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Optimisation of Electrolytically-gated Thin Film Transistors
made from Printed Nanosheet Networks

Abstract

Networks of two-dimensional nanosheets show great potential in a wide variety of

different applications, with particular focus on the area of printed electronics. One

of the main issues facing such nanosheet network transistors is the fact that their

performance is limited by the resistance between nanosheets, and are therefore unable

to reach the same levels as their single crystal equivalents. This issue is compounded by

the fact that what exactly contributes to the electrical behaviour of these networks is

not yet known. This work aims to investigate some potential avenues of improving the

performance of electrolytically gated nanosheet network transistors while illuminating

the inner workings of such networks.

One of the benefits of using liquid-phase exfoliated nanomaterials is that different

materials can easily be combined into composite inks in controlled proportions, allowing

for control over the resulting network’s properties. Increasing amounts of graphene

were added to WS2 dispersions in order to spray composite films with different volume

fractions of graphene with a view to improving the transistor performance. The addition

of the graphene to the WS2 follows percolation theory, with a percolation threshold

where the graphene volume fraction ϕ= 0.08. For pure WS2 devices where ϕ= 0, the

device mobility was 0.1 cm2 V−1 s−1 and the on:off current ratio was ≈ 104, whereas for

graphene devices the mobility was 0.35 cm2 V−1 s−1 and the on:off current ratio was 1.3.

Hence although the device mobility improved with the addition of graphene, this came

with a corresponding drop in the on:off current ratio. Since the on:off ratio worsened

significantly faster than the other device properties improved, this is unlikely to be a

feasible route to future device optimisation. However, this was able to provide some

insight into the workings of the nanosheet network, with the network conductivity,

mobility, and carrier density all following percolation scaling.

While all-printed nanosheet network transistors have been demonstrated, the switch

from solid metal electrodes to porous graphene electrodes must be investigated to
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ensure that such devices are performing optimally. In particular, the effect of the change

in gate electrode must be investigated since the high capacitances associated with

electrolyte gating run the risk of having the gate electrode affect the device performance.

WSe2 transistors were fabricated with printed graphene gate electrodes of different

volumes, ranging from 10−4 mm−3 to 1 mm−3. Below the threshold of gate volume

= 10 × channel volume the gate geometry began to negatively impact the device

performance since the gate capacitance was dominating the overall device capacitance,

with the device mobility reaching values as low as 2 × 10−4 cm2 V−1 s−1. Above this

threshold the device mobility remained constant with respect to gate volume at a value

of ≈ 10−2 cm2 V−1 s−1. Fortunately, the porous nature of a nanosheet gate electrode

means that increasing the gate thickness will be sufficient to ensure that the resulting

device is unaffected by the gate capacitance, thereby avoiding the need to have very

large area gate electrodes.

A major stumbling block in the optimisation of nanosheet network devices is the

lack of in-depth understanding of the inner workings of the networks themselves. While

these networks are by no means a complete unknown, obtaining more insight into these

networks should help facilitate further improvements applied to nanosheet networks.

Liquid cascade centrifugation was used to size-select WS2 and MoSe2 dispersions into

multiple inks of different mean nanosheet size ranging between 37 nm and 488 nm,

which were then sprayed into transistors. This allowed the changes in dry conductiv-

ity, wet conductivity, and mobility to be measured against nanosheet length. It was

found that the dry conductivity increases with increasing nanosheet size, while the wet

conductivity and mobility decrease with increasing nanosheet size. The same analysis

was then performed on the device mobilities which found that for majority carriers

(e.g. electrons in WS2) the trend with increasing nanosheet size was in the opposite

direction to the minority carriers. This demonstrated clearly that the carrier density of

the nanosheet networks was what determined the direction of the trend with increasing

nanosheet size. This also enabled an estimation for the mean nanosheet length that

gave the optimal device results. For WS2, the maximum mobility value was µe 4.96

×10−2 cm2 V−1 s−1 at <L> = 69 nm. For MoSe2, the maximum mobility value was µe

1.07 ×10−2 cm2 V−1 s−1 at <L> = 80 nm. Crucially, this data was also used to test a

model relating the network properties to the properties of individual nanosheets, which

was found to be able to successfully predict both the increasing and decreasing trends

iv



Thesis advisor: Professor Prof. Jonathan Coleman Dómhnall Ó Súilleabháin

with nanosheet size in each case. While the model is in need of refinement, this will be

a useful tool for determining the optimum nanosheet size for future nanosheet network

transistors.
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If we knew what we were doing, it would not be

called research, would it?

Unknown, commonly attributed to Albert

Einstein 1
Introduction

The past 100 years have seen one of the greatest technological explo-

sions in human history, leading to changes that would have been almost unimag-

inable at the start of the 20th century. Not least of these was the development of the

transistor, which ushered in the beginning of the information age we find ourselves in

today. Following the successful isolation of graphene monolayers and the subsequent

explosion in nanomaterial research, the beginning of the 21st century has the potential

to spearhead a similar rise in scientific knowledge. Although the current study of 2D

materials is less than two decades old, it already shows great promise due to the breadth

of potential applications from optoelectronics to energy storage to composites. This has

coincided with a surge of research into additive manufacturing and printed electron-

ics, which boasts such things as printed, nanomaterial-based sensors1 and capacitors.2

While such devices may not be in the same league as silicon-based ones, this is by no

means a disaster for the field due to the emergence of such concepts as the Internet of

Things, which would require large amounts of cheap, low-performance devices.3,4 This

is also the kind of field that best suits the electrolytically-gated transistors that are the

focus of this thesis.

The current status of electrolytically gated devices is that while the proof of concept

has been successfully demonstrated,5 the performance of these devices still leaves a

considerable amount to be desired. This is in addition to the fact that up until this
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point the nanosheet networks themselves have largely been treated as a black box, and

any route to optimising their performance will require a degree of knowledge as to

their internal workings. With this in mind, the central hypothesis of this work can be

considered to be as follows:

”How do we improve both our understanding and the performance of these nanosheet

network devices?”

With this in mind, the aim of this work is to explore various avenues of optimising

printed nanosheet network devices with the ultimate goal of making them viable for

commercial, Internet-of-Things applications. While this endpoint is beyond the scope

of this thesis, it is hoped that the results in this work will be a useful stepping stone

on the road to achieving it.

Thesis Outline

Two-dimensional materials represent one of the most widely researched fields in modern

science, with roughly 5% of all scientific publications nowadays being based on or in

nanoscience. While the history of nanomaterials is an extensive one, ranging back to

approximately 900BC when carbon nanotubes were unintentionally used to reinforce

Damascus steel swords,6 it was esteemed physicist Richard Feynman who laid the

foundations for what would become the modern era of nanoscience with his famous talk:

”There is Plenty of Room at the Bottom”.7 While scientists like Micheal Faraday had

worked with nanoparticle dispersions even before this,8 Feynman’s lecture would soon

be followed by the discovery of materials like C60 and carbon nanotubes.9,10 However

the discovery that truly set off the current gold rush of nanomaterials research is

undoubtedly that of monolayer graphene in 2004,11 demonstrating to the world the

potential that lies within 2D materials. The properties of such 2D materials and the

techniques used to fabricate them form the basis of Chapter 2.

After the synthesis of large quantities of nanosheets was achieved, the next step

was to deposit them to form networks made up of trillions of individual flakes, and it

is these networks and the devices made from them that will form the backbone of this

thesis. Nanosheet networks have already shown great potential in batteries12 and com-

2



posite13 applications, and it is no surprise that they also show great potential in printed

optoelectronics, showing properties that rival those of silicon and nanotube networks.14

The specific focus of this thesis is on transistors derived from such printed nanosheet

networks, and the formation and properties of these networks will be discussed in

Chapters 3, as well as a brief overview of the current state of printed transistors. The

techniques used to create and characterise these printed nanosheet network devices will

be discussed in Chapter 4.

One major problem facing 2D material based transistors is the disparity between

the properties shown by individual nanosheets versus those shown by a large network of

nanosheets, since the junctions between adjacent sheets also contribute adverse effects

to the network properties. In practise, this means that a network transistor will per-

form worse than the properties of the 2D materials that make up said network would

suggest. One potential method of overcoming these effects is discussed in Chapter 5,

where small amounts of highly conductive graphene flakes are added to a less conduc-

tive, semiconducting network to improve the performance of the overall device. The

addition of graphene below the percolation threshold could improve the network mo-

bility without adversely other aspects of the device performance. This also adds sorely

needed insight into the inner workings of the network itself as the amount of graphene

is increased.

Although fully printed electrolytically gated transistors have been demonstrated,5

there is still a considerable amount of work necessary to ensure that such devices are

operating at their optimum. In particular, any side effects that arise from switching

from a metal electrode gated device to a printed nanosheet network gated one must be

investigated, as the newly porous nature of the gate electrode must be considered when

analysing such devices. The effects of the changes in the gate electrode are investigated

in Chapter 6 By varying the volume of printed graphene gate electrode, it is expected

that the properties of the device can be tuned to achieve the best performance, and to

establish a benchmark for future work in all-printed transistors.

While it is increasingly clear that there exists a large gap between the properties of

individual nanosheets and their networks that is due to the inter-nanosheet junctions,
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pinning down the precise impact of these junctions has not yet been accomplished.

Research into the inter-network transport properties and the effect that network mor-

phology has on printed films is still in its infancy, and quantitative studies on these

factors is limited. By using liquid cascade centrifugation to prepare devices out of inks

of different mean nanosheet length, a means to investigate the inner workings of these

networks can be developed. This was carried out in Chapter 7.

To conclude this work, a final evaluation of the main findings will be presented,

alongside a discussion of potential ways to expand on the main results in the develop-

ment of electrochemical transistors. It is hoped that the work presented here will be

a building block in the field of nanosheet network based optoelectronic devices, and

will provide useful information to future researchers. In particular it is hoped that the

findings in this thesis will provide the foundations for producing optimised nanosheet

network transistors by outlining the various investigations performed here and the

outcomes that arose as a result.
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A learning experience is one of those things that

says, “You know that thing you just did? Don’t

do that.”

Douglas Adams 2
2D Materials & Exfoliation

2.1 Two-Dimensional Materials

The first demonstration of free-standing monolayer graphene by An-

dre Geim and Konstantin Novoselov11 changed the world of materials science

forever. While knowledge of the existence of layered crystals had been around for

decades if not centuries,15,16,17 it had previously been theorised that single layers would

be fundamentally unstable due to thermal fluctuations tearing the monolayer apart.18,19

However, it was discovered that the surface of graphene is not atomically flat, but is

instead slightly rippled, thus enabling it to survive as free-standing monolayers.20,21

Since then scientists have rushed to unearth the potential behind these layered materi-

als, with over one billion euro invested into graphene and related 2D materials by the

EU alone.22

On a more general level, these two-dimensional materials are defined as those with

one length dimension of between 1 and 100 nanometers, while the other two dimensions

exceed 100 nanometers.23 This also allows us to model these materials as a 2D electron

gas where the electrons are free to move on an infinite plane, but are kept from moving

freely in the third dimension by quantum confinement effects. The layered nature of

these nanomaterials arises from the properties of the bulk crystal, with the covalent

bonds within each layer being much stronger than the van der Waals bonds between
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Figure 2.1: Some of the many types of 2D materials. Image adapted from Ref.27

adjacent layers. This means that if enough energy is applied it is possible to delaminate

single layers from the larger crystal. It also means that the properties of the nanomate-

rials are going to be different from the properties of the bulk crystals since the electrons

are now confined to a 2D plane. In the case of graphene, researchers soon found that

the properties quickly diverged from that of bulk graphite, showing room temperature

carrier mobilities far above that of the bulk crystal,11 as well as remarkable optical,24

thermal,25 and mechanical properties.26

While graphene might be the most famous member of the 2D material family, there

are many different types of 2D material and there are a wide variety of properties dis-

played by these materials.28,23 Some of these can be seen in Figure 2.1, with the most

well known including one-atom thick structures like hexagonal boron nitride (hBN),

single-element monolayers like black phosphorus (BP), and transition metal dichalco-

genides (TMDs) like WS2 and MoS2, to list but a few. In recent years these ranks have

also been bolstered by two other families of 2D material: MXenes and perovskites, both
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of which have generated increasing amounts of research interest.29,30

The sheer variety of 2D materials on display is also reflected by their properties, and

many options can be found for metallic, semimetallic, semiconducting, and insulating

nanosheets. The amount of available materials has sparked a lot of application-focused

interest because this means that entire devices can be constructed entirely out of these

2D materials, and the choice of materials means that there are vast numbers of combi-

nations available with different strengths coming with each one.

Now that graphene and other two-dimensional materials had been demonstrated to

the world, the next step was finding ways to produce them in large enough quantities

so that their remarkable properties could be fully explored. The scotch tape method

used by Geim and Novoselov in their famous paper,11 while very good at producing

high quality monolayers, is unsuitable for any applications that require large amounts

of material. It is therefore necessary to look to other exfoliation methods if we want

to investigate the potential behind these materials. This chapter will focus primarily

on the nanomaterials used in this work, with a particular emphasis on their electrical

properties, before moving on to look at how these materials can be synthesised.

2.1.1 Conducting Nanosheets

As the catalyst for the current wave of 2D material-based research, it is no surprise

that graphene had the most excitement surrounding it. This is not unearned, as even

before 2004 the idea of a graphitic monolayer had been floating around the academic

world. In the 1800s graphite was first shown to be layered,16 and later on the first in-

sights into what the properties of graphene would be came when PR Wallace predicted

semi-metallic behaviour and a linear dispersion relation. This is particularly significant

as it in turn implies that the effective mass of the charge carriers in graphene is zero.15

It wasn’t until 2004 that graphene began to be more than just a useful theoretical con-

cept, when Geim and Novoselov used micromechanical exfoliation to successfully isolate

single layers of graphene on SiO2, each monolayer estimated to be only 3.5Å thick.11 It

didn’t take long for researchers to flock to graphene as news of its remarkable electrical

and mechanical properties became known.
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Figure 2.2: (A) TEM image of graphene nanosheets, taken from Ref31. (B) High-resolution TEM image

of a graphitic monolayer showing the atomic structure of graphene, taken from ref32

A single graphene flake can be seen in Figure 2.2(A), showing its layered nature,

but in order to understand the properties of graphene it is crucial to first investigate its

structure. Graphene forms a hexagonal structure where each individual carbon atom is

covalently bonded to three other atoms in the xy-plane, as can be seen in Figure 2.2(B),

with each graphene layer being approximately 3.5Å thick. Each carbon-carbon bond is

an sp2 hybridised bond consisting of the 2s, 2px, and 2py atomic orbitals, leaving the

2pz orbitals standing perpendicular to the basal plane of the graphene sheet.

These in-plane carbon-carbon bonds are the reason behind the mechanical proper-

ties of graphene, being very resistant to any kind of dislocation due to the significant

energy cost associated with replacing even a single carbon atom with a non-carbon

atom. However, these bonds do not contribute to the conductivity of the nanosheet. In-

stead the remaining 2pz orbitals will each covalently bond to their neighbouring atom’s

2pz orbital, where each contributes one electron to form a half filled π-band.33,34 This

π band is the source of graphene’s valence electrons.35 Graphene’s ability to resist

deformation and lattice impurities also has massive implications when considering its

electrical properties, specifically when it comes to electron scattering. In general it is

known that the resistivity of a material is heavily influenced by impurities and scatter-

ing defects, broadly considered under the umbrella of the mean free path of a charge
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carrier as it passes through a material. Graphene’s ability to resist such impurities

and defects allows charge carriers to travel massive distances (>1μm) without interrup-

tion, a phenomenon known as ballistic conduction.11,36 In real systems this is harder to

achieve, due to the presence of external sources of scattering centres that exist near the

graphene monolayer. These will be able to affect charge transport within the graphene

and reduce the mean free path of the charge carriers. Similar to other 2D materials,

graphene is particularly vulnerable to negative influence from external sources such as

surface roughness, or effects from materials in contact with the nanosheets.33 Indeed,

the mobility of charge carriers in graphene has been found to be largely independent

of temperature, leaving defect scattering and external scattering sources as the main

factors limiting the performance of graphene devices.37

While graphene is by far the most famous of the conducting 2D materials, it is by

no means the only one. As more and more 2D materials are successfully synthesised

the number of available conducting nanosheets has grown similarly. One particularly

noteworthy class of conducting nanosheets are MXenes, a family of layered ternary

carbides and nitrides that have the general formula Mn+1XnTx , where M is a transition

metal, X can be carbon or nitrogen, T is either -O, -OH, or -F, and n can be 1,2, or

3.29 These nanomaterials are formed from their bulk precursor materials classified as

MAX phase layered ceramic crystals (the A here being a group IIIA or IVA element).

Unlike graphene and TMDs, the interlayer bonds are not van der Waals bonds and

are too strong for the standard mechanical exfoliation methods utilised by Geim and

Novoselov to work well. While it is theoretically possible to exfoliate MXenes in this way,

the yield tends to be too low to be practical for applications. Instead, strong etchants

such as HF must be used to remove the interlayer metal atoms (the ’A’ components),

allowing the remaining material to be exfoliated into 2D sheets. Computational analysis

of MXenes suggests that they are broadly split between metallic and semiconducting

behaviour, meaning that they can fill a wide variety of roles within the sphere of printed

electronics.38
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2.1.2 Semiconducting Nanosheets

Similar to graphene, the layered nature of transition metal dichalcogenides (TMDs) has

been known to the scientific world for quite some time. MoS2 for example was described

as a layered crystal in the 1920s,39and the same discovery followed for many other

TMDs in the decades following this.40In 1963, Frindt et al.41 managed to exfoliate few-

layer flakes of MoS2 using the scotch tape method, and were quickly able to characterise

the differences in electronic behaviour as the layer number decreased42. Work on Li-ion

exfoliated MoS2 has likewise taken place since the 1980s,43 with the work of Joensen et

al. managing to exfoliate single layers of MoS2 in solution.44 It was therefore no surprise

that the new wave of nanomaterial research sparked by graphene would include TMDs,

with particular focus on their remarkable properties as the crystals were scaled down to

the monolayer. Indeed, their potential for 2D material research was raised by Novoselov

in his 2005 paper.45 Further investigation into single layers of TMDs was done in 2007

by Li et al.,46 where they determined that the monolayer form of MoS2 was a direct

bandgap semiconductor, in contrast to bulk MoS2’s indirect bandgap. This was then

confirmed experimentally in 2010 by Mak et al.47

TMDs are a family of inorganic layered crystals with a stoichiometry of MX2, where

M is a transition metal and X is a chalcogen atom, namely sulfur, selenium or tel-

lurium. This means that the TMD family is a very extensive one, displaying metallic,48

semimetallic,49 semiconducting,47, or insulating50 behaviours depending on the mate-

rial. This allows researchers to select a desired TMD based on the intended application.

