

The data collected generally fits the model of a series R-C circuit. Shown in Figure
6.6A the modulus of the impedance, |Z| and phase, 6 is plotted against the applied
frequency, f (note: w = 27f). It shows the characteristic 1/f decay in impedance
observed for a capacitor. However, the phase is seen to taper off from —90° towards
0° at high frequencies as shown in the inset of Figure 6.6A. This effect is indicative
of a series resistive element present in the system [63, 172, 354]. To make this more
clear, the impedance is split into its real (ReZ) and imaginary parts (ImZ), as shown in
Figure 6.6B. The imaginary part of the impedance is nearly identical to the modulus of
the impedance, suggesting that the system is largely capacitive. The real part of the
impedance however shows a plateau at high frequency, which points towards a series
resistive element in the system. Noting that the “flattening” of ReZ occurs at ~ 103 (,
it is possible the resistive element in question is from the sprayed graphene top electrodes,
which display resistances of the same order of magnitude (refer Figure 6.4A). Thus, in
this case it is fitting to use a series RC circuit model. It should be noted that there is
no observable plateau in the low frequency regime, confirming the absence of a parallel
resistance. This implies that the sprayed films have no pin-holes.
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Figure 6.6: A: Impedance and phase (inset) data and fits for a representative capacitor of
18%AgN P — BiOC1 composite film. B: The real and imaginary parts of the impedance
showing evidence of a series resistance.

Before moving on to the extraction of permittivity from the impedance fits, an
important distinction between the devices must be made. We have established that
each batch or loading level of composite film contains four devices. It is vital that these
devices be treated uniquely and as individual data points. In most cases, the difference
between the four devices is insignificant. However, Figure 6.7A shows an example of
why it is non-trivial to treat the devices separately. Plotted is the impedance response of

81



6.3. RESULTS AND DISCUSSION CHAPTER 6. IMPROVING PER-
MITTIVITY THROUGH BIOCL-AG
NANOPLATELET COMPOSITES

three devices, all made from the “shared” composite film 30%AgN P — BiOC!I. Device
1 displays a 1/f decay in |Z| up to ~ 10 Hz and then plateaus at ~ 10° Q. Device 2
also displays a 1/f decay in |Z| but starting later, at ~ 10°> Hz and plateauing at 10* Q).
Finally, device 3 is largely non-changing in |Z| with frequency.

These distinct responses from different devices out of the same composite film points
to a highly disordered system. Not just the arrangement of the Ag nanoplatelets, but
their mass distribution within the dielectric network could largely vary across the film.
Although the film is sprayed from a 30vol% ink, the true loading level for each of the
four devices can diverge from this value and is reflected in their impedance response.
By analysing the impedance spectra, the plateau at low frequency seen in device 1
is indicative of a parallel resistance in the system. This parallel resistance is more
pronounced in device 2 and is the dominant response in device 3. It can be attributed
to the formation of percolative paths by Ag nanoplatelets within the BiOC'[ network.
The percolative paths formed in device 1 are fewest since there is a large capacitative
response (1/f) measured in the spectra. Device 2 and device 3 are largely characterised
by conductive paths formed by Ag nanoplatelets and show little variation of |Z| with
frequency. This is made more clear in the schematics drawn for devices 1, 2 and 3 in
Figure 6.7.
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Figure 6.7: A: Impedance response of three devices made out of the same 30%AgN P —
BiOC![ composite film. B: SSchematic showing how filler non-uniformity in the com-
posite can lead to different electrical responses.

These impedance spectra can be fit using a Randles circuit, the derivation of which
was presented in Chapter 4. A Randles circuit is characterised by a plateau in the
impedance at low frequency, which indicates the presence of a parallel resistance, as
well as a plateau at high frequency, which is indicative of a series resistance. In the
frequency range available to us, we only observe the low frequency plateau in impedance.
Referring to Chapter 4, the total impedance response of such a circuit can be written
as Z7 = Ry + 1+(w1%20)2 — @1+°(Uf}§fc)2 where Ry and R, are the series and parallel
resistances respectively, C' is the capacitance of the system and w = 27 f is the angular
frequency. Fitting the impedance response of Device 1, 2 and 3 presented in Figure
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6.7A to the above equation, we get parallel resistance values of Ry, = 2.4 x 10°,
Ry = 8.9 x 10°Q and Ry, = 724 respectively. Note that the height of the plateau at
low frequencies is in fact R+ Ry (Refer explanation of Figure 4.6). Thus, the orientation
and possibly quantity of Ag nanoplatelets differs between the four devices, resulting in
different responses. This non-uniformity is unsurprising when considering sprayed films
where there is little control over the homogeneity and distribution of conductive filler
within the network.

The impedance response from all the devices before percolation was recorded and
fit to a simple parallel-plate capacitor i.e. by Z = —i/wC where w = 27 f is the
angular frequency and C' is the capacitance. We have shown that capacitance can be
written as C' = % where ¢ is the permittivity of free space, ¢, is the permittivity of the
dielectric material between the electrodes and A and ¢ are the overlap-area and thickness
of the dielectric respectively. Using the capacitance extracted from the impedance fits,
it is straightforward to calculate the permittivity or dielectric constant of the composite
films.

When the percolation threshold is approached from below, as is the case with
conductor-insulator composites, the dielectric constant ¢ of the composite diverges as
follows [426, 427, 459]

€ X €p|d — e ~° (6.1)

where ¢, is the dielectric constant of the insulator matrix, s is the critical exponent of
approximately 1 and ¢ and ¢, are fraction of conductive filler and percolation threshold
respectively. The above equation suggests that a large dielectric constant can be achieved
in composites if ¢ — ¢_ . Dielectric enhancements of the magnitude ¢/¢,, > 100 have
been observed in several dielectric composites [460-464]. For example, Pecharroman
et al. [460] achieved dielectric constants of 80,000 at 10 kH z by preparing percolative
composites with BaT'iO3 ceramics and N+ particles as the conductive filler. Work on
these types of composites with nanomaterials however are limited [436, 437]. Yuan et
al. have improved the dielectric constant of a polymer matrix by 260-fold by dispersing
graphene flakes in liquid crystals. Enhanced x values from ~ 100 to more than 4000
were observed in CNT-reinforced polymer composites [465, 466].

The critical behaviour of the dielectric constant near percolation can be explained
by the existence of microcapacitor networks [461]. Microcapacitors can form by neigh-
bouring conductive filler particles and a very thin layer of dielectric between them. Each
microcapacitor contributes a large capacitance [459] as the distance between conductive
fillers can be on the order of microns (or in some cases, nanometres). This large capaci-
tance can be related with a significant increase in the intensity of local electric field when
the conductive fillers are very close to each other i.e., near the percolation threshold.
The significant increase in electric field promotes the migration and accumulation of
charge carriers at the interfaces between the fillers and matrix.

Presented in Figure 6.8A is the calculated permittivity of each device for composites
of varying volume fraction of Ag nanoplatelets. It should be noted that there is a
significant spread in the data at each loading level. This can be attributed to the non-
uniformity and inhomogeneity of the sprayed composite films described previously and
also to the multiple possible variations of nanosheet alignment close to the percolation
threshold. The red dashed line represents permittivity of a pure spray coated film of
BiOCI1. An important result is that the permittivity obtained from spray-coated films of
BiOC! (e, = 19) is much lower than that of aerosol-jet printed (AJP) films (e, = 41).
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Figure 6.8: A: Permittivity of all devices of various loading levels, before percolation
The dashed red line represents the permittivity of a sprayed BiOC!-only film. B: Plot
of the highest permittivity measured for each device at AgN P loading levels below the
percolation threshold.

This could imply the morphology of films formed by spray coating and AJP are different.
There could be various reasons for this, in addition to the difference in the underlying
mechanisms of deposition of the two techniques. The BiOC! ink used for the AJP films
was in IPA and the ink was for spray-coated films was in DI water. This could affect drying
mechanisms and material migration within the network during deposition. Furthermore,
since the BiOC' was exfoliated in different solvents, the resulting nanosheet size may
vary which ultimately affects nanosheet packing and alignment within the film. It should
also be noted here that aerosol-jet printing allowed the deposition of a vertically stacked
heterostructure, with no shorting seen even for films of thicknesses 1 - 2 ym. A fully
stacked network however, could not be achieved through spray coated films. This too
points towards a difference in the morphology of the films produced by the two methods.

As shown in Figure 6.8, the 18% AgN P — BiOC! devices consistently display higher
permittivity when compared with the other loading levels. This is in-line with the rise
in conductivity seen in the composites in Figure 6.4. As the percolation fit yielded a
percolation threshold of 17.7%, in theory we would expect to see a spike in permittivity
somewhere just below an AgN P loading level in this range. However, the conductivity
data was quite scattered and so presents an error in the fit. Furthermore, we must
consider laboratory error in measuring out small fractions of volume during composite
ink preparation.

We have established that each of the four devices made from a film of a loading
level of Ag nanoplatelets must be treated uniquely. Hence, in order to emphasize the
increase in permittivity observed in Ag— BiOC'l composite films, the device showing the
highest permittivity for each loading level was plotted against Ag/N P volume fraction.
As seen in Figure 6.8B, a permittivity of 35 was achieved at 18v0l%. This is nearly
a two-fold increase in permittivity when compared with pure BiOC! films. The low
increase in permittivity can be attributed to poor control of conductive fillers within
the insulator networks, with clumps and islands of aggregates forming as Ag volume
fraction is increased. Furthermore, the Ag nanoplatelets are significantly larger than the
BiOC! nanosheets (500 nm vs. 100 nm) leading to uneven distribution. This is evident
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in the spread of data seen in the percolation curve. Although this increase is much lower
than theoretical predictions and other experimental results [460-464], this is the first
demonstration of insulator-conductive filler films using all 2D nanomaterial composites.
Furthermore, it is significantly higher than previously reported permittivities of sprayed
films of dielectric 2D nanomaterials that are usually made of hBN (e, between 3 and
7) [63, 67, 223, 418].

6.4 Conclusions

In summary, composite inks were made by mixing liquid-phase exfoliated BiOC'l nanosheets
and commercially sourced Ag nanoplatelets. These composite inks were deposited into
films by spray coating onto an ITO substrate. Several vertically stacked devices of
the form ITO/AgNP-BiOCl/graphene were fabricated in a parallel-plate capacitor ge-
ometry to characterise the dielectric properties of the composite films. As the volume
fraction of Ag nanoplatelets was increased from 0% to 40%, a percolation curve was
observed where the conductivity of the composite film abruptly increased starting from
18% — 20% volume fraction of Ag nanoplatelets. Using percolation theory, the data
was fit to obtain a percolation threshold of 17.7%, percolation exponent of 2.2. The
conductivity data was largely scattered about the percolation threshold which is to be
expected. Next, impedance spectroscopy was carried out on the devices in order to ob-
tain dielectric permittivity. The data was indicative of pure capacitors, with no pin-holes.
A permittivity of 34, which is twice as large as pure BiOC' sprayed films was obtained
at 18% AgN P — BiOCI, illustrating the formation of microcapacitors within the com-
posite network that increase the overall permittivity. This is a relatively low increase
compared to theoretical predictions and some experimental studies. However, it can be
attributed to the highly disordered nature of the sprayed composite films, where there is
little control over the distribution of conductive fillers through the insulator matrix.
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Chapter 7

Improving Dielectric Breakdown
Strength through BiOCI-hBN
Composites

7.1 Introduction

The vast improvement of performance in electronic devices and their parallel miniaturi-
sation has necessitated the development of insulating materials [438, 467]. In particular,
the use of dielectric materials in the form of thin films in energy storage devices, field-
effect transistors and other electronic circuitry. The key goal is to develop dielectric
materials that have desirable properties such as high electrical resistivity, large dielectric
constant and high breakdown strength. Dielectric breakdown strength specifically is an
important feature of insulating materials that needs to be studied for the systematic
development of devices. With respect to thin films however, dielectric breakdown first
occurs in localised regions where there are pin-holes or weak oxide spots [468]. This
makes it difficult to measure the dielectric material’s intrinsic breakdown strength.

To this point, work to improve the dielectric breakdown strength of insulating ma-
terials has been largely focused on polymers. This is due to their use in a broad range
of applications, from cable wire insulation [469, 470] to thin film capacitors [471, 472].
Although polymers have several desirable physical properties such as strength and flexi-
bility, there is still scope for improvement of their dielectric properties such as permittivity
and breakdown strength. In this vein, there has been a whole host of work done on poly-
mer composites with inorganic materials that elevate their dielectric properties [473-
476]. These inorganic materials are generally of high thermal conductivity and dielectric
permittivity such as alumina, silicon nitride and boron nitride [477]. Recently with the
advance of 2D nanomaterials, there has been reports of polymer nanocomposites that
incorporate nanosheets or two-dimensional platelets into a polymer matrix. For instance,
Wen et al. have fabricated nanocomposite capacitors with a polymer matrix and mono-
layer titania that show enhanced energy density and breakdown strengths [473]. Wang et
al. have improved the thermal conductivity and dielectric breakdown strength of epoxy
films by adding boron nitride nanofibers [475].