A monolayer of a TMD consists of a hexagonal lattice of transition metal atoms

bounded above and below by a hexagonal lattice of chalcogen atoms, giving the form

X-M-X. The various possible permutations of M and X atoms are highlighted in Figure

2.3 The chalcogen atoms are offset from the transition metal atoms as can be seen

in Figure 2.3(B) and (C). Each monolayer is roughly 7Å thick,51,52and the individual

layers bond together via van der Waals interactions to form the bulk crystals. As with

graphene, the bond strength is anisotropic with the van der Waals bonds being much

weaker than the mostly covalent bonding within each layer.50 They were therefore a
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Figure 2.3: The variety of transition metal dichalcogenides, as well as the structure of individual layers

and the polymorphs they can take on. Adapted from Ref.50

natural extension of the graphene gold rush, with a similar focus on exploring every

aspect of the TMD nanosheets, ranging from their optoelectronic properties53,54,55 to

their use in mechanical applications.56,57

The chemistry of a given transition metal is primarily dictated by the number and

energy level of the outermost d-orbital electrons, and it is the choice of transition

metal that determines the band structure and therefore the properties of the resulting

TMD. The strong interactions between the s and p orbitals in the metal-chalcogen

bonds results in two large energy bands referred to as the bonding and anti-bonding

bands, which lie far below and far above the Fermi level respectively. Between these

bands lie the energy states corresponding to the transition metal’s d-orbitals, and it is

these d-orbital states that determine the properties of the TMD. For example, Group

V TMDs have a half-full d-band which results in them displaying either metallic or
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semimetallic behaviour, with the Fermi level lying within one of the d-orbital bands.

Group VI TMDs on the other hand typically have filled d-bands which results in the

Fermi level lying between d-orbital states, in turn leading to the material displaying

either semiconducting or insulating behaviour. In general, the choice of chalcogen atom

has very little effect on the properties of the TMD compared to the transition metal

atom, but in general the higher the atomic number of the chalcogen atoms the smaller

the bandgap of the resulting TMD.50,58,33A narrowing of the bandgap has been ex-

perimentally observed in molybdenum-based TMDs as the size of the chalcogen atom

increases, from 1.9eV for MoS2 to 1.1eV for MoTe2.51,59

Another property of these materials that must be considered when dealing with

them is the crystalline phase of the sheets. TMDs can crystallise in a variety of poly-

morphs, i.e. different arrangements of the M and X atoms within each monolayer, as

well as different polytypes, i.e. the different arrangements of successive monolayers. In

a given TMD, each transition metal atom can be coordinated with the surrounding

chalcogen atoms to give either a trigonal primsatic (2H) or octahedral (1T) geome-

try, which can be seen in Figure 2.3(B) and (C) respectively. The numbers in 2H and

1T refer to the number of X-M-X units within the unit cell. When these monolayers

are stacked, the geometry changes in turn, with the most common of the resulting

polymorphs being 1T, 2H, and 3R, referring to trigonal, hexagonal and rhombohedral

coordination. Each different type of TMD will have its own thermodynamically pre-

ferred phase, and in the case of Group VI transition metals this geometry is the 2H

trigonal prismatic phase.50

One of the properties of Group VI TMDs that sparked a considerable amount

of interest is the fact that the bandgap of the materials change as the bulk crystal

is exfoliated down to a monolayer. We can look at the band structures of MoS2 as

calculated via density functional theory and chart the changes as the number of layers

decreases as seen in Figure 2.4.60 For bulk MoS2, the valence band maximum is located

at the Γ point and the conduction band minimum is located halfway along the Γ-K

symmetry line, at the Λ point.61 There is also a direct-bandgap transition located

at the K point. The Γ point has significant contributions from the chalcogen pz and
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Figure 2.4: The band structure of MoS2 as a function of layer number. Adapted from Ref.60

metal dz2 orbitals, and the out-of-plane nature of these orbitals results in there being

a significant amount of interlayer interactions contributing to the Γ point. Removing

these interactions by reducing the number of layers causes the valence band height to

decrease and the conduction band height to increase as quantum confinement effects

take hold.47,50,62 The K band on the other hand is largely unaffected by the decreasing

layer number. The main contributions to the K-point are in plane d-orbitals that are

strongly localised to the metal atom sites. Since these metal atoms are sandwiched

between two chalcogen atoms, this means that there are minimal interlayer effects at the

K point.61,47 As the layer number decreases, the Γ-Λ energy gap finally becomes greater

than the K point gap and the MoS2 transitions to a direct gap semiconductor. This

happens when it is reduced to a single monolayer. This can be experimentally confirmed

by looking at the photoluminescence (PL) spectra of monolayer MoS2 compared to bulk

or even bilayer MoS2, which shows an increase in the PL quantum efficiency of 104

from bulk to monolayer, and 102 from bilayer to monolayer.47 This photoluminescence

is also primarily located in the visible light spectrum, ranging from ~670nm for MoS2
61

to ~400nm for WS2
63.
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Although the surface atoms in TMDs are reported to have an absence of dangling

bonds,64 this unfortunately does not translate to having the kind of high electron mean

free path that graphene exhibits. Instead, the factors that limit electron transport in

TMDs are generally missing chalcogen atoms or anti-site substitutions (in which a

metal atom occupies what should be a chalcogen site)65, with the dominant form of

defect depending on the method in which the nanosheets were produced. TMDs are

also known to be very sensitive to external sources of scattering, as well as effects from

the contact metals, the properties of the substrate, and molecules adsorbed onto the

nanosheet surface.33 For these reasons, the mobility of TMD nanosheets tend to be

much lower than those of graphene, but the presence of the modest energy bandgap

ensures that TMDs will have a place in the wider 2D device sphere regardless. Theoret-

ical calculations indicate that the mobility limit for MoS2 is ~400 cm2V−1s−1, and values

reaching this point have been achieved on a SiO2 substrate.66,67 Although mobilities

of ~700 cm2V−1s−1 have been achieved using an ALD-made Al2O3 substrate68 it seems

unlikely that any further increases in TMD mobility will follow in future. Besides, there

is still a lot of work to be done if mass-produced TMD-based devices are to meet the

benchmark set by these devices, so future work will be optimising on bringing devices

made in other ways.

Other notable kinds of semiconducting nanosheets include perovskites, a family of

ceramics with the general formula ABX3, where A and B are cations and X is an

anion (usually oxygen). These materials have attracted a lot of scientific attention in

recent years due to their high dielectric constants, ferroelectric properties and high-

temperature superconductivity.69 Because of the enormous number of potential per-

ovskites, it is no surprise that there are many semiconducting variants among them.30

Some metal halide hybrid perovskites such as CsPbBr3 have been synthesised in platelet

form and demonstrate high-lifetime photoluminescence. This has led to their use as the

active material in solar cells, photodetectors,70 and transistors.71
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2.1.3 Insulating Nanosheets

Insulating nanosheets represent the final key component needed in order for functional

electronic devices to be made entirely of 2D materials, since they are a critical part

of any electronics fabrication process. The most famous of this group is hexagonal

boron nitride (hBN), which consists of one-atom thick layers of boron and nitrogen

in a similar structure to that of graphene. Indeed hBN was first exfoliated by Geim

and Novoselov in their 2005 follow up paper in the same way as they had exfoliated

graphene.45 The two materials both consist of one-atom thick layers arranged in a

hexagonal lattice structure, and this is why hBN displays many of the same physical

properties as graphene, such as good thermal conductivity, mechanical strength, and

robustness against defects and impurities. Unlike in graphene where the bonds within

each layer are fully covalent, the inter-atom bonds in hBN are affected by the different

electronegativity of the boron and nitrogen atoms, and hence each individual B––N bond

has a polar component to it.72,73 This is in contrast to graphene, in which the intralayer

bonds have no polar character. This has a profound effect on the band structure of hBN,

producing a bandgap of between 5.5 and 6eV.74 The reason for the range of values for

the bandgap shown in the literature is due to the tendency of individual sheets of hBN

to slip and slide into more favourable conditions.75

Given its nickname of ‘white graphene’, it comes as no surprise that hBN is of con-

siderable interest to materials scientists as a potential building block for heterostruc-

ture devices. With its excellent stability and physical robustness, it is ideal for use in

stacked device structures and other heterostructures.76 For example it was found that

by placing a monolayer of graphene on top of a layer of boron nitride, the atomically

flat plane of the hBN nanosheets smoothes out the wrinkles in the graphene monolayer

while simultaneously stabilising it against destruction by thermal vibrations.77,78 Most

importantly, the hBN layers are also able to screen any external scattering sources that

would normally limit the mobility of the graphene nanosheet, resulting in a measured

mobility of 105 cm2V−1s−1 for the graphene sheet.79,80 It is also proposed that hBN lay-

ers can be used to encapsulate more atmosphere sensitive species of 2D material such

as black phosphorus, although so far this has not been a 100% successful method.81

15



Another use is as the insulating component of devices such as capacitors and transis-

tors. Since hBN can be easily exfoliated in much the same way as graphene, it can

likewise be incorporated into a functional ink for printing. However, attempts to use

hBN as the dielectric layer in thin film transistors (TFTs) have proven ineffective, with

the hBN network layer instead screening out much of the gating effects so that only

the semiconducting nanosheets closest to the dielectric experience the effects of the

gate voltage. This leads to poor switching behaviour, which in turn limits the potential

applications of this material.5

2.2 Exfoliation

Now that these monumental discoveries had been made, the next step was finding

ways to consistently synthesise these materials. The initial discovery of graphene, and

many other subsequent 2D materials, were mainly achieved using micromechanical

cleavage.11,47,82,45 This involves using adhesive tape to delaminate small numbers of

layers from the bulk crystal, with further peeling steps producing thinner and thinner

sheets until finally monolayers of the material can be isolated. These are then gener-

ally transferred to suitable substrates for characterisation. This method is good for

producing thin and high quality flakes, but the amount of time and effort that goes

into producing even a single such flake makes it unsuitable for wide scale industrial

applications, which tend to require much higher yield processes.

The methods for producing high quality 2D materials can be broadly separated

into two categories: bottom-up and top-down. Broadly speaking, bottom-up methods

involve growing 2D materials on a desired substrate using elemental precursors, whereas

top-down methods involve starting from a bulk layered crystal or powder and breaking

it down into smaller and thinner layers. A schematic of this can be seen in Figure 2.5.

As is unfortunately so often the case in science, no one method is inherently superior to

any other method, since each one comes with its own set of advantages and drawbacks.

As a result researchers tend to choose a suitable method based on what applications

they have in mind for the material.
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Figure 2.5: The two categories of nanomaterial synthesis. Adapted from Ref.83
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The most well known bottom-up synthesis method is chemical vapour deposition

(CVD), and in many ways it is a good representative of the strengths and weaknesses

of bottom-up synthesis. CVD involves using a high temperature furnace to react one

precursor in the vapour phase with a second precursor in solid phase,84 for example

reacting a thin film of molybdenum with vapour phase sulfur to produce MoS2.85

This method is capable of producing high quality single crystals on centimeter length

scales, making it an ideal candidate for producing the kind of films needed for high end

optoelectronic applications.86 It also has the added bonus of being easy to integrate

into the preexisting technological infrastructure used by the semiconductor industry.

The main drawback of this method is the conditions required for CVD to take place.

The synthesis environment also requires extreme conditions and expensive substrates,

making them less than ideal for low-cost, low-complexity applications such as the ones

aimed for in this thesis.87 In addition, applications which require large amounts of mass

tend to require scalability, which CVD techniques are unsuited for.

Top-down synthesis is more commonly called exfoliation, and its use in materials

science dates as far back as the first investigations MoS2 in the 1960s.41 The original

top-down method is the aforementioned micromechanical exfoliation, commonly known

as the ’scotch tape’ method. This method is however unsuited to any kind of large-

scale application due to the time required to exfoliate single nanosheets, so researchers

needed to develop other ways of exfoliating nanomaterials. These methods needed to

be capable of producing large quantities of exfoliated material with few defects, with

a view to mass-producing these nanosheets for applications.

Liquid based techniques quickly became one of the more appealing 2D material pro-

duction avenues, following on from similar techniques used in carbon nanotube (CNT)

production.88 The advantage of this kind of method is that once the nanomaterials

are dispersed in a liquid solution, they can be very easily processed into functional

inks and deposited using a variety of techniques.5,89,90 They can also be very easily

and extensively characterised, since optical spectroscopic techniques can analyse the

entirety of a liquid phase dispersion simultaneously, providing information on billions

of nanosheets at once.91
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The oldest of these techniques is intercalation, in which the bulk crystal is intro-

duced to a chemical solution which allows molecules to be drawn between the layers,

thereby vastly lowering the energy required to exfoliate each layer from the bulk crys-

tal.43,44,92,93,94 In some cases, the energy gap is reduced far enough that even as small a

perturbation as simply stirring the resulting dispersion is enough to cause the layers to

separate.95 This dates back to when graphene oxide was first synthesised by chemically

modifying graphite sheets to make it more hydrophilic. This drew water molecules in

between the graphene sheets, widening the interlayer gap. Evolved forms of this tech-

nique can now be used to synthesise graphene oxide nanosheets of up to 50 μm in

length.96 These nanosheets could be stabilised with ionic or charge-neutral surfactants

which adsorb to the basal planes of the nanosheets, preventing reaggregation. Similar

methods exist to fabricate TMD nanosheets via intercalation. Lithium ions can be

adsorbed between the TMD layers, which can then be reacted with water to produce

hydrogen gas, widening the interlayer gap. Due to the fact that intercalation-produced

nanosheets are subjected to less sonication time than LPE nanosheets, the lateral size

and thus the aspect ratio of these nanosheets tend to be larger than those produced

via sonication only.94,96

Unfortunately, in both of these cases the intercalation comes with a price. In the

case of graphene, the severe amount of functionalisation needed to set the conditions

for intercalation causes the resulting nanosheets to be insulating, a far cry from the

magnificent properties of pristine graphene. While it is possible to chemically remove

these unwanted functional groups and obtain reduced graphene oxide, the basal plane

of these nanosheets will be left with a high concentration of defects and vacancies,

making them unsuited to device-based applications. The TMDs are also affected by

the process. In the case of MoS2 intercalation, lithium and metals like it will donate

electrons to the nanosheets during the process. When more than 0.29 electrons per

MoS2 formula unit is injected into the material, the process causes the d-band of the

TMD to be filled completely. This results in the metallic 1T phase becoming more

thermodynamically stable than the semiconducting 2H phase, and therefore the MoS2

transitions from the 2H phase to the 1T phase.43,97,98 Work continues on reversing or
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avoiding this drawback, such as the work of Lin et al. in 2018,99 which avoided filling

the MoS2 d-orbitals by using much larger intercalation ions than the traditional Li-

based intercalation. Since fewer of these intercalants are used per MoS2 formula unit,

fewer unwanted electrons are introduced to the nanosheets compared to standard Li

intercalation. This allows the exfoliation of large, thin nanosheets which still remain in

their semiconducting phase.

Finally, there is the fact that the intercalation process inevitably leaves behind

waste products in the exfoliating solvent, which runs the risk of leaving waste products

in any films fabricated from these inks and can require careful washing steps to remove.

While this is by no means a deal-breaker, it adds an extra bit of complexity to the

process which should be avoided if possible. Given the recent advances in electrochem-

ical exfoliation of 2D materials,99,100 it is quite likely that this will become the ideal

method for high-performance LPE nanosheets.

2.2.1 Liquid Phase Exfoliation

Liquid phase exfoliation (LPE) was the method used during this work to exfoliate 2D

materials. It is a simple, cheap and versatile method of producing 2D nanosheets from

the bulk crystal, and these sheets can then be easily processed further into printable

inks. Developed independently by Hernandez et al.101 and Blake et al.102 in 2008, it

quickly proved to be very effective at exfoliating nanomaterials, capable of producing

2D flakes out of many layered crystals including novel materials like MoO2
103or ev-

eryday items like talcum powder.104 The versatility of LPE can be seen most clearly

in Figure 2.6, which shows a series of dispersions grouped by type. From left to right

we see graphene, black phosphorus (BP), hBN; TMDs, transition metal oxides such as

MoO3; and transition metal hydroxides such as CoOH2. In its most basic form LPE is

a three-step process.105 The first is dispersion, in which the bulk powder is immersed in

a chosen solvent. The solvent must be chosen carefully so as to facilitate the exfoliation

process, with different solvents being better or worse suited to the task. The second

step is exfoliation, in which the bulk crystal is reduced to nanosheets in suspension.

The exfoliation arises from acoustic cavitation effects, in which the ultrasonic waves

20



Figure 2.6: Some of the many materials that can be exfoliated using LPE, loosely grouped by type.

From left to right: Group 1 is graphene, black phosphorous, hBN, TiB2, GaS; Group 2 is TMDs; Group

3 is transition metal oxides; Group 4 is transition metal hydroxides. Image unpublished at time of writing,

used with permission.

cause a series of microscopic bubbles to form within the solvent. These bubbles then

collapse in on themselves within a few tens of microseconds,106 creating a shockwave

capable of overcoming the interlayer van der Waals forces. The third step is stabilisa-

tion, in which the nanosheets are prevented from clumping together and reaggregating

once the exfoliation process ends.