The development of faster and more powerful devices is generally seen to be going
in the direction of smaller circuitry. This has inadvertently lead to progress in the form
of printed electronics fabricated from 2D nanomaterial inks. As expected, this has re-
quired a parallel growth in 2D dielectric materials that can be deposited into thin films
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and that harbour desirable properties such as large dielectric constants and high break-
down strength. The function of dielectric films in electronic devices is mainly to act
as charge separators, but also in lowering operating voltages in thin-film transistors and
reducing charge scattering at the dielectric - semiconducting interface. The importance
of this role however is not reflected by the body of work done in 2D dielectric nano-
material films, which remains quite limited and largely focused on boron-nitride. Other
inorganic materials such as TiO,, Al,O3, BaTiO3 and SrT103 exhibit large dielectric
constants [365-368] and low losses, however their exfoliation into nanosheets and sub-
sequent deposition into films through existing printing technology remains unresolved
and challenging. In that respect, boron-nitrde has received most of the attention, due
its straightforward exfoliation into nanosheets [332, 333] and compatibility with various
deposition techniques [63, 286, 385, 394]. Nonetheless, it suffers from inherently low
permittivity.

The motivation for this work is to develop a composite material that combines the
desirable properties of two dielectric materials. We have established that printed films
of BiOC! display permittivities in the range of 20-40 [172], but show low breakdown
strength due to the material's narrow band-gap [172]. We also know from previous
reported work that hBN shows high dielectric breakdown fields of the order of 250 V/um
[78, 131]. In this vein, we suggest a composite film by introducing hBN nanosheets
to BiOC! films in order to improve its breakdown strength, while also maintaining a
relatively high dielectric permittivity value.

7.2 Experimental Procedure

Graphite powder sourced from Asbury (Grade 3763) was first pre-treated by tip sonication
(450 W) in 80 mL of N-methyl-2-pyrrolidone (NMP) at 40 mg/mL for 1 h, followed by
a 1h centrifugation at 3218g. The supernatant containing the soluble impurities was
discarded and the sediment was redispersed in 80 mL of NMP and tip-sonicated for
a further 6 A at 450 W power. The BiOC! and hBN powders were both sourced
from Sigma Aldrich and underwent a pre-treatment each by tip sonication (450 W) in a
6 mg/mL solution of sodium cholate and DI water at a concentration of 30 mg/mL for
1 h. This was followed by a 1 h centrifugation at 3218g to separate out the sediment. The
supernatant containing the soluble impurities was discarded and the sediment redispersed
in 2mg/mL sodium cholate and DI water solution. Both dispersions were tip sonicated
for 6 h at 450 W power for exfoliation. The graphene, BiOC'l and hBN dispersions were
size-selected through a two-step liquid cascade centrifugation technique. They were first
centrifuged at 106g for 90 min, and the sediment containing large un-exfoliated material
discarded. The supernatant from this run was centrifuged at 3830g for 90 min, and the
corresponding sediment collected.

The graphene sediment trapped between 106g and 3830g was redispersed in IPA to
give a 0.5mg/mL dispersion. Similarly, the BiOCI and hBN sediments were redis-
persed in DI water to give 5mg/mL inks. UV-visible spectroscopy was performed using
a Varian Cary 5000 to optically characterize the exfoliated nanosheet dispersions. The
wavelength was scanned between 800 and 200 nm, and a 4 mm path length-reduced
volume quartz cuvette was used for the measurement. Bright-field TEM was performed
to image the surfactant exfoliated hBN ink using a voltage of 200 &V and a beam
current of 107 pA. Indium Tin Oxide (ITO) coated (100 nm) glass slides were sourced
commercially from Ossila. These glass slides were segmented and certain areas etched
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away using dilute HC' solution at 50° C' followed by NaC'l solution wash to leave be-
hind a strip of ITO on each glass segment that would behave as the bottom electrode.
The glass segments were then cleaned by immersion in Helmanex solution followed by
10min of sonic bath. This was repeated with IPA to ensure clean substrates. The
BiOCl—hBN films are subsequently sprayed on top of the ITO with Kapton tape used
to block areas so as to leave some of the ITO exposed for electrical measurements. The
composite inks of varying BiOC1 volume fraction were prepared using the BiOC! and
hBN inks using the formula ¢p;0c1 = VB(YEZ% They were placed in the sonic bath
for 15 min before spray coating to ensure uniform mixing. The films were deposited us-
ing a Harder & Steenbeck Infinity Airbrush secured to a Janome JR2300N mobile gantry.
1 ml of the composite ink was sprayed on top of the ITO and annealed in the vacuum
oven overnight at 80° C' to remove trapped solvent. A mask was placed over this middle
layer and 15mL of graphene sprayed over this to form top electrodes. The device was
once again annealed overnight in a vacuum oven at 80° C' to remove trapped solvent.
This procedure yields four separate devices for each volume fraction of BiOCIl — hBN
ink.

The thickness and roughness of the printed films was measured using a Dektak 150
Stylus Profiler. The morphology of the spray coated composite films was captured using
a Zeiss Ultra Plus SEM in the secondary electron mode, with a 30 um aperture and
2-3 kV accelerating voltage. Preliminary electrical characterisation was done by simple
I-V measurements using a Keithley 2621A to confirm capacitor behaviour. Impedance
spectroscopy was then performed using a Gamry Reference 3000 to characterise the
printed capacitors. Finally, breakdown strength measurements were carried out using a
Keithley 4200A-SCS Parameter Analyzer where the voltage was ramped up from 0.1V
to 200 V.

7.3 Results and Discussion

7.3.1 Material Characterisation

Boron nitride is an inorganic compound consisting of alternating layers of nitrogen and
boron atoms bonded together in a hexagonal lattice structure. In addition to its similarity
to graphene, it is highly abundant and non-toxic. There have been several reports on
the preparation of 2D nanosheets from the layered bulk crystal of boron nitride [8, 21,
478]. In this work, we employ well-established liquid phase exfoliation techniques on
commercially sourced boron nitride powder to produce 2D nanosheets. The second
dielectric material used in this work is BiOC'l. We first characterise the two dielectric
inks independently before assembling the composite inks. Since we use the same BiOC'
ink as in the previously reported work, the focus in this section will be on the hBN ink.