It is important to note that the exfoliation process is also accompanied by a frag-

mentation process, in which scissions form along the nanosheet basal planes.107,108 This

reduces the lateral dimensions alongside the exfoliation process.The fragmentation pro-

cess had previously been described as ‘tearing’ induced by either flake-container colli-

sions or microjets that form during sonication, but while this description is useful it

is incomplete, and by exploring how the fragmentation occurs it is hoped that it will

lead to further optimisation of the LPE process.

Until very recently, the precise mechanism behind LPE was only known in the

vaguest terms, and aside from the fact that cavitation-induced shear forces were what

caused the formation of nanosheets the fundamentals of the process were largely unclear.

In 2020, Li et al. investigated the process in detail by performing LPE on a single flake of

graphite, and characterised the flake at various stages during the exfoliation process.107

A schematic of the three main sub-processes taking place within the main exfoliation

process is shown in Figure 2.7.

After sonicating the flake for five seconds it was found that the flake had ruptured
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Figure 2.7: The three stages of nanosheet exfoliation via ultrasonciation: (A) kink band formation, (B)

peeling off of graphite strips, (C) exfoliation. Adapted from Li et al.107

into two, with the fragmentation taking place both along existing defects and along

newly formed kink bands. These kink bands, as seen in Figure 2.7(A), are areas where

the flake had buckled along the z-axis, and were observed to form along crystallographic

axes with formation being favoured along the zigzag axis. It had been suggested by

previous works109,110 that the tips of these buckles, i.e. where the carbon lattice becomes

discontinuous, can be functionalised by oxygen atoms and therefore further weaken the

flake along the kink band. Energy-dispersive X-ray spectroscopy (EDX) data confirms

that the exposed edges of the flakes are much more oxygen-rich than the surrounding

area. These kink bands were also observed forming in the absence of surfactants and

impurities, suggesting that this is a physical process rather than a purely chemical one.

Once these kink bands form, they act as weak points in the graphite flake. The

places where the curved bands peak leads to an increase in chemical reactivity at those

points, which in turn leads to an increase in the amount of stacking faults in that part

of the flake. This enables any graphite thin strips located between two such kink bands

to peel off and enter into dispersion as seen in Figure 2.7(B), in a manner analogous

to how carbon nanotubes can be unzipped to form graphitic flakes.111 These strips are

not yet thin enough to count as 2D materials, as measurements of the strips that peel

away from the main flake show thicknesses approximating a few hundred nanometers.

This is where the final fragmentation process takes over, in which the thin graphite
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strips are fully exfoliated into nanosheets as in Figure 2.7(C). The energy input from

the sonication process is utilised both to create new flake edges (fragmentation) and

new basal plane surfaces (exfoliation), where the lengths, widths and thicknesses of the

resulting flakes can be expressed in terms of the surface energies of the edge and basal

planes as follows112
√
L · W
Nt

= 2aEE

ES
(2.1)

Here L, W are the nanosheet length and width, N is the number of layers, t is the

monolayer thickness, a is a constant, and EE and ES are the edge and basal plane surface

energies respectively. Since EE and ES are material specific, and assuming as Backes et

al. do that the constant a is independent of nanosheet thickness, it follows from this that

the dimensions of the final flakes are primarily determined by the intrinsic qualities of

the 2D material in question113. This suggests that the impact of the exfoliation solvent

is primarily related to the rate of exfoliation, and indeed Li et al.107 found that the

above equation held across varying solvents, exfoliation times, and sonication methods.

As well as being able to easily produce nanosheets from a wide variety of starting

materials, the LPE produced flakes were found to be almost completely defect free and

unfunctionalised.114 This was demonstrated in the case of LPE produced graphene by

analysing the Raman spectra of the newly exfoliated flakes. These showed a strong and

clearly defined G-band signal at 1580cm−1 which is characteristic of sp2-hybridised car-

bon, whereas the 1350 cm−1 D-peak associated with defects decreased as the nanosheet

size increased. This suggested that the D-peak was due to the nanosheet edges, and

that the sheets were free of basal plane defects.115,116 However, other research groups

have shown that LPE produced nanosheets do show basal plane defects for longer son-

ication times,108 suggesting that the LPE process requires some degree of optimisation

in order to minimise the appearance of defects. Longer sonication times in particular

seem to be linked to a higher chance of basal plane defects, which will have unwanted

and negative effects on the electronic properties of the flakes.
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2.3 Stabilisation

Once the exfoliation process is completed and the sheets are in suspension, it becomes

necessary to keep them from reaggregating before the dispersion can be put to use.

There are a few different techniques, with solvent and surfactant stabilisation being

the two most relevant to this discussion. Stabilisation using polymers is also a well-

used technique, but will not be explored in as much detail.

2.3.1 Solvent Stabilisation

When choosing a suitable solvent for exfoliation, one must take into account both the

properties of the solvent and how it interacts with the nanosheets. The ideal solvents

for exfoliation are those that match the surface energy of the nanosheets as closely

as possible, so that the energy cost of exfoliation and stabilisation of the subsequent

dispersion is as low as possible. This rule of thumb follows on from similar investi-

gations into exfoliation of CNT dispersions.117 Figuring out precisely which solvents

will match well with what materials requires a mix of solubility theory and statistical

thermodynamics.118

To determine if a given solute:solution combination will work, the free energy of

mixing must be determined.

ΔGmix = ΔHmix − TΔSmix (2.2)

where Gmix, Hmix, and Smix are the Gibbs free energy, enthalpy and entropy of mixing

respectively. The free energy indicates the amount of usable energy within the system

that is available to do work. Mixing is thermodynamically favourable if ΔGmix < 0.

When dealing with a combination of rigid 2D flakes and a solvent, the enthalpy

term is going to be the one that has the biggest impact on whether the flakes will be

dispersed, since the rigidity of the flakes causes the entropy term to be much smaller

than the enthalpy one.119,94,120 It can be derived that the ΔHmix term depends on the
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Flory-Huggins interaction parameter χ as follows121

ΔHmix = χφ(1 − φ)kT
ν0

(2.3)

where φ is the volume fraction of solute and ν0 is the volume of a single particle. Given

that ΔGmix must be negative for favourable mixing, it follows that χ must be minimised.

For negative values of χ, the solvent-solute interactions dominate and the nanosheets

will be stabilised by the solvent. On the other hand, if χ is positive then the solute-solute

interactions will take over leading to the nanosheets aggregating and crashing out of

any dispersion. Utilising Hildebrand’s 1936 solubility parameter δ, χ can be broken

down further into the following122

χ = ν0
kT

(δi − δj)2 (2.4)

where δi is defined as the square root of the cohesive energy density for material i. It

can be seen that matching the solubility parameters should lead to the most stable

dispersions, although this equation is less accurate when taking polar solvents into

account.

In 1967, Hansen modified the above formula to account for this discrepancy by

dividing the solubility parameter δ into three separate components: dispersive, polar,

and hydrogen bonding123

δ2 = δ2D + δ2P + δ2H (2.5)

For a given polar solvent-solute mixture, the values of these three components for the

solvent should be as close as possible to that of the respective solute in order to form

a stable dispersion. Note that although the above equations suggest that it is not

possible for χ to be negative, this does not account for the entropy of mixing which

will always slightly skew the overall thermodynamics in favour of a stable dispersion

when considering rigid 2D nanosheets.94,120 It also needs to be remarked that the Flory-

Higgins model upon which these equations are based relies upon certain assumptions

to be true, for example the assumptions that the solvent and solute particles are the
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same size and that χ is independent of the volume fraction of solute, which cannot

be reliably assumed to be the case for nanosheet:solvent dispersions. Despite these

limitations, the model is a useful tool to estimate the suitability of a given solvent for

dispersing nanosheets.

Solvent stabilisation remains a very common way to make stable nanosheet dis-

persions, since it needs no additives or other chemical processes to be stable. This is

particularly relevant when dealing with dispersions made for printing applications, since

the presence of additives is almost always detrimental to the properties of a printed

film. Solvent stabilised dispersions have also been observed to protect the nanosheets

against oxidation by way of a solvation shell around the sheets, such as in the case

of black phosphorus exfoliated in N-methyl-2-pyrrolidone (NMP).124 This allows 2D

materials that would otherwise be unstable in ambient conditions to be fabricated. It

is also possible to exfoliate in a mixture of solvents, such as when 2D materials were

exfoliated in a co-solvent mix of water and ethanol.125,126,127 By tuning the relative

amounts of each of the component solvents, the rheological properties of the solvent

can be tuned to provide the best possible exfoliation environment.

As much as solvent stabilisation can be very useful, it isn’t without its drawbacks.

The solvents that are most suited to exfoliation tend to be high boiling point solvents

such as NMP or N-Cyclohexyl-2-pyrrolidone (CHP), which are very difficult to remove

after exfoliation. In addition these solvents are generally very toxic, and attempts to

replace these solvents with less poisonous ones led to a reduction in the final yield.128

Unfortunately the problems with these solvents are known to go beyond their toxicity.

Exposure to the powerful ultrasonic waves involved in tip sonication has been shown

to cause NMP to polymerise, which in turn leads to a considerable reduction in both

the quality and the yield of CNT dispersions.129,130

While co-solvent dispersions have many advantages, they do not have the ability

to fully replace the more traditional solvents like NMP. Direct comparisons between

co-solvent dispersions and NMP dispersions reveal that both the total nanosheet yield

and the percentage of monolayers were lower for the co-solvent dispersion.131,132 Long

term stability is also an issue with such dispersions, since co-solvents are very sensitive
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to both temperature changes and differential evaporation rates. This means that the

values of the surface energy γ, and thus the ability of the solvent to stabilise the

nanosheets can change drastically.127,133

2.3.2 Surfactant Stabilisation

In contrast to using solvents, surfactant stabilisation generally requires much less fine

tuning when preparing to exfoliate 2D nanomaterials134,135. By adding surfactants to

a dispersion of precursor powder in water, the surfactant molecules adsorb to the

surface of the nanosheets as they are exfoliated and then protect the dispersion against

reaggregation via either electrostatic or steric repulsion, depending on the choice of

surfactant. Anionic, cationic, zwitterionic, and non-ionic surfactants can all be used

this way.136,137For the purposes of this discussion we will focus on the amphiphilic

surfactant sodium cholate (SC).138

Sodium cholate dissociates in water to give a sodium cation and a cholate anion,

after which the hydrophilic head of the surfactant remains in the water, while the

hydrophobic tail adsorbs to the nanosheet basal plane. The charge disparity between

the head and tail groups results in the formation of an electric double layer (EDL)

around each nanosheet. Under the right conditions, this electrostatic repulsion is able

to overcome the intersheet van der Waals attraction and keep the nanosheets from

reaggregating.87,139

There has been a lot of theoretical work done to determine exactly what these

conditions are, with independent studies looking into this in the 1940s by Derjaguin

and Landau140 and later on by Verwey and Overbeek141 , from which was derived

the DVLO theory of stabilisation. It predicts that for two spherical charged particles

interacting in a liquid, the potential energy V of the system is as follows

V = ε0εr r2 ζ2

D
e−κD − Ar

12D
(2.6)

Here ε0 and εr are the permittivities of free space and the liquid respectively, r is the

particle radius, ζ is the zeta potential of the dispersion, D is the inter-particle distance,
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κ−1 is the Debye screening length of the EDL, and A is the Hamaker constant.142 The

zeta potential indicates the size of the potential barrier from the repulsive force between

two particles, and is key when considering the stability of nanoparticles in dispersion.

The preferred values of the zeta potential are either >30mV or <-30mV, which will

result in the particles in dispersion being electrostatically repelled. If the magnitude

of the zeta potential is too low, this can result in the nanoparticles aggregating and

crashing out of dispersion.143

One of the advantages of using surfactant stabilisation is that it allows for exfoli-

ation in what would otherwise be non-ideal solvents like water, avoiding the need for

toxic, difficult to remove solvents. Surfactants themselves are almost universally non-

toxic, making them much better suited to environmentally friendly dispersions. Since

surfactants are known to adhere to nanosheet surfaces very quickly after delamination,

they tend to give smaller and thinner nanosheets compared to an equivalent solvent

stabilised dispersion.144 This means that a researcher can choose between solvent and

surfactant based stabilisation in order to obtain a desired nanosheet size. If larger,

thicker sheets are required, solvent stabilisation can be preferable, whereas if smaller

thinner sheets are preferred then the optimal stabilisation route would be surfactants,

assuming that both methods are otherwise equally viable, i.e. that atmospheric degra-

dation and surfactant-induced doping are not a concern. Finally since a wide variety

of potential surfactants are available, they can be selected based on the desired im-

pact on the resulting nanosheets. Chosen surfactants can be positively, negatively, or

neutrally charged as desired. As can be seen in Figure 2.8, the choice of surfactant is

largely based on the desired effect on the nanosheets, since it will not affect the final

concentration of the dispersion.135

Using surfactants does come with some drawbacks, the first being that the sur-

factants are quite difficult to remove from the nanosheet surfaces after exfoliation. A

film created from surfactant-stabilised nanosheets will require lengthy annealing steps

to ensure that the surfactants decompose and are removed from the film. Given that

surfactant stabilisation frequently takes place in aqueous environments, this limits the

variety of 2D materials that can be exfoliated in this manner, since some species of
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Figure 2.8: A plot of nanosheet concentration versus surfactant concentration for a range of different

surfactants. Each different symbol represents a different surfactant. Image taken from Ref.135

nanosheet will degrade rapidly in such environments.

2.3.3 Polymer Stabilisation

Polymer stabilisation is relatively unexplored compared to solvent or surfactant exfo-

liation, and follows a very similar mechanism. One head of the polymer adsorbs onto

the nanosheet basal plane while the rest of the many loops and tails of the polymer

extends into the solvent. Here the repulsion mechanism is steric. When two nanosheets

come close, the adsorbed polymers become restricted and the number of potential chain

confirmations falls, causing an increase in free energy. This energetic cost associated

with two nanosheets coming together means that it acts as a repulsive force.134,145
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It is also possible to directly exfoliate in a polymer ‘solvent’, so to speak, without the

need for an aqueous environment as is needed for surfactant stabilisation. This allows

a significant degree of fine control over the viscosity of the exfoliation environment, in

addition to facilitating the fabrication of composites. They can also be very useful for

printing, given that they can both act as ink binders and assist in the printing process.

This can prove very useful, such as when WS2 exfoliated in aqueous poly (vinyl alcohol)

PVA was shown to retain most of its monolayer optoelectronic properties even after the

dispersion was deposited into a film, a process which normally results in a good degree

of reaggregation.146 The presence of the polymer molecules acts as a shield isolating

one nanosheet from another, dampening the normal interlayer interactions.

As is typical of these methods though, polymer stabilisation is not free from draw-

backs. Polymers are extremely difficult to remove from the nanosheet surfaces, which

can in turn lead to changes in the nanosheet properties by way of doping. This is not

in and of itself a drawback since targeted doping can be extremely useful, but not

if pristine undoped nanosheets are desired.4 Since polymer stabilisation is one of the

least explored methods, there is a lot of potential for improvement in this area, and

it’s definitely a possibility that some of these drawbacks will be mitigated in the years

to come.

2.4 Size Selection

An inescapable property of LPE-produced nanosheet dispersions is that they are poly-

disperse, the flakes displaying a wide range of both lengths and thicknesses.112 The

energy inputted into the system during LPE is not evenly distributed, which results in

some parts of the starting crystals being exfoliated more than others. Some chunks of

the parent crystal are not fully delaminated, resulting in large, thick sheets. Other flakes

are fragmented severely, resulting in smaller, thinner flakes. This is a problem when

considering the potential applications for LPE dispersions. Some like mechanical rein-

forcement in composites require large nanosheets, whereas others like catalysis require

smaller nanosheets.147,148 Printed electronics applications especially need to consider
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the nanosheet thicknesses, since for TMDs the bandgap will be thickness dependent.

There are two main techniques used in order to obtain a more tightly controlled

range of nanosheet sizes, namely density-gradient ultracentrifugation (DGU) and liquid

cascade centrifugation (LCC). DGU methods rely on the subtle differences in buoyancy

between nanosheets of different thicknesses, adapted from its initial use to sort CNT

dispersions.149,150 The nanomaterials are placed into a centrifuge tube containing a

density graded medium (DGM), allowing nanosheets of different densities to settle

under centrifugation at different points within the tube. They can then be extracted and

redispersed to give dispersions with varying thicknesses. This technique is constrained

both by low final yields and the presence of residual DGM in the dispersions, which

adds an unwanted component when considering applications for the dispersions.

Liquid cascade centrifugation is a sedimentation based separation technique relying

on the different sedimentation rates of nanosheets of different masses. This process

occurs normally under gravity, and by centrifuging this process is sped up as the force

is increased. The sedimentation rates are given by the Svedberg equation

s = m(1 − ρν)
f

(2.7)

where s is the sedimentation coefficient, m is the nanosheet mass, ρ is the solvent

density, ν is the volume in solution occupied by a single gram of nanomaterial, and f

is the frictional coefficient. For 2D materials, the frictional coefficient depends on the

length and thickness of the nanosheets and on the viscosity of the solvent. In general,

larger nanomaterials experience more friction and will have higher f values.151

By performing successive size selections on a dispersion at several different speeds,

the dispersion can be separated out into multiple ones with different mean lengths and

thicknesses. Figure 2.9 shows how this is done, first by centrifuging at a low rpm to

remove all of the unexfoliated material, then taking the supernatant and centrifuging

that at a higher rpm. The resulting sediment will give a dispersion containing large,

thick nanosheets. Trapping between two higher rpms can give smaller and thinner

nanosheets, although with a lower mass yield. Notably, the dispersions will become
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Figure 2.9: Liquid cascade centrifugation, showing the different size-selected Image from Ref152.

more and more monolayer enriched after each successive centrifugation. This technique

allows for a certain size of nanosheet length to be easily trapped between two fixed

speeds. While this method is very simple and can reproducibly produce dispersions

with a given mean nanosheet length, there are still some challenges left to be overcome.

The dispersions produced are still polydisperse, and depending on the chosen trapping

speeds can have quite broad distributions of nanosheet sizes. Lastly, any monolayers

isolated via LCC tend to be very small. Since LCC sorts nanosheets by mass, and LPE

dispersions have a well defined relationship between nanosheet length and thickness, it

seems that this is an unavoidable drawback.112
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We are stuck with technology when what we really

want is just stuff that works.

Douglas Adams 3
Networks & Printed Electronics

While the field of printed electronics predates the modern surge in

2D materials, there is little doubt that these two fields were a match made in heaven.

The ease with which liquid phase dispersions can be produced and the variety of the

nanomaterials that can be made this way mean that all of the basic building blocks

of optoelectronic devices are easily available for fabrication. Indeed, in the last few

years a wide variety of devices have been made solely out of printed nanomateri-

als.153,154,155 This has coincided with the printing technologies themselves becoming

more and more advanced, with improved resolution and new fabrication techniques.

Given the timescales that scientific progress tends to operate on, it is quite likely that

the potential of this field has yet to be fully realised and that new and improved ways

of printing devices will arise in the years to come.

Even so, printing electronic devices has become an extremely lucrative field, with

some estimating that the printed electronic materials market is forecast to grow from

$35.7 billion in 2019 to $363.1 billion by 2030,156 with the sub-market of flexible printed

electronics estimated to reach $6.9 billion by 2031.157 The sheer potential of these

devices is clearly not something that can be ignored, even if the field is still in its

youth. This can be seen more clearly when one considers that the money invested

into silicon devices at a similar stage in their development was of an equivalent level,

and yet it took decades for silicon devices to reach their current stage. These printed
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nanosheet devices include but are not limited to strain sensors,57 gas sensors,158,159

solar cells,160,161 super-capacitors,162,153 and transistors.163,5,164

3.1 Preparing Functional Inks

Although at first glance it might seem straightforward to prepare a suitable ink for print-

ing a liquid phase exfoliated nanomaterial, the reality is somewhat more complicated.

As discussed in Chapter 2, some solvents are better at stabilising LPE dispersions, but

these solvents more often than not tend to be unsuited for printing purposes due to

high boiling points and toxicity.87 Getting the properties of the ink right is critical

for many of the printing methods discussed in this chapter to work properly, not to

mention the impact that ink rheology has on the formation of the final printed films.134

Malkin and Isayev165 state that if printing results are to be properly reproducible, then

the rheology of the inks must be both tightly controlled and within a particular range

when it comes to properties like the ink viscosity and surface energy. The precise range

needed will vary based on the nanomaterial, printing method, and surface energy of

the substrate.166,167

The requirements of the inks are also going to be different depending on the deposi-

tion method in question, with some methods coming with much stricter requirements

than others. Drop casting, for example, can be done with most inks without needing

to alter the properties of the ink, whereas inkjet printing can only be done with strict

control over the ink rheology.166 This is further complicated by the fact that some inks

contain substances other than just the solvent and the desired nanomaterial. Materials

that are unstable against aggregation in aqueous environments require additives to be

stable, which will in turn affect the rheology of the ink and the way in which it will

be printed. This also means that an extra annealing step will need to be performed to

remove the additives from the final film. Not to mention the fact that different nano-

materials will affect the ink properties in different ways, with the shape and spatial

arrangement having significant effects.168 Dispersions containing a higher concentra-

tion of nanoparticles will be more viscous,169 and high aspect ratio nanoparticles such
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as platelets will have higher viscosities than an equivalent concentration of spherical

nanoparticles.170 This will also have an impact on what printing methods are best

suited to printing a given ink, since different printing methods will require different ink

viscosities.134

As no one solvent offers the desired properties for both exfoliation and printing,

we employed a solvent exchange process in this work. Here, we chose to exfoliate in a

solvent suited to stabilising nanosheets in order to obtain a higher yield of nanosheets,

which were then transferred into a solvent better suited for printing.171,5 NMP for

example, while ideal for exfoliating nanosheets, has a high boiling point and is highly

toxic and for these reasons is known to be very hard to remove from printed films after

the fact. Although adding an annealing step is an option, this in turn limits the potential

substrates that can be used. In particular, PET begins to burn at temperatures above

110 ◦C. Surfactant-based exfoliation methods suffer from similar drawbacks, since the

surfactants must be removed from the printed films in order to prevent them from

interfering with the network properties. This can be done via annealing or by washing

the films, both of which add additional and unwanted complexities and restrictions to

the fabrication process.

3.2 Deposition Techniques

It should come as no surprise that there are a good number of different printing methods,

and as is the case with the exfoliation techniques discussed in Chapter 2, the decision of

which printing technique to use is largely up to the researchers involved, with different

techniques having different advantages and drawbacks. Some printing methods like

spray coating are suited to making large numbers of devices in parallel, others like drop

casting are employed to making devices when there is a limited quantity of material

available. Hence the choice of method is going to be primarily dictated by the amount

of material available, the qualities of the ink, and the end-goal for the resulting devices.
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Figure 3.1: Schematic of a drop casted film. Image adapted from Ref.176

3.2.1 Drop Casting & Spin Coating

Drop casting is by far the simplest method of depositing nanomaterials onto a substrate.

It involves pipetting the nanomaterial ink onto a chosen substrate, which can be rigid

or flexible, at room temperature or heated.172,173,174,175 A simple schematic of the drop

casting process can be seen in Figure 3.1(A). The dispersion (orange) is pipetted onto

the substrate and allowed to settle. The solvent then evaporates from the substrate

to form a thin film, which is typically annealed to ensure that any residual solvent is

removed. This technique’s simplicity also applies to the inks it can be used on, since

it doesn’t require the ink to fit any particular parameters and can instead dropcast

most dispersions as received. This is due to the fact that the key parameter for drop

casting isn’t the properties of the ink but instead involves controlling the morphology

of the dispersed nanomaterials. To that end the key interactions are those between the

solvent and the substrate.177 In the ideal printing case, the surface energy of the ink

and of the substrate will be as close as possible. A good match between these surface

energies will determine the contact angle of each drop as well as causing the diameter

of each droplet to be fixed, known as contact-line pinning.178

Drop casting is also a very material-efficient process since almost none of the drop

casted nanomaterials will be wasted, making it suited for fabricating thin films out of

a limited supply of material. A key strength of this method is that it is well suited to
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Figure 3.2: (A) The drying process in an average droplet of a nanomaterial ink. As the solvent evapo-

rates, more material builds up at the droplet edges. (B) The drying process in a droplet with a recirculat-

ing flow. This results in a more even deposition of material.

fabricating vertical heterostructures, since it is trivial to deposit a second nanomaterial

on top of a dried film of the first nanomaterial, provided steps are taken to avoid

redispersion of the initial layer. These steps can involve using different solvents or

binders to stabilise each layer such that each layer is stabilised using a solvent that

is not suited to stabilising the layers below and above it. For example, Withers et

al. used successive drop casting steps to fabricate heterostructures based on several

different kinds of nanosheet, including graphene, hBN, and TMDs.90

Unfortunately, this comes at a cost, namely that the quality of the resulting film

is generally quite poor. Because the films are formed by evaporating the solvent, the

resulting film is affected significantly by drying effects. These are known to lead to

inhomogeneities and non-uniform thickness profiles,in turn negatively impacting the

electrical properties of the film. In particular, the “coffee-ring” effect arises out of

the most likely way that the ink droplet dries on the substrate. After the droplet is

deposited, the edges of the droplets are subject to higher evaporation rates than the

centre as a result of the droplet edges having a higher surface area to volume ratio.

Since the edges of the droplet are pinned in place by solvent-substrate interactions,

this causes a flow of solvent and material outwards from the centre of the droplet,

replenishing lost solvent. As evaporation continues, this results in much more of the

dispersed material being deposited around the edges of the droplet rather than being
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evenly distributed throughout the area of the drop.179,180 This results in an uneven

ring with little to no material being deposited in the centre of the droplet.181,182 An

example of this can be seen in Figure 3.2(A).

While it is not impossible to turn coffee-ring formation to one’s advantage,183 the

lack of fine control over the film uniformity makes it much more ideal to find a way of

avoiding this effect,184,185 and indeed doing so in one way or another is a requirement

for making consistently homogeneous films.

One solution to this problem is to modify the starting ink in order to introduce

a recirculating Marangoni flow to the drying process. This is a phenomenon in which

rather than a purely outward radial flow which moves material to the droplet edges,

a recirculating flow is induced within the droplet which will move material inwards as

more solvent evaporates. This results in the dispersed material being evenly distributed

throughout the droplet area, as shown in Figure 3.2(B). While there are many ways to

induce a Marangoni flow, including via surfactants, heating, or suitably concentrated

inks,186,180,187 an ideal way of doing so is via co-solvent inks. Differences in the evapo-

ration rates between the two solvents causes a surface tension gradient to form within

the droplet, in turn driving the Marangoni flow and resulting in a much more uniform

film.

While there are other techniques that have managed to reduce the impact of the

coffee-ring effect, for example by drop casting the films in a solvent-saturated environ-

ment to slow down the rate of evaporation or to sonicate the film as it is drying,188,189

they aren’t able to fully address the lack of fine control over the features of the final

film. For these reasons drop-casting is best suited for making films that don’t require

this level of control over the homogeneity and other features, such as films for fuel cell

and energy storage applications.190,191

Spin coating is a natural evolution of drop casting, given that it can essentially

involves the same process except the dispersion is dropcast onto a spinning substrate.

This technique has been used in the wider semiconductor industry for decades, mean-

ing there are considerable advantages in fabricating nanomaterial thin films using this

method since it guarantees a degree of compatibility with existing infrastructure. To
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Figure 3.3: Schematic of a spin coating setup. Image taken from Ref.192

form a spin coated film a nanosheet dispersion is dropcast onto a substrate, which is

then accelerated to a high angular velocity, typically between 1 and 10 krpm depend-

ing on the ink in question.193,194 This is shown in Figure 3.3, which also notes some

of the processes taking place throughout the spin coating procedure. The centrifugal

force spreads the droplet across the entire area of the substrate while simultaneously

prompting rapid evaporation of the solvent, with any excess liquid being ejected from

the film by the same force. This results in a thin, uniform film, although the precise

nature varies significantly with both the properties of the ink and interactions between

the substrate and the various components of the ink.192 For instance Wang et al.195

found that, assuming a very fast angular velocity, the final film thickness is indepen-

dent of the initial film thickness and inversely dependent on the square root of the

ink viscosity and ink density. In particular, the angular velocity of the substrate has

a significant effect on the film thickness, with the film thickness showing an inverse

dependence on the angular velocity.196,195

Like drop casting, the ink must be tailored with regard to the substrate, in this case

to ensure that the film will be uniform.197 The main way of accomplishing this is to

ensure that the solvent preferentially wets the substrate, thus driving the nanomaterial

to the surface of the fluid layer and forming more homogeneous films. The payoff that

comes with the large number of factors to consider is a lot of control over the final film,

both in terms of the film’s thickness and the resulting morphology. The thickness can
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be reproducibly adjusted between microns and a few nanometers as needed,198 even

down to the level of single nanosheets such as in the case when Yang et al. fabricated

single-sheet films of black phosphorus on gold electrodes.199

Spin coating is therefore an excellent method when tight control over the film struc-

ture, thickness, and homogeneity are needed. As is unfortunately inevitable however,

the benefits of spin coating come with some unavoidable disadvantages. In order to

apply an even coating to the substrate the nanosheet ink must be at a high concen-

tration,105 and after the spinning stage a substantial amount of the ink will be lost,

increasing the amount of material required to make a film even further. Furthermore, it

is again restricted by the lack of patterning ability, and it is for this reason that other

methods were used during these projects.

3.2.2 Spray Coating

Similar to spin coating, spray coating is both a conceptually simple and widely used

printing technique. First introduced in the late 18th century, the concept has evolved

over the years with the quintessential aerosol spray can being developed in 1941. Con-

sidering that this technique quickly found a home in the manufacturing sector for

depositing large quantities of polymers,201 it was only a matter of time before it was

used to deposit nanomaterials, such as carbon nanotubes or LPE nanosheets.202,102

Spray coating works by gravity-feeding an ink into a nozzle and atomising it so

that the resulting aerosol is deposited on the desired substrate, as shown in Figure 3.4.

The atomisation can be achieved in a variety of ways ranging from compressed gas

backpressure, electrospray, or ultrasonic waves,203,204,205 but for the purposes of this

work we will be focusing on atomisation using pressurised nitrogen gas. When the ink

and the gas meet, the shear forces arising at the ink reservoir-nozzle interface turns the

ink into micron-sized droplets, which the carrier gas then transports to the substrate.

The spray coating process requires quite a bit of optimisation to achieve an even

spray deposition, since there are a significant number of factors that need to be con-

sidered when depositing a film in this manner. These include the carrier gas pressure,

the distance between the spray gun and the substrate, the ink viscosity, the size of the
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Figure 3.4: Schematic of an aerosol spraying setup using shadow masks. Taken from Ref.200

spray nozzle, and the mean size of the particles being sprayed. For instance, if the spray

gun is too close to the substrate then the gas will blow away unevaporated droplets

resulting in a significant loss of material. If it is too far away from the substrate then

the droplets will evaporate before they reach the surface, resulting in poor network

formation and lower quality films. Of these factors, the most important to control is

the carrier gas pressure, since this parameter will control the droplet size.206,207 Higher

backpressures lead to smaller drop sizes, which evaporate faster and have been observed

to improve network uniformity.208,209 In particular, smaller droplets are less suscepti-

ble to the coffee-ring effect as the solvent will evaporate too quickly for a significant

amount of radial solvent flow to take place within the droplet.208 This also serves to

highlight the benefits of using a low-boiling point solvent such as isopropanol and of

spraying onto a heated substrate, both of which will further increase the rate of solvent

evaporation.206 This can be expedited by heating the substrate during the spraying

process, further increasing evaporation rates.210

A key advantage of spray coating is that it can easily spray hybrid inks, i.e. inks
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with multiple active components such as the 2D:2D composite inks which will feature

in Chapter 5. The composite inks can have different viscosity η and surface energy

γ, meaning that the spraying parameters could need to be altered when moving from

one composite loading level to another in order to ensure that the network remains

consistent. The main downside to spraying is the lack of resolution, which often forces

the use of shadow masks to define the limits of the sprayed area. Hence, while the

simplicity of the spray coating technique makes it ideal for scalable processes and the

fabrication of large quantities of devices where the feature size is relatively large,209

any fabrication process which needs high resolution will need to use a more precise

technique.

3.2.3 Inkjet Printing

Inkjet printing has been the subject of a lot of attention in the field of additive manu-

facturing. It is a relatively low-cost, versatile, non-contact deposition technique which

makes it ideal for controlled deposition of nanomaterial inks. Unlike spray coating,

inkjet printing also allows for much tighter control over the deposition area, and doesn’t

require the use of shadow masks to define the printing resolution. This, combined with

the almost zero loss of material involved, makes inkjet printing an ideal technique for

fabricating devices out of 2D materials.

Inkjet printers come in two types, continuous inkjet printers and drop on demand

(DoD) printers. Continuous inkjet printers have a constant stream of droplets being

deposited onto the substrate until an electrostatic charge is applied, which redirects

the droplets into a waste reservoir. This technique was later refined into the DoD

method, which was much more accurate and came with increased control over the

patterning of the final films.

While it is not the only type of DoD printer, for the purposes of this work we will

be focusing specifically on piezoelectric inkjet printers. These are preferentially used

for printed electronics applications since thermal inkjet printers are made specifically

to print aqueous inks, whereas piezoelectric printheads can print in multiple different

solvents.211,87 Within the printhead, each nozzle contains a small ink reservoir and a
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Figure 3.5: Operating principle of a piezoelectric inkjet printhead. (A) The printhead in its default state.

(B) A voltage is applied to the PZT causing it to push a droplet from the nozzle. (C) The voltage is re-

moved and the PZT returns to normal, drawing more ink from the reservoir. Image adapted from Ref.212

piezoelectric element, typically lead zirconium titanate (PZT). During the fabrication

process, the crystal is melted and then cooled in the presence of a strong electric field,

aligning all of the internal dipoles in one direction. This means that when an external

electric field is applied to the element, it induces mechanical deformation within the

PZT crystal.182 The structure of a piezoelectric printhead can be seen in Figure 3.5(A),

where the PZT crystal is in its equilibrium position. When an electric field is applied to

the PZT in Figure 3.5(B), the resulting deformation causes the PZT crystal to protrude

into the ink chamber. This pushes a droplet through the nozzle, after which the electric

field is removed, causing the PZT element to return to its default state. This draws

more ink from the main ink reservoir into the printhead chamber, as shown in Figure

3.5(C). The electric field waveform that drives the PZT deformation will depend on the

properties of the ink, in particular on the energy needed to break off a single droplet.

This is the key advantage of piezoelectric printers. Since the mechanism behind

the printing does not depend on any particular property of the ink, it allows for a

wide variety of solvents and ink binders to be printed simply by varying the waveform.