The extinction spectrum obtained from UV-vis spectroscopy of the dispersion of
hBN is shown in Figure 7.1A. As expected for insulating materials [411], the spectra
are relatively featureless. It is largely dominated by scattering and decays as a power
law at high wavelengths. To properly isolate the constituent absorption and scattering
components of the spectra, we use an integrating sphere [403, 411]. The extinction
spectra looks to be completely dominated by the scattering component for wavelengths
above ~ 250nm. The resulting absorption spectra shows a clear band-edge at =~
220 nm, leading to an optical band-gap of 5.635 eV in line with previous reports [8, 478]
and consistent with insulating behaviour.

38



7.3. RESULTS AND DISCUSSION CHAPTER 7. IMPROVING DIELEC-
TRIC BREAKDOWN STRENGTH
THROUGH BIOCL-HBN COMPOSITES

— meNext IB
A —— hBN abs A4
—— hBN scat g

Ext, Abs, Scat (a.u.)

-

200 300 400 500 600 700 800
Wavelength (nm)

Figure 7.1: A: Extinction spectrum of the surfactant exfoliated dispersion of hBN
showing scattering and absorption components. B: TEM image of exfoliated hBN
nanosheets. C: TEM image of exfoliated BiOC nanosheets. D: Image of a BiOCl —
hBN composite ink.

Figure 7.1B and C show representative TEM images of the A BN and BiOC' disper-
sions respectively. In both cases, the images reveal the presence of two-dimensional struc-
tures with no large 3D objects observed. The h BN nanosheets appear to be rounded and
generally larger than 100 nm in size in line with previous reports of surfactant exfoliated
boron nitride [8, 63, 478]. The composite inks are prepared by mixing the two dielectric
inks in varying volume fractions of BiOCI. Figure 7.1D shows the BiOCl — hBN
composite ink to be a homogeneous dispersion that is white in colour.

7.3.2 Device Characterisation

Previous attempts at an all-sprayed vertically stacked heterostructure often lead to short-
ing, even with films that are =~ 6 um thick. To avoid this, the composite inks were
deposited directly onto ITO, which acts as the bottom electrode. Figure 7.2A shows
the schematic of a typical batch of devices of one loading level of a BiOCl — hBN
composite film. As depicted, the vertical strip represents ITO, the white box represents
the dielectric composite film and the four black squares represent graphene top elec-
trodes. Figure 7.2B is an optical image of a 70% BiOCIl — hBN device. Graphene ink
in IPA is sprayed on top of the film as top electrodes, producing four devices, each of
overlap area 2 x 1.5 mm?. Profilometry was performed to measure the thickness of the
sprayed film as shown in Figure 7.2C. The films are generally of thicknesses between
2 um and 4 um. They display a roughness of ~ 15 — 20% which is higher than that of
the AgN P — BiOC1 composite films (2 — 5%).

The reason for the higher value of roughness could be because the BiOCl — hBN
films are thinner than the AgN P — BiOC| films. Consider an inherent roughness of
R, = 100 nm for a sprayed nanosheet network due to misalignment of nanosheets on
the upper surface. The thinner the films, the higher the overall roughness they display
since, thickness—normalised roughness = R, /t where t is the total thickness of the film.
Another possible contribution to the film roughness is the density ratio of the materials
that make up the composite. The AgNP — BiOC| composites have a density ratio
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Figure 7.2: A: Schematic showing the geometry of the sprayed capacitors. B: Optical
image of a 65%Bi1OC1 — hBN film capacitor. C: Thickness profiles of representative
composite films.

of 10 : 7 whereas the BiOCl — hBN composites have a much higher density ratio of
7 : 2. This disparity within the composite might lead to uneven deposition and therefore
rougher films, although this is just a qualitative observation.

Figure 7.3: A-C: SEM images of BiOCl — hBN composite films of 80, 50 and 25v0l%
BiOC] respectively.

To better visualise the dielectric composite films, SEM images were taken of three
loading levels of BiOCl— hBN as shown in Figure 7.3. It is clear from the images that
the films are pin-hole free and made up of a randomly arranged network of BiOCl and
hBN nanosheets. Figure 7.3A shows an 80% BiOC1 — hBN composite network. The
hBN nanosheets can be easily differentiated from the BiOC'l nanosheets as they appear
brighter. This is partly because they are more “flake-like” and hence have more prominent
edges that emit more electrons. Additionally, ABN has a wider band-gap and so is less
conductive than BiOC'. During SEM imaging, this leads to the material accumulating
charge and hence appearing brighter. The BiOC1 nanosheets however, are much smaller
and are seen to clump together which makes them appear darker. Furthermore, with a
narrower band-gap, they conduct more electrons during SEM imaging and appear darker
than hBN. Figure 7.3B shows a 50% BiOC1 — hBN film where the hBN nanosheets
are more visible throughout the network. The bottom corner of the image shows a “dip”
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in the film that is a common artifact of sprayed networks where non-uniformities appear
due to solvent pooling or uneven drying. Figure 7.3C shows an 25% BiOCl—hBN film.
Here, the contrast between the two types of dielectric nanosheets is less obvious. This
can be attributed to the fact that the network is made up mostly of A BN nanosheets that
are overlapping, making their edges less prominent and hence causing fewer electrons to
be emitted during SEM imaging.

In order to ensure the deposited composite films are insulating, out-of-plane I-V mea-
surements were performed. Figure 7.4A shows representative |-V curves for composite
films of 25, 50 and 80vol% BiOCI. From the slope of the |-V curves, the film con-
ductivity can be deduced to be 6 x 1072 S/m confirming the insulating nature of the
deposited films. The resistance across the graphene top electrode, termed Rycros5, Was
also measured to further assure that any resistance to current flow occurs solely due to
the insulating composite films, and not due to poor conductivity of the graphene net-
work. Figure 7.4B shows the out-of-plane resistance of representative composite films,
termed Rypyougn compared with R,.0ss. We consider the sprayed composite dielectric
film to be insulating if Rinrough > 10* X Racross-
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Figure 7.4: A: |-V scans of dielectric composite films with 25%, 50% and 80% BiOCI.
B: Ricross and Rynrougn Values of the sprayed capacitors for different loading levels of
BiOCl.

7.3.3 Impedance Spectroscopy

The aim of this work is to improve the dielectric breakdown strength of a printed BiOC'
network by introducing hBN nanosheets. However, it is interesting to observe what
effect adding BiOC' nanosheets has on the dielectric permittivity of the composite
film. We once again use impedance spectroscopy in order to characterise the dielectric
composite network. The impedance response of the devices is recorded as the frequency
is scanned from 100 Hz to 10° Hz. Figure 7.5A and B show the typical impedance and
phase responses of two composite films of 65% and 85% BiOCl — hBN. As seen, the
impedance follows a 1/f behaviour that is characteristic of a pure capacitor. This is
further confirmed by a phase of —90° that only slightly tapers at high frequencies. This
trailing off of the phase is representative of a small series resistance as discussed in the
previous chapter and can be attributed to the resistances of the top graphene electrode
and the ITO bottom electrode.
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The data from the 65% and 85% BiOC! — hBN composite films is presented here
since they are both of thickness 2.8 um. This allows us to compare their impedance
responses directly. We measure a higher impedance from the 65% composite film. This
is expected since for a pure capacitor, Z = —i/wC. It follows that the capacitance of the
device made from the 85%BiOC1—hBN is higher than that of the 65% BiOCI—hBN
device due to larger BiOC! content and will therefore display a lower impedance. Figure
7.5C and D show the impedance and phase data for a representative device of a 75%
composite film fit to a capacitor according to the above equation.

In some cases however, the sprayed composite films contain discontinuities in the
network, that we call pin-holes. During deposition of the top electrode, the graphene ink
can penetrate these pin-holes and cause shorting by creating contacts with the bottom
ITO electrode. This can be detected in the impedance response of the shorted devices.
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Figure 7.5: A and B: Impedance and phase responses of two films of varying BiOC!I
content that are both 2.8 um thick for comparison. C and D: Impedance and phase fits
of a 75%BiOC1 — hBN film with no pin-holes. E and F: Impedance and phase fits of
a 75%BiOCI — hBN film with pin-holes

Figure 7.5E and F show the impedance and phase data of a shorted capacitor made
from a 75%BiOC1—hBN film. The data is characterised by a plateau at low frequency
followed by a 1/f decay as the frequency is increased. Similarly, the phase rises up from
~ —90° to 0° at low frequencies. Both of these effects are indicative of a parallel
resistance in the system, which suggests that there is some current leakage between
the electrodes caused by pin-holes. The slight tapering off of the phase towards 0°
at high frequencies is indicative of a series resistance that can be attributed to the
graphene top electrode. By considering the above features, the data is fit to a Randles
circuit. As detailed in Chapter 4, the impedance of a Randles circuit can be written as
Zr =R+ H(WI;?QC)Q —z'1+°(‘£§200)2 where R, and R, are the above mentioned series and
parallel resistances in the system. Fitting the data to this equation, we can extract the
value of R, to be 126 x 10 ). Referring back to Figure 7.4B, we can compare this value
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to the Ryiprougn values of the working capacitors (& 10° Q) and confirm that the capacitor
has pin-holes that leak current between the electrodes. Thus, impedance spectroscopy
can be used as an effective way to identify any pin-holes in the heterostructure system.

The impedance response from the working devices are all fit to a capacitor and the
capacitance value is extracted following the equation Z = —i/wC. Here, w = 27 f
is the angular frequency. We have shown in Chapter 4 that capacitance of a metal-
dielectric-metal system can be written as C' = @ where ¢ is the permittivity of
free space, €, is the permittivity of the dielectric material between the electrodes and
A and t are the overlap-area and thickness of the dielectric respectively. Thus it is
straightforward to calculate the permittivity displayed by the films of varying volume
fractions of BiOCl — hBN.

Figure 7.6 shows the permittivities of the various capacitors made from the B:OCl—
hBN composite films with the volume fraction of BiOC! increasing from 25% to 100%.
It should be noted that the permittivity of a pure hBN film was extracted from refer-
ence [63]. Kelly et al. fabricated capacitors using ink-jet printed graphene electrodes
and a spray-coated film of hBN that was produced using the same liquid-phase ex-
foliation method as this body of work. Using impedance spectroscopy to characterise
the graphene/hBN /graphene capacitors of varying thickness and overlap area, they
measured a permittivity of 2.25.
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Figure 7.6: Permittivity of BiOCIl — hBN composite films of varying BiOCl content
fit linearly between 50v0l% and 100vol% of BiOCI.

As mentioned previously, four graphene electrodes are deposited over the composite
films to produce four unique devices. It is clear from the spread of the data between
the devices made from the same composite film, that the films are not homogeneous
but may contain varying fractions of hBN and BiOC1 under each electrode. Some of
the devices may even be shorted, in which case we have fewer than four data points
for each composite film. The largest spread in data is seen in devices between 50%
and 100%BiOCI — hBN composite films. Nevertheless, a general trend can still be
observed. The permittivity of the composite films does not increase above ~ 6 up to a
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50%BiOC' in the composite film. It can be noted however, that the permittivity of a 2D
hBN nanosheet network can be improved twice-fold, from 2.25 to ~ 5 by introducing
50vol% of BiOCI nanosheets. Beyond this volume fraction, there is a general linear
trend in permittivity as the BiOC' content is increased. A permittivity increase of = (0.2
is observed for every 1v0l%BiOC! added to the composite.

Previous work on dielectric composites has mainly been in polymer nanocomposites.
It has been widely demonstrated that the primary mechanism of polarisation in polymer
nanocomposites is via interfacial polarisation caused by the large contrast in the dielectric
constant and conductivity at the interface between the polymer matrix and dielectric
fillers [479-482]. This type of polarisation in composites can lead to desirable dielectric
properties. For instance, Wen et al. have prepared composite films by solution casting
polyvinylidene fluoride (PVDF) and monolayer titania (TOML) [473]. They observe a
monotonic increase in dielectric constant of the composite with increasing the weight
ratio of TOML. Across a frequency range of 102 Hz to 10° H z, the permittivity is seen
to increase from 11 to 14 with an addition of 2 wt% TOML. A study by Wang et al.
has revealed that composites made from epoxy and hBN nanofibres show improved
permittivity as well as increased energy storage capability of polymer nanocomposites
[475]. In the low frequency region (0.1—10? Hz), they observe an increase in permittivity
from 3.5 to ~ 4.

In our case of composites made from 2D dielectric nanosheets, the improvement in
permittivity is larger than those previously reported for polymer nanocomposite films.
Furthermore, the fabrication process of the composite films is far less complicated since
it only involves simple liquid-phase exfoliation to produce the nanosheets followed by
spray coating to deposit the films. In the work of Wen and Wang, the films are prepared
by solution casting and coating methods that involve several steps and high temperature
post-processing. The resultant films are also on the order of 10 — 100 of microns [473,
475], whereas the BiOCl — hBN films are pin-hole free at 3 - 5 um. Thus, we have
demonstrated a straightforward method of preparing dielectric composite films whose
permittivity can be tuned from ~ 4 to ~ 18 by varying BiOCl — hBN content.