More importantly, it does not affect the properties of the ink in any way. Unlike in

thermal inkjet printers where the deposition process requires vaporisation of the ink,
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Figure 3.6: The values for Reynolds and Weber numbers where inkjet printing is possible. The red dot

represents an estimate for the Reynolds and Weber numbers of isopropanol, assuming a nozzle diameter

of 20 µm and droplet velocity of 5 m/s. Image adapted from Ref.211

piezoelectric printers do not affect the properties of the ink at any stage. This also

allows the inkjet printing of both composite inks213 and co-solvent inks.214

The properties of the ink must be tightly controlled in order to successfully use it

for inkjet printing. These properties are best characterised by the dimensionless Weber

and Reynolds numbers, which take into account the surface tension, viscosity, and

inertial forces. The Weber number is the ratio between the fluid’s inertia and surface

energy

We = ρaν2

γ
(3.1)

where ρ is the ink density, a is the droplet diameter, ν is the droplet velocity, and γ is

the surface energy. Similarly, the Reynolds number compares the inertial and viscous

forces

Re = ρaν
η

(3.2)

where η is the ink viscosity. Since both of these numbers rely on the droplet velocity,

the inverse Ohnesorge number was introduced to remove this dependence

Z = (Ohn)−1 = Re√
We

=
√ργa
η

(3.3)
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Figure 3.7: Time lapses of droplets ejected from a piezoelectric printhead for (A) an ink with a suitable

Z value and (B) an ink with Z > 10. Images adapted from Ref.216

This is a measure of how printable the ink is. The initial calculations by Derby et

al. gave the optimal values for Z as between 1 and 10,215,211 although a more recent

experimental study from Jang et al. give the ideal printing values as between 4 and

14.216

A representation of this can be seen in Figure 3.6, showing a graph of We against

Re. This shows the regions for which printing is possible, and the consequences of

attempting to print with an ink outside of this printable zone. If Z < 1, the viscous

forces are too strong amd the ink will be unable to form droplets in response to the

PZT deformation. If Z > 10, multiple droplets will be ejected from the printhead
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leading to the formation of satellite droplets which will splatter onto the substrate

and lead to a severe decrease in the printing resolution by potentially forming contacts

between adjacent features. It can also negatively affect the final film uniformity, since

the satellite droplets will not be deposited evenly across the entire film. Figure 3.6 also

shows an estimation for Re and We for isopropanol, which was the base solvent for the

inks used in this work. This was calculated using the physical parameters provided by

Ref217, which gives η = 2.4 × 10−3 Pas, ρ = 781.2 kg m−3 and γ = 0.023 N m−1. This

estimate also assumed a droplet size of 20 μm and a printing velocity of 5 m s−1, which

are consistent with the inkjet printer used during this work. As a result, this gave

estimates for Re and We of 32.6 and 16.98 respectively, shown as a red dot in Figure

3.6. Additionally, this gives a value for Z of 7.9, which lies within the acceptable range

for inkjet printing.

The impact of the Z number can be most clearly seen in Figures 3.7(A) and 3.7(B),

showing the difference between a good and bad ink for printing. As the PZT crystal

moves, the resulting pressure wave causes a jet of ink to emerge. Inertial forces will

cause the bulk of this jet to snap off to form the main droplet, with a tail of ink forming

behind it. If the surface energy and viscosity are suitably balanced, this tail will be

drawn back into the main droplet as seen in Figure 3.7(A). If the Z number for the

ink lies outside the optimal range, then the tail will break away from the main droplet

and collapse into one or more satellite droplets as seen in Figure 3.7(B). These will

impact the substrate near the main droplet, which is particularly a problem for high

resolution printing. These unwanted droplets can significantly blur the edges of printed

films, leading to potential shorting between adjacent conducting films. It should be

noted that the Z number is not a hard and fast rule, since nanomaterial inks with

Z as high as 36 have successfully been printed.218 Torrisi et al. successfully printed a

graphene ink with Z ≈ 24, showing that it is possible to print 2D material based inks

without the need to strictly adhere to the Z guidelines.163 Nonetheless this remains a

useful metric to determine how suited a given ink is for printing, since high-Z printable

inks are the exception rather than the rule.

Inkjet printed films are also quite susceptible to the coffee-ring effect, as discussed
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in a previous section.180,219 While many of the same techniques apply with regard to

avoiding or mitigating the effect, additional care must be taken to ensure that the Z

number of the ink remains within acceptable parameters. Co-solvent inks have been

successfully used to inkjet print nanomaterial films,220 and due to the level of control

that this method offers over the final viscosity and surface energy of the ink221 this

is an ideal method for simultaneously tuning Z and dealing with the coffee-ring effect.

This also avoids the use of binders in the ink, which can potentially negatively impact

the performance of the printed device.

3.3 Printed Nanosheet Networks

The properties of printed nanosheet networks have some critical differences from a more

conventional CVD-grown film. Assuming that the nanosheets are randomly aligned,

this means that there will be a significant portion of the film that is taken up by empty

space, generally estimated to be roughly 50% of the total volume of the film for aerosol

sprayed networks.5 In addition, since the film consists of discrete nanosheets rather

than a homogeneous block of material, the inter-sheet interactions will play a signif-

icant part in determining the properties of the film.222,223,224 A nanosheet-nanosheet

junction in which the two sheets are lying on top of one another, i.e. a basal plane-basal

plane junction, will have a much smaller junction resistance than an basal plane-edge

interaction, even if the two sheets in these scenarios are otherwise identical.14 This

means that in addition to considering the homogeneity of a printed nanosheet network,

it is critical to have some control over its morphology.99,225,172

However, the morphology is only one aspect of nanosheet networks that is relatively

unknown. Is it also clear that the electrical behaviour of these nanosheet networks needs

to be investigated in order to discover what factors contribute to it and the transport

processes taking place within these 2D systems. Much of what occurs within nanosheet

networks is largely unknown, and gaining some understanding of what takes place

within said networks can inform future decisions on the formation and applications of

nanosheet devices. In addition, it is known that the junction resistance is a limiting
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Figure 3.9: (A) Schematic of a nanosheet network. The nanosheets are randomly arranged between two

electrodes a distance L apart. (B) Schematic of a single conductive pathway within the network. The

fundamental unit of such a pathway is one nanosheet and one junction.

factor in such networks,5,89,226 meaning that determining a method of estimating the

value of the junction resistances is key.

It is possible to derive a model to describe the electrical behaviour of a model

nanoparticle system, although it must be noted that this model is still in development

and has not yet been published. The derivation presented here is the work of my

supervisor, Prof. Coleman, and is derived here prior to its use in analysing the data

presented in Chapter 7. By considering that the particles are randomly spread between

two electrodes a distance L apart, and that the nanoparticles themselves have length

lNS. This scenario is illustrated in Figure 3.9(A).

When a voltage V is applied and a conductive path is formed between the electrodes,

the current must pass through a series of both nanosheets and inter-sheet junctions,

which can be modelled as resistors in series with respective resistances of RNS and RJ.

One such conductive pathway is shown in Figure 3.9(B), and it is proposed by Garrett

et al.227 that for a nanotube bundle the network impedance is equivalent to that of one

junction and one nanotube in series. We make a similar approximation here, stating

that the network resistance can be determined by considering one single conductive

pathway through the network. This pathway can be represented by an equal number

of nanosheets and junctions, and the most basic unit within the conductive path will
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consist of one nanosheet and one junction. The minimum number N of such units

within a given conductive path is given by

N = L
dNS + dJ

(3.4)

where dNS is the average distance travelled by an electron within a nanosheet before

jumping, and dJ is the average distance travelled by an electron during the jump from

sheet to sheet. Hence, the voltage drop across one nanosheet-junction unit is Vp =

V/N = V(dNS + dJ)/L. This can in turn be separated into the nanosheet and junction

voltage drops

VJ = RJ

RJ + RNS
V
dNS + dJ

L
, VNS = RNS

RJ + RNS
V
dNS + dJ

L
(3.5)

From here, it is possible to express other properties of the network in terms of the

nanosheet and junction resistances. From the definition of the network mobility μNet =

vd/EA where vd = L/τNet is the drift velocity and EA is the applied electrical field across

the network such that EA = V/L, it follows that

τNet = L
μNet EA

= L2

μNet V
(3.6)

where τNet is the time taken for an electron to pass through the entire network from

one electrode to the other. τNet can also be expressed in terms of the times taken for

an electron to cross N nanosheet-junction units N(τNS + τJ), from which follows

τNet ≈ L
dNS + dJ

(τNS + τJ) (3.7)

where τNS and τJ are the times taken to cross a single nanosheet and a single junc-

tion respectively. These times can also be independently calculated. For τNS, the same

method as for Equation 3.6 can be applied, which gives

τNS = d2NS

μNS VNS
(3.8)
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By substituting in the value for VNS obtained in Equation 3.5 this becomes

τNS = d2NS

μNS

RJ + RNS

RNS

L
(dNS + dJ)V

(3.9)

A value for τJ can be found by considering that the current through a resistor is defined

as the rate at which charge carriers pass through the resistor, i.e. I = dQ/dt. Since in

this case the charge being considered is that of a single electron and the time associated

with this jump is τJ, this gives

τJ = e
IJ

= eRJ

VJ
(3.10)

Once again the voltage drop across the junction found in 3.5 can be substituted into

this equation to obtain

τJ = e(RJ + RNS)
L

(dNS + dJ)V
(3.11)

Hence, combining this equation with Equation 3.6 allows the network mobility to be

expressed solely in terms of the properties of the nanosheets and junctions

L2

μNet V
≈ L

(dNS + dJ)V

(
d2NS

μNS

RNS + RJ

RNS

L
(dNS + dJ)V

+ eL (RNS + RJ)
(dNS + dJ)V

)
(3.12)

By rearranging to isolate the network mobility term we arrive at

1
μNet

≈ RNS + RJ

(dNS + dJ)2

(
d2NS

μNSRNS
+ e

)
(3.13)

By inverting both sides and grouping related terms, the network mobility can be ex-

pressed as

μNet ≈ (dNS + dJ)2

d2NS

 1
1 + RJ

RNS

 μNS

 1
1 + eμNSRNS

d2NS

 (3.14)

We assume that the distance between adjacent nanosheets is significantly smaller than

the mean length of the sheet, and hence dNS + dJ ≈ dNS. Therefore

μNet ≈
μNS(

1 + RJ
RNS

) [
1 + eμNSRNS

d2NS

] (3.15)
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By assuming a classical model, Ohm’s law can be used to give RNS = dNS/σNSANS

and σNS = nNSeμNS where σNS is the nanosheet conductivity, ANS is the cross-sectional

area, and nNS is the nanosheet charge carrier density. Combining these gives RNS =

dNS/(ANSnNSμNSe). It is also important to consider the network porosity P and how that

impacts the network carrier density, which for the full network we hypothesise to be

described by nNet = nNS(1 − P).225 By combining these two points and taking

σNet = nNeteμNet

this gives an equation to describe the conductivity of a nanosheet network

σNet ≈ σNS(1 − P)(
1 + RJ

RNS

)(
1 + dNS/ANS

nNSd2NS

) (3.16)

We treat the nanosheets as approximately square, such that the cross-sectional area

term can be rewritten as ANS = lNStNS where tNS is the nanosheet thickness. We also

relate the dNS term by considering the stacking arrangement of the nanosheets. In a

film where the nanosheets are expected to be aligned completely randomly such as an

aerosol sprayed film, the value of dNS could theoretically range from almost zero (where

the electron enters the sheet and then almost immediately leaves) to almost lNS (where

the electron travels almost the full length of the nanosheet before leaving). Hence on

average, a given electron would be expected to travel a distance dNS = lNS/2 through a

nanosheet before travelling to the next one.

Hence, Equation 3.16 becomes

σNet ≈ σNS(1 − P)(
1 + RJ

RNS

) (
1 + 2

tNSnNSl2NS

) (3.17)

The next step is to express as many variables as possible in terms of intrinsic properties,

by rewriting RNS = dNS/(ANSσNS) = 1/(2tNSσNS) and σNS = nNSeμNS. Finally, since the

nanosheets here are a product of liquid phase exfoliation, the thickness of the sheets can

be assumed to have a consistent relation to the nanosheet length over the whole range
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Figure 3.10: Network conductivity against mean nanosheet length for (A) MoSe2, (B) WSe2, (C) silver

nanosheets, and (D) graphene. The solid lines are fits to Equation 3.19. Data is unpublished at time of

writing, used with permission.

of different flake sizes,112 allowing t to be replaced with l/k where k is the nanosheet

aspect ratio. This gives

μNet ≈
μNS(

1 + 2RJnNSeμNSlNS/k
) (

1 + 2k
nNSl3NS

) (3.18)

for the network mobility, and

σNet ≈ σNS(1 − P)(
1 + 2RJnNSeμNSlNS/k

) (
1 + 2k

nNSl3NS

) (3.19)

for the network conductivity. In order to test this model, it was applied by Dr Cian
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Gabbett to printed networks of multiple different materials. (NB: this data has not yet

been published) Networks of MoSe2, WSe2, silver nanosheets (AgNS), and graphene

were fabricated for a variety of mean nanosheet lengths, with the resulting conductivity

trends shown in Figure 3.9. It can be seen that both of the TMD-based networks in

Figure 3.9(A) and (B) show an increase in the network conductivity with increasing

<L>. This is what would be intuitively expected from a network in which the junc-

tion resistance is the limiting factor, since a network of larger nanosheets should have

fewer junctions than an equally sizes network of smaller nanosheets, as has been ob-

served in nanotube-based transistors.228 Indeed, the model predicted by Equation 3.19,

represented by the solid lines in Figure 3.9(A) and (B), fits the recorded data.

In contrast, the AgNS and graphene networks shown in Figure 3.9(C) and (D) do

not follow this reasoning. Instead, both networks counter-intuitively show decreasing

network conductivity as the flake length increases. However, as is shown by the solid

lines representing fits to Equation 3.19, this behaviour is also accounted for by the

model. This non-intuitive behaviour for more conductive materials arises Therefore it

can be seen that the model is able to account for and explain both the intuitive and

non-intuitive behaviours of differently sized nanosheets.

While this model shows promise, it must be noted that it is still in its early stages

of development. The basis of the derivation for Equation 3.19 considers only a single

conductive pathway through a nanosheet network, whereas in reality it is expected that

there would be many such pathways in parallel, each likely to have a different number

of conducting units within it. It also does not account for the inherently polydisperse

nature of LPE-exfoliated dispersions. Despite this, the predictions made can be used

to provide information the network properties. In this thesis this model will be used

to obtain estimates for the junction resistance RJ by varying the values of the mean

nanosheet length lNS.
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3.4 Printed Transistors

If any single invention can be said to have shaped the modern world, the transistor

is it. The first working transistor was developed by William Shockley, John Bardeen,

and Walter Brattain at Bell Labs in the aftermath of the Second World War, although

patents for theoretical devices operating under the same principle had existed since

1925. This device consisted of a germanium diode contacted with gold electrodes and

was about the size of a fist, a stark contrast to modern day transistors, which are

roughly 10 nm in size. The famous Moore’s Law predicted a doubling in the number

of components on a computer chip every 2 years,229 although in order to match that

trend modern silicon-based microprocessors require high-cost fabrication techniques

and industrial scale processes. In this regard printed devices are very unlikely to be

able to compete with silicon, especially when taking into account the billions of dollars

that have already been invested into silicon development and infrastructure. Instead,

printed 2D material devices will act to compliment existing silicon devices by filling in

a niche that silicon is unsuited to, namely easily fabricated low cost, low performance

devices.3

The basic idea behind a transistor is a three electrode device, where the current

flowing between two probes is controlled via a voltage applied to the third electrode.

Although the original transistor was a bipolar junction transistor, a second type known

as the metal-oxide-semiconductor field effect transistor (MOSFET) was developed in

1959 and quickly became the dominant type of transistor. It is estimated that 1022

such devices have been fabricated since the 1960s,230 with modern individual micro-

processors containing between 30 billion231 and 1 trillion MOSFETs.232 The MOSFET

is ideal for digital electronics since it consumes very little power and can readily be

fabricated from (doped) silicon and its oxides, in turn allowing them to very easily be

mass produced. Although the devices used in this thesis are electrochemical transis-

tors and not conventional MOSFETs, the fundamental equations that describe their

behaviour are applicable to the electrolytically gated devices. Rather than having a

dielectric layer between the channel and gate electrodes, the electrochemical devices
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Figure 3.11: (A) Cross-section of a basic MOSFET, showing the small vertical slice to be considered

in the MOSFET equation derivation. Image adapted from Ref.233 (B) IDS against VDS for a variety of

values of VGS. Image taken from Ref.234

used here have a liquid electrolyte as a separator. This will be discussed in more detail

in a later section.

The basic MOSFET structure consists of two doped regions on top of an oppositely

doped semiconductor substrate such that the two doped regions act as the source and

drain terminals, as seen in Figure 3.11(A). An oxide layer is deposited on the sub-

strate, and the gate electrode is deposited on top. When a voltage is applied to the

gate electrode, charge carriers are drawn from the substrate to the oxide-semiconductor

interface, which eventually results in the formation of a thin layer of highly doped semi-

conductor. Since the conductivity scales with carrier density this results in a significant

increase in the current flowing from source to drain.