7.3.4 Dielectric Breakdown Analysis

There are several studies to show the use of hBN nanosheet networks in printed electron-
ics, largely due to its wide band-gap. However, they exhibit low permittivities, between
2-7 [63, 286, 385, 394]. It was with this in mind, that BiOCI nanosheet films were in-
vestigated in the previous two works since they exhibit permittivities significantly higher
than that of hBN [90, 172, 412, 417]. Nonetheless, their disadvantage is that they
exhibit low breakdown voltages due to their small band-gap of 3.2¢eV. We have shown
above that the permittivity of hBN networks can be improved with the addition of
BiOC! nanosheets. But in order to investigate the advantages of such a composite film
over a purely BiOC1 nanosheet network, we must show an improvement in the dielectric
breakdown strength of BiOC! networks with the addition of hBN nanosheets.
Generally, dielectric breakdown in thin films is irreversible when it is caused by thermal
damage due to a surge in current density [483]. Irreversible polarisation events leading
to permanent breakdown can also be caused by a change in cell lattice configuration,
and due to moving defects and dislocations within the film when a potential difference
is applied [484]. Usui et al have demonstrated reversible breakdown in ALD thin films
of SiOy within a small window of thickness and applied voltage [485]. However, beyond
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a critical voltage, permanent dielectric breakdown is observed. We have found the
(irreversible) dielectric breakdown strength of aerosol-jet printed films of BiOC! to be
0.67MV/em. The dielectric breakdown strength of ABN networks has been shown to
be between 1.9 - 2.5 MV /em [78, 131] and 3 MV /em for BN /polymer composites
[418]. We speculate that this difference is mainly due to their difference in band-gaps.
However, the morphology of the films and LPE nanosheet edge defects could also play a
role. Dielectric breakdown measurements are generally performed by applying a steadily
increasing voltage and measuring the corresponding current until a spike in conduction
is observed. This spike in current can be associated with electrons now being allowed
to conduct due to the “absence” of a band-gap [486, 487]. Thus for films of the
thickness range ~ 2.5 — 4 um, a sufficiently high (> 300V") voltage supply is required.
Unfortunately, the instrument available to us to perform these dielectric breakdown had a
voltage limit of 200 V. If we hypothesize that the dielectric breakdown of the composite
films follows the rule of mixtures, using the above values of breakdown strength, we can
calculate the predicted breakdown voltage required for a 75%BiOCl — hBN film as
follows.

Via(75%BiOCIhBN) = (0.67MV/em x 0.75) + (2.5MV/em x 0.25)
= 1.1275MV /em

Considering the 75% BiOC1— hBN sprayed film is 2.8 um thick, we would require a
voltage of 315.7V to reach dielectric breakdown. This of course, is just an estimation.
Nonetheless, it lies outside of the scope of the voltage source available at present. Figure
7.7 shows the voltage ramp tests performed on 35%BiOC1 — hBN and 65%BiOC1 —
hBN sprayed composite films, compared with the data from AJP BiOC! films presented
in Chapter 5.

10 [——100% BIOCI (from ref[179])
1 —— 60% BIOCI-hBN .
106 4 35% BiOCI-hBN _:
—~ 107
~ 10
10
10'10 - _

1 10 100
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Figure 7.7: Current versus voltage curves to test the dielectric breakdown strength for
three different BiOC' films of varying hBN content

The AJP BiOC! film is 3.7 ym thick and reaches breakdown, i.e. shows a spike in
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conductivity at &~ 175V which gives a dielectric breakdown strength of ~ 47V/um.
The 35%BiOCI — hBN and 65%BiOC1 — hBN sprayed composite films however, are
~ 3 um thick and do not show a spike in conductivity across the full range of the applied
voltage, up to 200 V. This implies that the breakdown strength of these composite films
is higher than = 67 V/um. Although this is not quantitatively conclusive, we can allude
to the fact that introducing hBN to a film of BiOC! raises the voltage needed for the
film to reach breakdown. This type of improvement in dielectric breakdown strength has
been reported in a few instances through polymer nanocomposites. For example, Li et al.
demonstrated in their solution processed ferroelectric terpolymer hBN nanocomposites
[488], a 70% increment in dielectric breakdown field as compared with that of the pure
polymer when 12wt% boron-nitride nanosheets were added as fillers. Similarly, Wang et
al. observed a small increase in breakdown strength of pure epoxy films by introducing
0.5wt% - 1wt% boron-nitride nanofibers. Although we cannot directly compare our
results with these published reports due to lack of quantitative data at present, in the
future we aim to show that improvement of dielectric breakdown strength of BiOC!I
films can be achieved through BiOC! — hBN composite films.

7.4 Conclusion

In summary, we have developed dielectric composite inks using liquid phase exfoliated
nanosheet dispersions of hBN and BiOCI. The composite inks were used to deposit
films in a parallel-plate capacitor geometry. An array of capacitors with increasing volume
fractions of BiOC! going from 25% to 100% were constructed in order to characterise
the permittivity and dielectric breakdown strength of the resultant composite films. Upon
adding BiOC! to the composite, no significant increase in permittivity was observed up
to 50vol% after which, a linear increase was measured with a = 0.2 increase for every
1vol% of BiOC1 added. The dielectric breakdown measurements however, proved to
be more challenging. Since the instrument available to us to perform these dielectric
breakdown tests had a voltage limit of 200 V' and the thickness of our dielectric capacitors
meant that the dielectric breakdown voltage lay outside of this range, we were unable to
quantitatively describe the breakdown strength of the composites as a function of hBN
content. However, we were able to show preliminary data for a subset of BiOCl—hBN
composites at loadings of 35 and 60vo0l%, which did not reach breakdown up to ~
71.5V/um. This is an improvement on pure BiOCI films (67V/um) and offers a
potential means to tune the dielectric constant of 2D networks going forward.
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Chapter 8

Conclusions & Future Work

The evolution of silicon from ‘a poor man’s alloying agent’ [489] in the 1890s to its first
demonstration in a transistor in 1954 was anything but predictable. The element that
is now synonymous with electronic and optical devices started off with unrelated uses
but drove development in purification methods that ultimately bolstered its use in the
semiconductor industry. This is not dissimilar to the trajectory seen in the last 20 years
with nanomaterial research. While the initial reports consisted of imaging and fabrica-
tion through various synthesis methods, more recently, the electrical characteristics of
nanomaterials are being explored through the field of printed electronics. In keeping with
this, the aim of this thesis was to improve the dielectric properties of nanomaterial films
such as permittivity and breakdown strength to keep pace with the rapidly expanding
field of low-dimensional materials-based electronics.