It is important therefore to derive an equation relating the source-drain current

(IDS) to the gate-source voltage (VGS), with the source-drain voltage (VDS) also needing

to be taken into account. The relative strength of VDS compared to VGS dictates the

overall performance of the transistor, with three main regimes: where VDS << VGS,

where VDS ≈ VGS, and where VDS ≥ VGS
2. This is shown in Figure 3.11(B). As a result,

the graph of IDS compared to VDS will contain a region where IDS is linear against VDS,

a region where IDS begins to level off, and a region where IDS is constant with increasing

VDS.
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As is often the case with physical systems, when modelling MOSFET behaviour

some assumptions and approximations must be established. First, that the metal-

oxide-semiconductor section behaves like an ideal capacitor, with no current flowing

through the gate electrode and no inhomogeneities in the electric field at the oxide-

semiconductor interface. It is also necessary to assume that the carrier mobility is

constant throughout the semiconductor channel, that the field-induced doping is the

same across the entirety of the oxide-semiconductor interface, and therefore that there

is no charge carrier diffusion to be considered. The analysis also assumes that the elec-

tric field due to the gate voltage is much larger than the electric field due to the voltage

between the source and drain electrodes, leading to what is known as the gradual chan-

nel approximation where the voltage profile changes linearly across the channel.234

When the gate voltage is increased above a certain threshold voltage (VT), charge

carriers are drawn to the channel-oxide interface. The areal charge density Q can be

expressed as

Q = −Cox(VG − VT) (3.20)

where Cox is the areal capacitance of the oxide-channel interface and VG is the gate

voltage. Note that the negative sign indicates that the charge carriers in this instance

are negative. When a voltage is then applied across the channel from source to drain,

the voltage Vch with respect to distance along the x-axis from the source electrode at

each point can be given as

Q(x) = −ens(x) = −Cox(VG − Vch(x) − VT) (3.21)

where e is the charge on a single electron and ns is the sheet density of charge carriers

in cm−2. This is illustrated in Figure 3.11(A). The conductivity of the channel at any

given point x can be expressed as

σ = en(y)μn(y) (3.22)

where n(y) is the charge density in cm−3 and μn(y) is the electron mobility, which is
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assumed to be constant throughout the channel. Note that the contribution to the

conductivity from the positive charge carriers has been neglected since in this instance

ne− >> nh+. Using Ohm’s law, an expression for the channel conductance, g, can be

derived

g = W
L

∫ y

0
σ(y) dy =

Wμn
L

∫ y

0
en(y) dy (3.23)

where W and L are the channel width and length respectively. Since the integral on

the right hand side is equivalent to the total charge per unit area in the channel, this

can be rewritten as

g(x) =
Wμn
L

|Q(x)| (3.24)

This is related to the resistance of an infinitesimally small segment of the channel dx

as follows

dR = dy
L g(x)

= 1
Wμn

dx
|Q(x)|

(3.25)

with the accompanying voltage difference being equal to

dV = IDS dR = IDS

Wμn

dx
|Q(x)|

(3.26)

By integrating Eqn. 3.26 from x = 0 to x = L while substituting in Eqn. 3.21, and

using the fact that Vch,x=0 = 0 and Vch,x=L = VDS, it follows that

∫ VDS

0
|Q(x)| dV =

∫ VDS

0
Cox(VG − Vch(x) − VT) dV =

∫ L

0

IDS

Wμn
dx (3.27)

Since the current IDS is constant and the voltages VT and VG do not change with respect

to V, this simplifies to

IDS = WCox

L
μnVDS

(
VG − VT − VDS

2

)
(3.28)

For the linear transistor regime where VDS << VG, the contribution from the VDS/2

factor can be ignored, hence

IDS = WCox

L
μnVDS (VG − VT) (3.29)
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In the case of an electrolytically gated porous nanosheet network transistor, this equa-

tion must be modified to account for the porosity of the nanosheet films. Since the

liquid electrolyte permeates the entire volume of the transistor, the gating effect is

equally applied to the entire volume of the channel. This means that rather than af-

fecting only a quasi-2D area of the channel near the oxide-semiconductor interface, the

gating will affect the entire 3D volume of the channel. This allows the areal capacitance

Cox to be rewritten as CV t, where CV is the volumetric capacitance of the channel and

t is the channel thickness.

When analysing an IDS against VG transfer curve the section of the curve that

is analysed to give the device mobility is the linear section of the curve (see Figure

3.11(B)). The slope of this line is the device transconductance gm, defined as follows

gm = δIDS

δVG
= WtCV

L
μVDS (3.30)

Since the volumetric capacitance of these devices is heavily dependent on nanosheet

size and thickness,235 it is more useful to use CVμ as the figure of merit for such devices,

since all other parameters are known prior to any measurements being performed.

3.4.1 Electrochemical Transistors

The key difference between the standard MOSFET device structure and an electro-

chemical transistor is the separator between the channel and the gate electrode. In a

MOSFET, this is a dielectric layer, whereas in an electrochemical device, this is an

electrolyte. For the purposes of this thesis the separator is an ionic liquid, a salt that

is liquid at room temperature.236 The liquid nature of the separator is key to this work

and others involving porous semiconductor channels, since it enables the separator to

form an interface with the entirety of the exposed surface area of a porous nanosheet

network, while a solid dielectric would only be able to contact the topmost nanosheets.5

In the case of a dielectric layer this would severely limit the ability of the transistor

to switch to an ON state since the sheets further away from the dielectric layer will

not experience as strong of an electric field from the gate electrode, resulting in poor
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switching behaviour. In contrast, an ionic liquid device avoids this issue by gating the

internal volume of the channel via electrochemical doping rather than via the effect of

an electric field. Unfortunately this comes with a tradeoff when considering the OFF

state, which tends to have higher currents than the OFF states of dielectric-based

devices since the electrolyte will increase the conductivity of the semiconductor.

This change from a dielectric separator to an electrolyte one also allows electro-

chemical devices to reach much higher capacitances (~µF cm−2) than their solid state

dielectric counterparts (~nF cm−2), which means that such devices are better able to

overcome the adverse effects of any defects present in the semiconductor.237 The liquid

electrolyte helps the charge carriers overcome the junction resistance, thus improving

the device performance.

When a voltage is applied to the gate electrode in an electrochemical transistor, the

gate:electrolyte interface acts like a capacitor, drawing ions from within the ionic liquid

to the interface.238 This results in the formation of an electrical double layer (EDL) at

the interface, which consists of a closely packed layer of ions very close to the interface

and a second, more diffuse layer of ions in the liquid near the interface.239,240,241,242 This

in turn causes a charge imbalance within the liquid as a whole. In order to balance the

charges within the device, oppositely charged ions within the liquid are then driven

into the channel, forming a second EDL at the channel:electrolyte interface. This in

turn draws more charge carriers from the source and drain electrodes into the channel

in order to balance out the charges at the channel:electrolyte interface.243 The two

EDLs can be thought of as a pair of dielectric parallel plane capacitors in series with

an equivalent thickness of a few nanometers, resulting in high areal capacitances on

the order of a few µF cm−2.

As the voltage at the gate electrode is increased, the concentration of ions at the

channel:liquid interface increases, thus increasing the carrier concentration within the

channel. This what leads to the increase in the channel conductivity.237 In the EDL,

the potential of the outer layer of ions will be partially screened by the inner layer

of ions, which results in the outer layer being much more weakly bound to the gate

surface. The speed at which the ions can form the EDL in response to an input electric
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field at the gate electrode is what determines the switching speed of the transistor,

which is typically on the order of a few ms.

Due to the nature of the ionic liquid, there are two key factors that must be consid-

ered before operating an electrochemical transistor. The first is the presence of water

within the system. If water molecules are present as the gate voltage is cycled, this

can lead to major hysteresis within the device’s transfer voltage-current curve,244,245

as well as potentially introducing unwanted contaminants into the electrolyte. While

the exact reason for this is unknown, the most likely culprit is electrolysis of water.246

Removing the water by annealing the ionic liquid under vacuum is an ideal method for

removing trace amounts dissolved within the liquid.

The second factor that must be considered is the electrochemical window of the ionic

liquid. This is the voltage range for which the ionic liquid remains stable as the gate

voltage is cycled and does not undergo either reduction or oxidation reactions.247,248

This is also affected by the water content of the ionic liquid, with the electrochemical

window of the liquid decreasing with increasing presence of dissolved water.249,250

Note that although the electrochemical window described in the literature for

the ionic liquid used throughout this work, 1-ethyl-3-methylimidazolium bis (trifluo-

romethylsulfonyl) imide (EMIm-TFSI), is -2.07 V to +2.12 V,248,251 this work uses a

different method to prepare the liquid. While Ref248 removes dissolved water vapour

by bubbling dry N2 through the liquid, this work used a two-step annealing process

involving heating the liquid under high vacuum (<10−4 mbar) for >12 hours. This

removes more water from the liquid and thus widens the electrochemical window more

than was accomplished in Ref.248

Electrochemical nanosheet network transistors also tend to have higher transcon-

ductances than their dielectric-based counterparts owing to the high ionic conductivi-

ties of the ionic liquids.252 Both organic and nanosheet-based electrochemical devices

can easily reach transconductances on the order of 1 mS,5 which is comparable to

high-performance solid-state devices such as ZnO.252,253 Rivnay et al. note that for

organic transistors, electrochemical devices show a factor of ~103 higher conductances

than equivalent field-effect devices for low frequency operation (<1 kHz), but begin to
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suffer from reduced performance at lower frequencies than equivalent dielectric-based

devices.238

3.4.2 A Review of Printed Thin-Film Transistors

While the field of 2D-material based printed electronics still has a long road ahead of

it, they are not the only class of material being investigated for their potential. Indeed

there are several other types of printed devices that are also being developed to the

point where they can also act as a competitor to silicon based devices. In practice

however, due to the time and resources already invested into silicon devices, it is much

more likely that printed electronics will find its own niche in an area which silicon is

not suited to. This section will give a brief overview of the current status of the various

avenues of materials research and what the advantages and disadvantages are of each.

Organic Semiconductor Networks

In many ways organic semiconductors were the pioneers of printed electronics research,

with the first printed organic field effect transistors (OFETs) being produced in the

mid 1980s.254 Since then the field has expanded massively, taking advantage of the

readily available amount of potential materials to explore the diverse requirements for

printed thin-film transistors. A wide range of organic materials, typically polymers, are

currently being investigated for their potential switching behaviour. These include ma-

terials like P3HT, which is capable of producing organic thin film transistors (OTFTs)

with p-type mobilities of 20 cm2V−1s−1.255 Crucially, organic electrochemical transis-

tors (OECTs) are capable of producing high transconductance values on the order of 1

mS since they are able to gate the entire volume of the device,238,243 similar to porous

nanosheet network devices. OECTs are also capable of reliably producing on:off current

ratios of 106, which is a point in their favour for low-power digital electronics. Unfortu-

nately, organic semiconductor materials tend to have lower mobilities than their silicon

and metal-based competitors,256,257 which is a major hindrance when considering their

potential applications. There is also a lack of high-mobility n-type organic materials,

which limits their potential use in CMOS applications.258
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The wide variety of potential organic materials also acts as a drawback when con-

sidering the amount of time and resources needed to investigate the properties of each

one correctly. In addition, the large size of the individual polymer molecules leads to

further complications when considering that there are many charge transport processes,

including both inter- and intra-molecular processes, that are still not fully understood.

The impact of molecular or crystalline defects and trap states on the electronic per-

formance is yet to be completely investigated. Since these defects can lead to a high

amount of inter-device variance, this is a serious issue for large scale fabrication and

integrated circuits.

The final hurdle in the path of OFETs is the lack of ambient stability that comes

with most organic semiconductors.259 Both water and oxygen have been shown to

induce degradation in organic polymers,260 meaning that some sort of encapsulation

will be necessary for their use in long-lasting devices, although this doesn’t prevent their

use in one-off sensor devices. This, plus the fact that OFETs are easily manufactured

using printing technologies175 means that they have considerable potential for future

applications.

Carbon Nanotube Networks

Carbon nanotubes (CNTs) very quickly became a material of interest when it came to

printed transistors. Semiconducting single-walled CNTs display near-ballistic electron

transport and have direct bandgaps in the range of 0.7 to 1 eV, which makes them ideal

for applications, particularly in optoelectronics.261 CNT-based FETs are now capable

of outperforming silicon transistors and display both high on:off current ratios and

high mobilities, although in the case of ultra-short channel devices the presence of

ballistic transport makes carrier mobility a poor estimate of device quality.262 While

inkjet printed CNT networks are not capable of that level of performance, they can

still reach mobilities of 20 cm2 V−1 s−1.263

One issue with CNT production is separation of metallic CNTs from semiconduct-

ing ones during the synthesis process, which has hampered CNT production since the

beginning. For TFT applications it is important that the CNT network does not con-
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tain metallic elements in order for the transistor to display proper switching behaviour.

Failing to properly remove all of the metallic elements will adversely affect the on:off

ratio, although it will also increase the channel conductivity. While techniques do exist

to purify CNT samples to the levels required for transistors, such as density gradient

centrifugation264 and the use of specific solvents to remove one type of nanotube265,

these have issues with scalability and with processing large volumes of material, gener-

ally producing large amounts of chemical waste.266 Unfortunately the impact of this is

that despite their high performance, scalability remains a major roadblock for printed

CNT transistors.

MXenes

The use of MXenes in printed electronics largely differs from that of the other avenues

of research listed here, since most MXenes display metallic rather than semiconducting

behaviour. FOr this reason they have found a lot of use in devices as printed contacts

rather than the active material itself.267 The fact that the work function of MXenes can

be tuned during the fabrication stage also adds to their utility and allows them to be

tailored to match the electronic characteristics of the other materials in a device.268 In

addition, semiconducting MXenes are predicted to exist,269 and can be synthesised by

modification of existing metallic MXenes,270,271. These tend to be low-bandgap semi-

conductors with bandgaps between 0.24 and 1.8 eV, suggesting a considerable potential

in optoelectronics. However, the majority of focus given to MXenes and their use in

transistors is on their potential as electrical contacts, and experimental realisation of

a printed MXene-based transistor has not yet been realised.

Hybrid Perovskites

Hybrid perovskites are another aspect of materials science research that has recently

gained much popularity. They have been shown to display considerable promise in

optoelectronic applications, with particular focus on solar cells and other photovoltaic

devices.30,272 While traditionally perovskites has referred to fully inorganic materials

such as CaTiO3, the recent research interest has primarily been into organic/inorganic
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hybrid perovskites. One of the most widely studied hybrid perovskites is Methylammo-

nium Lead Iodide (MAPbI3), which has been successfully used to make inkjet printed

solar cell devices.273 Unfortunately the demanding nature of inkjet printing can require

the addition of unwanted additives to ensure that the perovskite ink prints properly

at room temperature. This will likely add multiple additional cleaning steps to any

fabrication process. Other options are to modify the hybrid perovskites themselves via

the addition of chlorine,274 although this still adds to the complexity of the printing

process, as well as potentially requiring additional steps afterwards to remove unwanted

chemicals from the final printed film.

There has also been considerable research into the potential of metal halide hy-

brid perovskites (such as the previously mentioned MAPbI3) as the active material in

printed transistors. This is mainly due to the extremely high theoretical carrier mobility

predicted for these materials, ranging up to ~800 cm2 V−1 s−1, as well as the potential

for light-emitting transistors.275 As is typically the case real world perovskite devices

are unable to reach this threshold, achieving mobilities between the orders of 10−2 and

102 cm2 V−1 s−1 depending on the material and method of fabrication.275 It should be

noted that the highest mobility value was an outlier with the high mobility achieved

via slow, vapour assisted growth of the pervoskite layer, something that is impractical

for large scale production.276 At time of writing inkjet printed hybrid perovskite-based

transistors have not yet been demonstrated, although the capability to do so is present.

Thus far the main issues that need to be overcome for printed hybrid perovskite

TFTs are environmental stability and the toxic chemicals required to produce them.

Lead halide perovskites are particularly problematic in this regard, since the high

toxicity of lead is somewhat unavoidable when dealing with them. Efforts to replace

lead with the less toxic tin have also run into issues due to the high vulnerability of

tin to oxygen, and the fact that the majority of previous research into these materials

has been performed on lead halide perovskites, thus necessitating more research to find

a suitable replacement. Finally, MAPbI3 itself is known to suffer from poor thermal

stability and begins to break down at temperatures above 85 ◦CC.277
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Layered Crystal Networks

The field of nanosheet network-based printed electronics has exploded in the past

decade once the issues with synthesising material and producing nanosheet inks were

worked out. Researchers have successfully printed a range of devices, from gas sen-

sors158, strain sensors57, and photodetectors.278

Printed nanosheet transistors are the subject of more and more research as time goes

by, ever since they were first demonstrated by Torrisi et al. in 2012.163 This device was

a printed graphene channel contacted by metal electrodes and displayed a high mobility

of 95 cm2 V−1 s−1 and an on:off current ratio of roughly 10, which unfortunately makes

it non-ideal as a transistor since a high on:off ratio is needed for a transistor to operate

with low wasted power. Future graphene-based transistors were able to achieve higher

mobilities but at the cost of lower on:off ratios.164

Parallel to graphene-based transistors are other semiconducting nanosheet net-

work devices, most notably ones based on transition metal dichalcogenide (TMD)

such as WS2 or MoS2. Most such printed devices display mobilities on the order of

10−1 cm2 V−1 s−1 and on:off current ratios on the order of 104.5,279

The main issues facing nanosheet network transistors at this time are a limited

understanding of the internal workings of the networks, and the inherent issues that

come with a network of discrete particles such as high junction resistances. Currently, it

appears that the best way of approaching the second issue is either to aim to fabricate

devices with good nanosheet-nanosheet alignment or modify the edges of nanosheets

to reduce the junction resistance.280,281,225 An example of the former is the work of Lin

et al.99, who fabricated high mobilities of around 10 cm2 V−1 s−1 for spin-coated MoS2

by achieving good inter-nanosheet alignments, thus reducing the junction resistance.

Overcoming this junction resistance will be the next roadblock in the path to printed

nanosheet network devices reaching their full potential.
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Deposition
Technique Advantages Disadvantages

Drop
Casting

• Very little material waste.

• Most inks can be deposited as
received.

• Well suited to fabricating verti-
cal heterostructures.

• Films tend to be quite inhomo-
geneous.

• No patterning ability.

Spin
Coating

• Simple technique.

• Compatible with existing indus-
trial infrastructure.

• Easy to control thickness and
homogeneity of films.

• A lot of material is wasted.

• High concentration inks are re-
quired.

Spray
Coating

• Simple and cheap technique.

• Can spray over a large area.

• Can easily deposit hybrid inks.

• Extremely low resolution.

• Shadow masks required to de-
fine printed area.

Inkjet
Printing

• Low cost.

• Low material waste.

• Can easily define the printed
area.

• Printing inks must have pre-
cisely controlled viscosity and
surface tension.

• Solvents suited to exfoliation
tend to be unsuitable for print-
ing.

Figure 3.8: An overview of the advantages and disadvantages of the various printing techniques dis-

cussed in this chapter.
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There’s only this one universe and only this one

lifetime to try to grasp it. And while it is incon-

ceivable that anyone can grasp more than a tiny

portion of it, at least you can do that much. What

a tragedy just to pass through and get nothing out

of it.

Isaac Asimov 4
Materials & Methods

This chapter will outline the various techniques used to fabricate and

characterise nanosheet dispersions and films throughout the rest of the thesis.

4.1 Preparation of Dispersions

Sonication

All of the liquid phase exfoliated dispersions used in this thesis were produced by tip

sonication, as described in Chapter 2. Ultrasonic energy is commonly used in many

scientific fields but its most relevant application to this study is its use in cleaning.

Ultrasonication has been used to remove particles from surfaces by overcoming the

adhesive forces keeping them in place. A Sonics Vibra-cell VCX-750 horn tip sonicator

operating at 60% amplitude was used to exfoliate all dispersions used in this work.

The other parameters such as exfoliation time were not fixed and will be discussed in

their respective sections. Each dispersion was prepared in three steps. First the starting

powder was immersed in a solvent and sonicated for a short time. This dispersion was

then centrifuged for 1 hour in order, and the supernatant was discarded. This removes

any soluble impurities in the starting powder. The sediment was redispersed in fresh

solvent and exfoliated for a longer time, with the time taken varying depending on the
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material and stabilisation method chosen.

Ultracentrifugation

All centrifugation steps in this work were performed using a Hettich Mikro 22R refrig-

erated centrifuge. The centrifugation rate was manually adjusted between 0.5 krpm

and 18 krpm. Since the radius of the centrifuge rotor is known to have a radius of 90

mm, the relative centrifugal force (RCF) can be expressed as a function of the rotor

rpm. This expresses the centrifugal force in terms of the acceleration due to gravity g,

allowing the speeds from different centrifuges to be directly compared

RCF = ω2r
g

= 106.4f2 (4.1)

where ω is the angular velocity, r is the rotor radius, and f is the rotation rate in

krpm. The rotation rates used vary throughout this thesis based on the material used

and the desired nanosheet size, and from this point on will discussed in terms of the

RCF values for consistency. Ultracentrifugation was used in this work both as a step

in the exfoliation process and to perform size selection on nanosheet dispersions after

exfoliation.

4.2 Characterisation of Dispersions

UV-Vis Spectroscopy

Ultraviolet-visible spectroscopy is one of the most useful methods of characterising

nanosheet dispersions. It is simple, non-destructive, and capable of analysing hundreds

of billions of nanosheets at once. The output spectra then contain information on

the nanosheet ensemble, rather than having to individually measure the properties of

individual nanosheets.144 This is a much faster and simpler way of collecting data on

nanosheet lengths and thicknesses when compared to microscopy techniques such as

AFM or TEM. As the light passes through the sample, the photons can interact with

it in a variety of ways. Absorption (Abs) occurs when the photons excite an electron
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within the nanosheets, which for semiconducting materials such as TMDs primarily

happens for energies above the bandgap. There are also scattering (Sca) processes in

which the photon interacts with the nanosheets and is then re-emitted in a different

direction. These two processes are combined into the extinction Ext as

Ext(λ) = Abs(λ) + Sca(λ) (4.2)

The same relation also holds for the respective coefficients of extinction, absorption,

and scattering

ε(λ) = α(λ) + σ(λ) (4.3)

which have units of Lg−1m−1 and the values of which are material specific. By consider-

ing Ext at a wavelength where the value of ε is known, the Beer-Lambert Law can be

used to find the concentration of a given dispersion as follows

Ext = εCl (4.4)

where C is the concentration of dispersed material and l is the path length of light

through the sample.

UV-vis spectroscopy can also be used to directly estimate the mean lengths and

thicknesses of a nanosheet ink, via spectroscopic metrics. Such metrics have been de-

veloped for graphene91 and TMD dispersions.144,282

A PerkinElmer Lambda 1050 dual beam spectrometer was used to characterise dis-

persions throughout this thesis, the schematic of which is shown in Figure 4.1. The

dispersions were first diluted to a suitable optical density, such that they were semi-

transparent to the human eye. They were added to a quartz cuvette with a known

path length (4 mm). A second cuvette containing only solvent was also scanned, and

this reference spectrum was subtracted from the main sample spectrum to decouple

the solvent response from the nanomaterial response. Since the absorption and scatter-

ing contributions are combined together into the extinction spectra, it is necessary to

perform a second analysis utilising an integrating sphere which is able to capture all
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Figure 4.1: Schematic of a standard dual beam UV-vis spectrometer. Image adapted from Ref283

scattered light, meaning only the absorbed light is not recorded by the spectrometer.

This is especially necessary when dealing with nanosheet dispersions, since the sheets

are large enough to cause significant scattering.284

UV-vis spectroscopy was used in this work to determine the nanosheet concentration

in LPE inks, as well as measuring the length and thickness of the nanosheets.

4.3 Film Formation

Spray Coating

All spray coated films were fabricated using a Harder and Steenbeck Infinity Airbrush

attached to a Janome JR2300N mobile gantry. Nitrogen gas at a pressure of 4 bar

was used to aerosolise the dispersions as they passed through the airbrush with ~10cm

between the spray gun and the substrate, and the area being covered was defined
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via software. Alumina-coated polyethylene teraphtalate (PET) from Mitsubishi Paper

Mills was used as the substrate, since it is specifically made to avoid solvent wetting

and provide better defined film edges. Shadow masks were used to define the length

and width of the films. Following the deposition the films were annealed overnight in

a vacuum oven at 80 ◦C. This temperature was chosen because the PET substrates

used are unstable at temperatures above 110 ◦C,285 and the isopropanol used as the

printing solvent is suitably volatile that annealing at this temperature under vacuum

would be sufficient to remove any traces remaining.

Shadow masks were used to define the deposition area, producing sixteen 1 ×

3 × t mm3 films. The thickness t was calculated via the average of multiple mechanical

profilometry measurements. Gold interdigitated electrodes (IDEs) were deposited using

e-beam evaporation, with the IDE area defined by shadow masks to give L = 120 μm

and W = 16 mm. Here L and W represent the length and width of the channel defined

by the IDEs. Simultaneously, a glass slide was set beside the sprayed area in order

to provide a separate film, the thickness of which was then measured via mechanical

profilometry.

Inkjet Printing

The inkjet printing of the graphene gate electrodes in Chapter 5 was carried out using

a Dimatix DMP-2831, utilising a single printhead containing 16 piezoelectric nozzles

with a diameter of 21 μm. This results in droplet sizes of approximately 10 pL. Each

cartridge was able to contain roughly 2 mL of ink. The individual nozzles were capable

of depositing ink using a waveform based on the solvent used to define the displacement

of the piezoelectric component, with each drop consisting of roughly 10 pL. The printer

is capable of depositing ink over an area of roughly 30 cm × 30 cm at a time, with the

full size of the platen being roughly equivalent to that of an A4 sheet of paper. Both

the platen and cartridge could be heated up to 60 ◦C.

Each cartridge was first cleaned with a small amount of the solvent that would

be used for printing, which in this case was isopropanol. A small amount of solvent

was also very gently driven through the cartridge nozzles in order to investigate the
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Figure 4.2: Schematic of an e-beam evaporation system. Image adapted from Ref.286

presence of any blocked nozzles. In the event that one or more of the nozzles was

blocked, the cartridge was immersed in isopropanol and sonicated at a low intensity in

order to dislodge the blockage.

The cartridge temperature was at room temperature and the platen temperature

was set to 60 ◦C to aid evaporation of the IPA (boiling point � 82 ◦C).217 Alumina-coated

polyethylene terephthalate (Al2O3-PET) purchased from Mitsubishi Paper Mills was

used as the substrate. This substrate is ideal for printing purposes since it is specifically

designed to prevent droplet wetting and thus provide better printing resolution.285 The

size and number of printing passes were determined via computer input, allowing for

fine control of the dimensions of the printed films. The interlayer delay was set to 3

minutes in order to ensure that the maximum amount of solvent had evaporated, while

also taking care not to expose the printed films to atmospheric conditions for too long.

Since the printing solvent used was isopropanol, shorter delay times could be used to

remove solvent. After the deposition, the samples were annealed in a vacuum oven for

12 hours at 70 ◦C to remove as much residual solvent as possible.
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Electrode Deposition

Gold electrodes were deposited onto printed nanosheet networks using a Temescal

FC2000 e-beam evaporation system. The chamber containing the samples was pumped

down to high vacuum (roughly 6 × 10−6 mbar), and then rotated around a central axis

in order to ensure an even coating. Electrons from an electron gun are accelerated at

high energies and directed via a magnetic field into a copper crucible containing the

gold, as shown in Figure 4.2. The kinetic energy of the electrons is transformed into

heat, which causes the gold to melt and sublimate. The metal vapour particles coat

the film, with a crystal monitor controlling the thickness and deposition rate.287 Gold

was chosen as the contact metal due to its robustness and resistance to corrosion. The

precise areas of the gold electrodes were defined via shadow masks.

4.4 Characterisation of Films

Profilometry

Thickness measurements were carried out using a Bruker Dektak 9.8 µN stylus pro-

filometer with a 10 μm tip. After ensuring that the surface was level by performing

multiple thickness calculations on a blank portion of substrate, the tip was moved

across a 2 mm length which included both a blank stretch of substrate and the sample

being measured. This means that the step height of the film can be measured directly.

The average of several such measurements at different positions along the sample is

taken as the final thickness value for the film.

Raman Spectroscopy

Raman spectroscopy is an optical, non-contact, and non-destructive technique which

provides a useful source of information on the composition of solid samples by analysing

the interaction of monochromatic light with the internal lattice vibrations of the sample,

known as phonons. When light interacts with a sample, the majority of the incoming

photons will interact elastically with the material, but some will interact inelastically
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Figure 4.3: Diagram of the different types of transition that occur when light interacts with a sample.

Adapted from Ref.289

with the phonons in the sample.288 By modelling these phonons as harmonic oscillators,

a fundamental frequency can be associated with each bond vibration.

When the incident light begins to interact inelastically with the sample, it is primar-

ily interacting with the electron cloud of the material and as such the response from

the material will be intrinsically tied to its polarisability. This causes a perturbation

in the electron cloud, which serves to excite it to a virtual electronic state.116 There

are two main inelastic interactions that can then take place, both of which are shown

in Figure 4.3, namely Stokes and anti-Stokes shifts. These processes operate on the

same basic principle, with the key difference being whether the energy of the incident

light is greater than or less than that of the photon emitted after the scattering takes

place. In both cases, after the incident photon excites the electron cloud, the cloud will

release a photon and transition down to a different energy state than its initial one,

with the difference between the initial and final energy states defined by the vibrational

energy levels, i.e. the phonon energies. In a Stokes shift, the outgoing photon will be

red-shifted compared to the incident photon, with the remaining energy going towards

the creation of an optical phonon. In an anti-Stokes shift this is reversed, with the in-

cident photon absorbing energy from the material and emitting a photon blue-shifted

relative to the incident photon.
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The change in frequency Δν is commonly expressed in units of cm−1, and is described

by

Δν = 1
λin

− 1
λout

(4.5)

where λin and λout are the wavelengths of the incident and scattered light respectively. By

plotting the intensity of scattered light as a function of Δν the vibrational frequencies

of the material can be found, which act as an identifying ‘chemical fingerprint’ for

the given material. In the case of 2D materials, Raman spectra can be combined with

theoretical models in order to provide information on chemical composition, doping,

and the mean thickness of the nanosheets that make up the solid samples.91,290,116

Raman spectroscopy was performed on the printed devices under ambient condi-

tions prior to the addition of the ionic liquid, using either a Horiba Jobin Yvon LabRAM

HR800 (Chapters 5 and 6) or a WITec Alpha 300R confocal Raman microscope (Chap-

ter 7), in both cases using a 532nm excitation laser. The Raman signals were collected

by a 100× objective lens (N.A. = 0.8) and dispersed by a 600 line/mm grating. 10%

laser power was used on the graphene samples and 1% laser power used on the TMD

samples, to avoid damage to the TMD films. Twenty spectra were collected over a 10

μm by 10 μm area, with the average of these spectra used to characterise each device.

4.4.1 Electrical Characterisation

Electrical testing was done using a Keithely 2612A and a Janis probe station. The

first set of electrical measurements was done on the sprayed films before adding any

electrolyte (the “dry” state). These consisted of two-probe current-voltage (IV) mea-

surements in order to determine the conductance and hence the conductivity of the

films, since the length, width and thickness of the films were all known.

The liquid electrolyte used in this thesis was the ionic liquid 1-Ethyl-3-methylimidazolium

bis (trifluoromethylsulfonyl) imide (EMIM-TFSI), which was first degassed for 12 hours

under vacuum at 80 ◦C to remove any dissolved water. A small amount, ≈ 100μL, was

then pipetted onto the films such that the liquid covered the entirety of the channel and

the gate electrode. Finally the samples and liquid were annealed for a further 12 hours
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under vacuum at 70 ◦C in the Janis probe station vacuum chamber in order to remove

any water that had been absorbed by the liquid during pipetting. All further electrical

measurements were then conducted in the Janis vacuum chamber in the presence of

the ionic liquid (the “wet” state) under vacuum.

Three-probe transistor measurements were performed on the wet state devices using

the Janis probe station under high vacuum (~10−5 mbar) using a step size of 20 mV,

a delay time of 25 ms, and a scan rate of 36 mV/s. The gate voltage was cycled from

0 to +2.5 V to −2.5 to 0 V. The source-drain voltage was fixed at 1 V throughout all

gating measurements. These parameters were defined via LabView software, and were

kept consistent throughout all measurements.

The transconductance gm was calculated from the linear portion of the ON sweep for

electrons, i.e. where the gate-source voltage is increasing, and from the linear portion of

the OFF sweep for holes, i.e. where the gate-source voltage is decreasing. This was done

in order to account for any hysteresis in the transfer curve, in particular attempting to

avoid any contributions from any water remaining in the ionic liquid. This value was

used to calculate the figure of merit CVμ for the device. The average value from several

different devices was then taken as the representative value for that particular set.

4.4.2 Electron Microscopy

The resolution of any microscope has a fundamental wavelength-dependent limit de-

fined by

d = λ
2n sin(θ)

(4.6)

where n is a positive integer, λ is the light wavelength and θ is the angle of incidence of

the light. In practise this means that d ≈ 0.5λ. For optical microscopy this results in

a maximum resolution on the order of hundreds of nanometers. This is insufficient to

image nanomaterials on the order of tens of nanometers, meaning that an alternative

is necessary.

Electron microscopy is an ideal substitute for optical microscopy in this regard. By

using high energy electrons in place of light the resolution can be increased significantly.
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This can be seen by calculating the electrons’ de Broglie wavelength

λ = h
mv

(4.7)

in terms of the electron energy, which is better expressed in terms of the accelerating

voltage V
1
2
mv2 = eV (4.8)

giving a final equation for the resolution of

λ = h√
2meV

(4.9)

This shows that the resolution can be improved by increasing the accelerating voltage,

and this can theoretically lead to sub-Ångström resolution.291 In practise however,

this resolution will never be obtained due to unavoidable abberations within the TEM

system. An example of this is chromatic abberation, which arises out of the microscope’s

electron source producing a narrow range of electron wavelengths rather than only one

single wavelength. Since electrons of different wavelengths will be affected differently by

the magnetic lenses within the microscope, this results in the formation of fringes along

the edges of imaged structures. This, along with other sources of error like imperfections

in the magnetic focusing lenses make obtaining this theoretical resolution extremely

difficult, and in real systems 2Å resolution is likely the best that electron microscopy can

achieve.292 These electrons can, depending on the wavelength, penetrate nanomaterial

samples partially or completely. They can then interact with the material in a variety

of ways, as seen in Figure 4.4. Two imaging techniques were developed to obtain and

analyse the information carried by these outgoing electrons, with the technique used

being chosen based on whether or not the electrons are capable of penetrating through

the entire sample.
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Figure 4.4: The processes involved when an electron beam interacts with a sample. Adapted from

Ref.293

Transmission Electron Mircoscopy (TEM)

TEM imaging in this work has been carried out using a Jeol 2100 TEM operating

at 200 kV. This tool uses thermionic emission from a LaB6 crystal as the electron

source and has a maximum high contrast resolution of 0.31 nm. The resulting high

energy electrons can image the nanosheets with magnifications ranging from 100× to

1.2 × 105×, since the thinness of the sheets makes them electron transparent and the

sub-nanometer wavelength of the electrons allows them to easily image the sheets.

As the electron beam hits and passes through the surface layers of the sample, there

are a variety of electron-sample interactions that result in the emission of electrons,

some of which can be seen in Figure 4.4. As the high energy electrons pass through

the sample, some will interact with the constituent atoms of the sample elastically and

inelastically, and be scattered away from the main beam. The degree of scattering is

dependent on the atomic number of the material being analysed, as well as areas of

increased thickness and grain boundaries.

A TEM can analyse materials in bright field or dark field mode, depending on what
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Figure 4.5: Cross-section of a TEM and the processes that take place when the electron beam interacts

with the sample in bright field (left) and dark-field (right). Image from Ref294 reproduced under CC BY-

SA 4.0.

information is needed from the sample. In bright field imaging, electrons scattered via

interactions with the sample are then filtered out via the objective aperture of the TEM,

meaning that areas which deflect more electrons will appear darker in the resulting

image. Conversely, in dark field mode these scattered electrons are included in the

final image, producing a diffraction pattern dependent on the crystal structure of the

sample. Schematics for the conventional imaging and diffraction modes of a TEM setup

are shown in Figure 4.5, however for the purposes of this thesis only the bright-field

imaging mode was used. Performing TEM on liquid phase exfoliated samples provides

visual clarification that the dispersion consists of properly exfoliated nanosheets, as

well as verifying that there are no unwanted non-nanosheet particles in the dispersion.
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Preparing a sample for TEM analysis from a liquid phase exfoliated nanosheet ink

first requires the ink to be diluted to the point that the dispersion is semi-transparent

to the eye. This minimises the amount of material in a given droplet of the dispersion,

enabling much more precise control over the quantity of material that is then deposited

for imaging. A few drops are then pipetted onto ultrathin lacey carbon TEM grids

provided by Ted Pella, Inc. placed on top of filter paper, such that any excess solvent

is wicked away by the paper. The grids are then dried overnight in a vacuum oven in

order to ensure that all solvent is removed. For the purposes of this work, all TEM

grids were prepared using isopropanol and heated overnight at 80 ◦C to dry.