While the start of this thesis details the properties of layered crystals and their sub-
sequent synthesis into 2D nanomaterials through solution processing methods, the main
focus of this work is to explore the properties of printed networks formed by dielectric
nanomaterials. Dielectric networks play the important role of maintaining separation
between layers in heterostructure devices by preventing unwanted contacting between
conducting and semiconducting channels. Therefore, as the field of printed electronics
using nanomaterial inks matures, a parallel investigation into dielectric materials that
have desirable properties such as high permittivity and dielectric breakdown strength is
necessary.

So far, the reports on printed insulating networks formed from dielectric nanosheets
have been largely focused on boron nitride. It is a highly abundant material that has
gained traction due to its structural similarity to graphene, often considered as its in-
sulating counterpart. Furthermore, the exfoliation of boron nitride through solution
processing methods has been widely reported, making it a reliable material to work with.
However, despite having a high dielectric breakdown strength due to its wide band-gap,
printed films of boron nitride have only been shown to exhibit a maximum permittivity
of 7. In addition to this, depositing continuous thin films of hBN without the use of
binders or additives can be quite challenging. Thus, there is evidently room for im-
provement in developing better performing printed dielectric films. To address this, we
presented a new layered dielectric crystal bismuth oxychloride (BiOCI) in Chapter 5. We
demonstrated that BiOC! can be easily exfoliated into 2D nanosheets using the well-
established method of liquid phase exfoliation. Nanosheets of average size L = 380 nm
were produced and with the help of UV-vis spectroscopy, a band-gap of 3.5 eV was mea-
sured confirming their insulating nature. Through spectroscopic methods, the stability
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of a dispersion of BiOC was assessed to be largely unchanging up to several hours.

As mentioned, this work is focused on improving the properties of nanostructured
dielectric networks. In order to characterise dielectric films of BiOC!, all-printed ver-
tically stacked heterostructures of the form graphene/BiOC1/graphene were fabricated
using aerosol-jet printing. Considering the novelty of the material as well as the printing
method, significant work was undertaken to obtain reproducible networks of dielectric
films. However, through trial and error an array of printed capacitors of increasing di-
electric thickness were fabricated to obtain a minimum insulating thickness of 1.6 um.
Through impedance spectroscopy, we were able to model the printed capacitors as Ran-
dles circuits and obtain information about the electrode conductivity, current leakage due
to pin-holes in the system and most importantly, the capacitance of the system. The
graphene electrode conductivity was measured to be between 2300.S/m and 2800.S/m
and the out-of-plane resistivity of the dielectric film was of the order of 10° Qm con-
firming its insulating nature. On further analysis, we found that the total capacitance
response is consistent with two capacitors in series — one of which is thickness inde-
pendent (Cj), while the other scales as expected with dielectric thickness (C}). Fit-
ting the data to this model, we find that the thickness independent capacitance is
Co/A = 16.6 & 1.4nF/cm?. We speculate its origin to be from inter-nanosheet junc-
tions within the graphene electrode. The thickness dependent capacitance can be used
to deduce the dielectric permittivity. A relative permittivity of ¢, = 41 + 3 is calculated
for the printed BiOC' films, which is currently the highest reported value for printed
dielectric nanosheet networks.

The limited alternatives for dielectric layered crystals that can contribute to the fam-
ily of nanomaterials is partly why the reports are distorted towards boron nitride. To
address this, we can turn to composites as a way of enhancing the electrical properties
of a material. One such promising avenue for improving dielectric network properties
lies in conductor-insulator composites. Originally only theorised, conductive fillers dis-
persed in an insulating matrix were shown to lead to a colossal spike in permittivity as
the percolation threshold of the conductive filler is approached. This was later demon-
strated through ceramic-metal composites and in some instances through liquid crystal
suspensions[435—-437]. Inspired by this, in Chapter 6 we present conductor-insulator
composites using silver nanoplatelets (Ag/N P) and BiOC nanosheet dispersions. The
composite inks, along with a graphene ink were sprayed onto an ITO substrate to produce
parallel-plate capacitors of the geometry ITO/AgN P — BiOC!/graphene. An array of
capacitors was fabricated with increasing volume fractions of Ag nanoplatelets. As the
conductor filler content was increased from 0vol% to 40vol%, a percolative behaviour
was observed where the conductivity of the composite film started to increase between
18 —20v0ol%. Using percolation theory to fit the data, we obtain a percolation threshold
at 17.7vol% and a percolation exponent of 2.2. It should be noted that the conductivity
data was largely scattered due to the dimensional disparity within the composite as a
result of the large Ag nanoplatelets. This leads to an inherent non-uniformity in the films
that is difficult to control given the method of composite preparation and subsequent
deposition into films.

Impedance spectroscopy was carried out on the capacitors made from the composite
films to characterise their dielectric permittivity. In line with previous reports, an increase
in permittivity was observed in the vicinity of the percolation threshold. A permittivity of
€, = 34 was achieved, which is twice as large as the result for pure BiOC1 sprayed films.
This increase was attributed to the formation of microcapacitors within the composite
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network. The surge in the local electric field due to the small distances separating the
Ag nanoplatelets contributes to the increased capacitance and hence is reflected in the
permittivity. Although the improvement in permittivity observed here is far less impres-
sive than previous reports with ceramic-metal composites, it is the first demonstration
of 2D:2D conductor-insulator composites. Deposition of films through spray coating
unfortunately lacks the control required over the distribution of the conductive fillers
within the insulating matrix to observe significant spikes in permittivity.

In Chapters 5 and 6, we presented potential candidates for dielectric networks that
display high permittivity. However, an ideal dielectric material is one that also ex-
hibits high breakdown strength. We performed dielectric breakdown strength studies on
aerosol-jet printed films of BiOC! in Chapter 5 where the capacitors were subjected
to increasing voltages and the corresponding current measured. A dielectric breakdown
strength of 0.67 MV /cm was measured, which is significantly lower than the breakdown
strength of boron nitride (2.5 M'V/em). This can be partly attributed to BiOC' having a
narrower band-gap but also to physical defects within the network leading to weak points
where breakdown can occur. Motivated by this, in Chapter 7 we present a composite
made from BiOC! and hBN nanosheets. The composite inks are prepared by mixing
of liquid phase exfoliated nanosheet dispersions of BiOCl and hBN. In an identical
procedure to the previous study, the composite inks were spray coated into parallel-plate
capacitors of the geometry ITO/BiOCl — hBN /graphene. An array of capacitors with
varying volume fractions of BiOC' were characterised through impedance spectroscopy
to reveal their dielectric permittivity.

As the BiOC! content in the composite was increased from 0 to 50 vol%, no signifi-
cant increase in permittivity was observed. However, beyond 50 vol% a linear increase in
permittivity of 0.2 was measured for every 1 vol% addition of BiOC!I. This allowed us to
tune the dielectric permittivity of the composite from anywhere between 2 (pure hBN)
to 20 (pure BiOC!). The aim of this study was to improve the dielectric breakdown
strength of BiOC! films by introducing hBN nanosheets into the network. Dielectric
breakdown strength measurements are generally performed by applying a steadily in-
creasing voltage to the point where we measure a sudden spike in current. This spike in
conductivity is associated with dielectric breakdown. In order to properly quantify the
improvement in dielectric strength of our composite films, we would require a voltage
source that goes beyond 200 V. Unfortunately, the instrument available to us had a limit
below this value, and considering the thickness of our composite films, the measurement
proved challenging. However, the collected preliminary data suggests an improvement
in the breakdown strength upon the addition of hBN. A proof-of-concept was achieved
that allows us to develop a protocol for further investigation.

Future Work

Improving the morphology of an insulating network directly affects the progress made in
vertically stacked heterostructure devices. Their function as a physical barrier between
active layers of a device requires them to be continuous, uniform and defect-free to
prevent electrical shorting. In addition to this, with the continual scaling down of device
architecture, the dielectric layers need to be thin (=~ 1 um). Therefore, developing thin
yet mechanically robust films is essential for advancing the field of printed electronics.
The challenge of insulating a stacked heterostructure device is two-fold. Firstly, the
insulating film has to be continuous and free of pin-holes that can lead to unwanted
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contacting. Secondly, the very process of deposition of material on top of a film can
cause redispersion of the underlying film, especially in digital printing techniques that
make use of liquid inks. Redispersion of the underlying network can lead to non-uniform
interfaces and material migration which results in a failed device. Hence, it is important
to not only improve the physical integrity of the insulating film, but also to ensure the
underlying network is not damaged.

An approach to mechanically reinforcing our printed networks can be found in 1D:2D
nanocomposites. It has been previously shown that adding carbon nanotubes to a net-
work of nanosheets significantly improves its mechanical properties [444] such as strength
and toughness. Applying this to dielectric films, a possible route to explore would be
composites that incorporate boron nitride nanotubes (BNNT) into dielectric nanosheet
networks such as hBN or BiOCI. In this way, the physical properties of the network
could be improved while maintaining electrical insulation. 1D:2D composite films with
varying loading levels of BNNTs can be printed as parallel-plate capacitors and charac-
terised in the same manner as the studies presented here. The mechanical improvement
can be described as a function of the loading level of BNNTSs required to reduce the
minimum insulating thickness of a pure (BNNT-free) network.

An interesting result we observed during the fabrication of our bottom electrode/
middle layer/top electrode type heterostructures was that the possibility of device short-
ing is significantly higher when the bottom electrode is itself a printed film. For example,
in the work presented in Chapters 6 and 7, where the device geometry was ITO/middle
layer/graphene, the success rate of an un-shorted device was very high. However, when
an all-sprayed device was attempted, it was likely shorted. This raises concerns that the
roughness of the bottom electrode could be leading to a highly porous and discontinuous
middle layer during deposition. This is another aspect which can potentially be improved
by 1D:2D nanocomposites. Incorporating BNNTs in the bottom electrode nanosheet
network could possibly improve its structural stability, reducing the risk of redispersion
upon deposition of a subsequent layer. This type of composite can be further extended
to include semiconducting films which often find themselves sandwiched between other
nanosheet networks in printed devices and would be required to be structurally stable.

We have established how important it is to understand the morphology of these
printed networks in order to control the resulting film properties such as permittivity and
breakdown strength. In this way, microscopic imaging techniques might allow charac-
terisation of the morphology of such structures. For example, with the help of Focused
lon Beam technology, cross-sections of printed networks with and without BNNTSs can
be imaged to obtain valuable information about properties such as porosity, nanosheet
alignment and interface quality. Technology such as the Atlas imaging tool that is emerg-
ing makes it possible to image pin-holes within a film. Such avenues can be explored
by future students with regards to dielectric films in order to compare morphologies of
various types of networks. By imaging an array of printed networks that are made up of
different sized 2D nanosheets but deposited using the same printing technology, or, by
imaging an array of printed networks that are made up of the same sized 2D nanosheets
but deposited using different printing technologies, one can study the morphology and
packing of such networks in a more detailed way. Furthermore, these images can then
be related to measured electronic properties to draw certain conclusions.

Perfecting the fabrication of all-printed vertically stacked heterostructure devices with
well-defined interfaces and uniform, pin-hole free films can lead to various opportunities
in printed electronics. One such application can be in supercapacitors formed from
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printed nanosheet networks (that are inherently porous) and the addition of a liquid
electrolyte. The ions in the electrolyte will then be separated only by atomic-scale
distances at each of the electrodes which will significantly increase the capacitance,
hence forming a supercapacitor. Other applications can include all printed thin-film
transistors, electronics printed on textile substrates, printed batteries and solar cells to
name a few.

To further the work in printed electronics, in addition to developing new dielectric
materials, similar progress must be made in understanding printing technologies. In this
vein, we propose additional characterisation of aerosol-jet printing. Being a relatively
new and complex technology, little is known about the specifics of the printing process.
Further work can include quantification of exactly how the nanomaterial within the ink
is atomised - i.e. are the smaller nanosheets atomised before the bigger nanosheets.
This will give us more information on how ink concentration and composition will affect
film thickness and morphology. Since the AJP process is highly digitised, it would be
beneficial to understand exactly how the various different parameters such as sheath gas
flow, carrier gas flow and atomisation current fluctuate during the printing process and
how best to minimise this to get highly reproducible printed features.

In conclusion, we believe this thesis presents credible alternatives for dielectric ma-
terials that can be used in printed electronic applications. By bringing forward bismuth
oxychloride, we present a pathway towards dielectric networks that exhibit significantly
higher permittivity than the currently used boron nitride films. Encouraged by conductor-
insulator composites that display desirable dielectric properties, we demonstrate for the
first time 2D:2D nanocomposite films that show promise for further improvement in per-
mittivity. Lastly, we provide a framework for improving the breakdown strength of bis-
muth oxychloride by proposing 2D:2D composites made with boron nitride. Additionally,
in carrying-out these studies, we have vastly improved upon the impedance spectroscopic
techniques used in order to characterise printed dielectric films. We demonstrate how it
can be used as a protocol for understanding some morphological properties of dielectric
networks in heterostructure devices. It is hoped that the work presented in this thesis
can be used as a road-map for future work on printed dielectric nanosheet networks.
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