TEM imaging is also used to obtain a statistical analysis of the nanosheet lengths

in a dispersion. This is done by taking multiple bright field images at several different

points along the copper grid such that multiple nanosheets can be clearly seen on each

grid. It is key that these images include all types of nanosheet present on the grid so as

not to bias the resulting statistics in any way. Each individual sheet in each image is

then analysed via ImageJ software in order to find the nanosheet length, which is taken

to be the longest lateral dimension of the nanosheet. For an accurate measurement of

the mean nanosheet length <L>, a large number (>150) of nanosheets should be

analysed.

Scanning Electron Mircoscopy (SEM)

A Carl Zeiss Ultra Plus SEM with LaB6 source was used throughout this thesis. This

tool was operated with an accelerating voltage between 2 and 5 kV and focused onto

the sample using magnetic condenser lenses. The spot size is typically on the order of

a few nanometers, although this can be adjusted based on several factors, such as the

accelerating voltage and the working distance.

For the purposes of imaging the sample surface, the most important of these are

secondary electrons. They arise out of inelastic collisions between incoming electrons

and the sample, in which valence electrons within the material are ionised. These

electrons tend to have low energy, ≈ 50 eV,295 meaning that only those emitted from

atoms within ~20 nm of the film surface will have enough energy to escape and be
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collected by the detector. As such they will provide ample information about the surface

of the film, but other techniques will be necessary to image the interior. However,

it also means that the secondary electrons carry detailed information on the sample

topography, especially in relation to nanosheet edges, making them ideal for taking

images of printed nanosheet films.
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It is well known that a vital ingredient of success

is not knowing that what you’re attempting can’t

be done.

Terry Pratchett 5
WS2-Graphene Composite Transistors

The increasing popularity of liquid phase nanomaterial dispersions has

led to a similar increase in the number of studies looking into composites consisting of

a mix of different nanomaterials, since two dispersions in the same solvent can easily

be combined into a composite ink. Combined with the ease with which nanomaterial

inks can be printed, this makes liquid phase exfoliation an ideal method for fabricat-

ing nano:nano composites without the need for any complex processing steps or time

consuming techniques such as ALD.296 It is important for clarity’s sake to distinguish

these nano:nano composites from the broader umbrella term of nanocomposites, which

refers to any multiphase material in which one of the phases is a nanomaterial, i.e. has

one or more dimensions being less than 100nm. The key distinction for nano:nano com-

posites is that both of the component materials are nanomaterials, although the precise

nature of these nanometerials is not set in stone and can range from 0D structures like

buckyballs or nanoflowers to 2D nanosheets.296,297,298

Nano:nano composites are extremely versatile by nature, both in their potential

composition and their applications. The dimensionality of the component nanomateri-

als is one factor that significantly influences the properties of the final composite, with

a mix of different dimensionalities of nanomaterial (e.g. 1D:2D)298 giving different prop-

erties compared to a mix of two nanomaterials of the same dimensionality (eg 2D:2D

composites).213 For example, it has been shown that the addition of carbon nanotubes
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to a MoS2 nanosheet network results in a significant increase in the overall conductivity

even for very low ( 0.16 vol %) volume fractions of nanotubes.298 Alternatively, one

component of the composite can counter a drawback of the second component, such

as when Ma et al. added MoS2 nanosheets to cadmium sulfide nanoparticles.297 The

MoS2 stabilises the CdS against photocorrosion, drastically increasing the efficiency of

the resulting photocatalyst.

Many other similar studies exist showing the versatility of these nano:nano com-

posites and the applications they are used in, ranging from strain sensors57 and energy

storage devices299,300,301 to catalysts302 and tribological systems.303

With printed nanosheet network electrochemical transistors being successfully demon-

strated by Kelly et al. in 20175, the next step was to explore ways in which the per-

formance of these devices could be improved. The transistors were heavily limited by

the resistance associated with the inter-sheet junctions, with the overall film mobility

being between two or three orders of magnitude lower than the mobility of a single

nanosheet. The junction resistance is known to be the main factor limiting the per-

formance of such films,213,5 and this is known to be affected quite strongly by the

morphology of the film.99 Another potential solution to this problem, as suggested by

Pathipati et al.,304 is to add graphene to the mix. The graphene sheets would have

significantly higher conductivity and carrier density compared to the semiconducting

channel, and if added in small enough quantities might be able to improve the prop-

erties of the device by acting as small conducting islands within the semiconducting

network, while still preserving the desirable switching behaviour of the semiconductor.

In this chapter we aim to investigate the properties of a porous nanosheet network

(PNN) transistor as the composition of the channel is altered, moving from a purely

semiconducting channel to a purely semimetallic one. In particular, we aim to investi-

gate the network characteristics of the composite channel such as the carrier density

and mobility, since prior to this, the knowledge of the properties of these nano:nano

composites were limited to only basic investigations of the network conductivity.
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5.1 Experimental Method

WS2 powder purchased from Sigma Aldrich [CAS: 12138-09-9 ref: 243639] and graphite

flakes purchased from Asbury Carbon [grade 3763] were exfoliated using a horn tip in

HPLC N-methyl pyrrolidinone (NMP) purchased from Sigma Aldrich. 3.2 g of each

material was immersed in 80 mL of NMP for an initial 40 mg/ml concentration. They

were sonicated for one hour using a Sonics Vibra-cell VCX-750 ultrasonic processor

at 60% amplitude, with a pulser set to 6 s on, 2 s off. The WS2 dispersion was then

centrifuged at 3218g in a Hettich Mikro 220R centrifuge following this initial step.

The resulting sediment was collected and the supernatant discarded to remove any

impurities dissolved in the solvent. The sediment was then redispersed in 80 mL of

fresh NMP and exfoliated for 5 hours and 6 hours in the case of WS2 and graphene

respectively. The exfoliation conditions were the same throughout, and the dispersions

were cooled using an ice bath during the exfoliation process.

Due to the inherently polydisperse nature of LPE dispersions, it was necessary to

centrifuge the two dispersions to focus only on a particular range of nanosheet sizes.

This was achieved using a two-step centrifugation process, in which the dispersions

were centrifuged in two hour steps, first one at lower rpm and then one at higher rpm.

Following the lower rpm step (26.5g for WS2, 662.5g for graphene), any unexfoliated

material was trapped in the sediment and discarded while the supernatant was collected.

They were then centrifuged at 106g and 3816g for WS2 and graphene respectively. Given

the high boiling point and known toxicity of NMP, it was necessary to transfer the

dispersions into a suitable solvent for printing. A solvent exchange method171 was used

to redisperse the sediment from the higher rpm centrifuge step in isopropanol (IPA).

This involved centrifuging the initial dispersion at a high rpm for two hours, so that

all of the dispersed material was sedimented out of dispersion. In order to ensure that

as much material as possible was collected, the rpm used for the solvent exchange was

at at least twice that of the collection step in the liquid cascade centrifugation step.

Once the material had sedimented, it was then redispersed in the desired replacement

solvent, in this case IPA. These steps were then repeated in order to remove any trace
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amounts of the initial solvent present in the dispersion.

UV-Vis spectroscopy was used to obtain concentration measurements, and the dis-

persions were then diluted such that the final concentrations of the WS2 and graphene

inks were approximately 1.5 mg/ml an 1 mg/ml respectively.

The inks were then mixed in specific amounts such that the mass fraction of

graphene varied from 0 (pure WS2) to 1 (pure graphene), and such that the total

volume of the composite ink was between 25 and 30 mL. The composite inks were then

deposited using an aerosol sprayer as described in Chapter 4. Finally, cyclic voltam-

metry measurements were carried out on four films ranging from 0wt% graphene to

100wt% graphene.

5.2 Results & Discussion

5.2.1 Inks and Deposition

Figure 5.1: (A) Uv-Vis spectra of the graphene (blue) and WS2 (black) inks used in this work. Inset:

the two inks used. (B) Histogram for the nanosheet lengths in the graphene ink, obtained via TEM. In-

set: TEM image of a graphene flake. (C) Histogram for the nanosheet lengths in the WS2 ink, obtained

via TEM. Inset: TEM image of a WS2 flake. For both (B) and (C), the histograms represent a count of

100 nanosheets.

UV-Vis spectroscopy is a helpful way to both confirm the presence of the desired

nanomaterials and provide information on the entire ensemble of nanosheets. The

graphene spectrum (Figure 5.1(A), blue) shows the characteristic absorption peak at

~280nm corresponding to the Van Hove singularity, with the spectrum plateauing for

longer wavelengths. The UV-Vis data also allows the mean thickness of the dispersed
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graphene flakes to be estimated following the metric composed by Backes et al.91

< N >= 35.7 × ε550
ε325

− 14.8 (5.1)

Where ε325 and ε550 are the values of the extinction at 325nm and 550nm respectively.

Using the values obtained from Figure 5.1(A) of ε325 = 0.8579 and ε550 = 0.6358, this

gives a final value for <N> of ~12 layers thick. The WS2 spectrum (Figure 5.1(A),

black) similarly shows the expected characteristic peak at ~630nm, corresponding to

the A-exciton, with less pronounced peaks at shorter wavelengths corresponding to

higher order excitons.305 Similar to the graphene peak above, the A-exciton can be

used to gather information about the nanosheet ensemble using this metric152

< N >= 6.35 × 10−32 e
λA
8.51 (5.2)

Here, λA represents the wavelength associated with the A-exciton. In a WS2 nanosheet

and other TMDs, the position of the A-exciton is known to depend on the thickness of

the sheet in question.152,144,282 Since the position of the A-exciton always corresponds

to a local minimum in the second derivative of the extinction spectrum, it is easy to

determine the associated wavelength, which in this case was 630nm. This gives a mean

thickness value of 9 layers. Since the thickness dependent bandgap of WS2 is only a

factor for N ≤ 6,47,54 therefore we can reasonably assume that these nanosheets, or

the vast majority thereof, are of a uniform bandgap. This removes the possibility of

inhomogeneities in the WS2 bandgap. Adjacent nanosheets having different bandgaps

means that an electron travelling from one to the other will need to overcome a potential

barrier in order to do so, as well as the van der Waals gap associated with any nanosheet-

nanosheet junction. This will manifest as an increase in the resistance associated with

the junction, which will adversely affect the overall network performance. While it is

not possible to definitively state that there are no nanosheets of <N> < 6 present in

the networks due to the inherent polydisperse nature of LPE dispersions, we assume

that any such nanosheets are in minute enough quantities that they will not be able

to adversely impact the performance of the overall network.
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Figure 5.2: (A) A schematic of an electrolytically-gated transistor, showing the ions within the ionic

liquid. The zoomed in area represents a close-up of the electrical double layer that forms during gating.

(B) An image of a single transistor after the addition of the ionic liquid. The source, drain, and gate

electrodes are labelled. (C) An SEM image of the same device, looking at the area where the gold was

deposited on top of the nanosheet network.

In order to obtain values for the mean nanosheet length (<L>) of the two disper-

sions, statistical TEM analysis was performed on both dispersions. The length was

defined as the longest lateral dimension of the nanosheets. The results of this analysis

can be seen in Figures 5.1(B) and (C), providing values of <L> of 470 nm and 680 nm

for WS2 and graphene respectively after >100 measurements. Individual flakes can be

seen in the insets in Figures 5.1(B) and (C), confirming that the dispersions consist of

properly exfoliated 2D nanosheets.

Since both inks are dispersed in the same solvent (isopropanol), this allows them to

be very easily mixed into 2D:2D composite inks with tightly controlled mass fractions

of graphene (Mf)

Mf = MGr

MGr + MWS2
(5.3)

ranging from pure WS2 inks (Mf = 0) to pure graphene inks (Mf = 1). These inks were
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Figure 5.3: (A) Raman spectrum of a composite film with Mf = 0.5. The graphene signal has been mul-

tiplied by 2.5. (B) Plot of the ratio of the intensities of WS2 E2g to graphene G peaks against (Mf
−1 1),

where Mf is the graphene mass fraction.

then used to make sets of electrochemical transistor devices, a schematic of which can

be seen in Figure 5.2(A), with a picture of the same device seen in Figure 5.2(B). The

ionic liquid can be seen covering the channel and gate electrode in Figure 5.2(B). Figure

5.2(C) shows an SEM image of the nanosheet film at the electrode:channel interface,

with the gold visible on top of the nanosheet network. It can be seen that the gold

conforms to the surface of the network, ensuring good contact and working to lower

the contact resistance associated with the electrode:channel interface. The SEM also

gives an indication of the film morphology, with the nanosheets being randomly aligned

within the network. The random alignment of the rigid sheets is what gives rise to the

large internal free volume that is expected of porous nanosheet networks.298,5

Figure 5.2(A) shows the principle of operation of these electrolytically gated devices.

When the gate electrode is biased against the source, ions are drawn from within the

ionic liquid to the electrode:liquid interface. The oppositely charged ions within the

liquid are then driven into to the channel, in turn drawing more charge carriers from

the source and drain electrodes to balance out the charge of the electrolyte ions. As the

voltage at the gate electrode is increased, the concentration of ions at the channel:liquid

interface increases, thus increasing the carrier concentration within the channel. This

in turn increases the channel conductivity.
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Figure 5.4: Raman maps carried out on the Mf = 0.5 sample, each one representing a 40 µm x 40 µm

area. (A) Intensity of the WS2 E2g peak, (B) Intensity of the G peak.

As a final confirmation of the device channel composition, Raman spectroscopy was

used to analyse the quality of the materials within the film, as well as providing infor-

mation on the spatial distribution of the graphene and WS2 nanosheets. A combined

spectrum for the Mf = 0.5 ink can be seen in Figure 5.3(A), although in this graph

the intensities have been adjusted so that the magnitudes of the WS2 and graphene

peaks are visually similar. This was done by multiplying the magnitude of the graphene

spectrum by a factor of 2.5. The relative intensities within the graphene sub-spectrum

remained the same. The low-frequency E2g and A1g modes correspond to WS2, and the

higher frequency D, G, and 2D modes correspond to graphene.306,116 The relative inten-

sities of the WS2 and graphene peaks also provides information on the mass fraction

of graphene, provided the film roughness and uniformity are relatively unchanged with

increasing Mf, and that the total amount of material being analysed is constant. Since

the film thicknesses lie all lie in the region of 500 nm to 1 μm, and Raman spectroscopy

is fundamentally a surface investigation technique, this latter condition can be assumed.

This is because the relative intensity of the signal coming from one material within a

nano:nano composite scales linearly with the relative amount of said material under

illumination, and can therefore be expressed in terms of the mass fraction of graphene

Mf
307,298

IE2g
IG

∝ MWS2

MGr
= 1

Mf
− 1 (5.4)

where IE2g and IG are the intensities of the WS2 E2g and graphene G modes respectively.
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Figure 5.5: IDS against VDS graphs for different values of ϕ, for both (A) the dry state and (B) the wet

state. Inset: Legend.

As seen in Figure 5.3(B) the expected linear scaling is present, showing that the film

morphology is roughly similar over the range of Mf since the starting assumption

in this analysis was that the film roughness and uniformity are unchanging with in-

creasing Mf. However, as can be seen in the various Raman maps in Figure 5.4, the

distribution of each of the composite materials is not uniform. Areas with higher E2g

signal correspond to areas with lower G signal (Figure 5.4(A)) and vice versa (Figure

5.4(B)). This kind of clumping is not uncommon in nanocomposites, but the degree of

inhomogeneity seen here is not severe. It should also be noted that as a consequence

of this inhomogeneity, it was necessary that the datapoints in Figure 5.3(B) be taken

from the average of several Raman spectra, corresponding to a 20 µm × 20 µm area.

This reduced the error arising from the graphene clumping.

5.2.2 Electrical Characterisation

While it is easier to look at the composite formation process in terms of the mass

fraction of graphene, it is better to analyse the properties of the composite itself in terms

of the volume fraction of graphene, since this will also take into account the film porosity

P. By considering the component densities ρGr = 2200 kg/m3 and WS2 = 7500 kg/m3

the volume fraction can be derived from Equation 5.3. To begin with, the volume
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fraction is defined as

φ = VGr

VGr + VWS2
(1 − P) = 1 − P

1 + VWS2
VGr

(5.5)

By expressing the volumes in terms of the mass and density of the respective materials,

this becomes

φ = 1 − P

1 + MWS2/ρWS2
MGr/ρGr

(5.6)

By rewriting MWS2/MGr as (MWS2 +MGr −MGr)/MGr, Equation 5.3 can be substituted

into this equation to obtain

φ = 1 − P

1 + ρGr
ρWS2

(
1
Mf

− 1
) (5.7)

In this work we have taken the value of P to be 0.5, since previous works have

estimated the porosity of nanosheet networks to be between 0.4 and 0.6, depending on

the material used.5,2 Since the graphene and WS2 nanosheets are of a similar length

and aspect ratio, it is assumed that the porosity P is constant with respect to volume

fraction since the film morphology will be determined primarily by those factors.

Conductivity measurements were performed on the printed devices both before

(“dry”) and after (“wet”) the addition of the ionic liquid EMIm-TFSI. The output

graphs (drain-source current IDS against drain-source voltage VDS) for both the dry

and wet states are shown in Figures 5.5(A) and Figures 5.5(B) respectively. In the dry

state, the conductance shows the expected increase as φ increases, with the spread in

conductances ranging from ~10−8 S for a pure WS2 device to ~10−2 S for a pure graphene

device. When comparing these curves to those exhibited by the same devices after

adding the ionic liquid, the expected trend of increasing conductance with increasing

graphene content is still present. It should be noted that the range of conductances

over the volume fraction range has decreased, with the low-φ devices showing a larger

increase from dry to wet than the high- φ devices.

A similar trend can be observed in the device transfer curves (drain-source current

IDS against gate-source voltage VGS) in Figure 5.6 as the graphene volume fraction
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Figure 5.6: Transfer curves for (A) a pure WS2 device, (B) a device where ϕ= 0.085, and (C) a pure

graphene device.

increases. For the WS2 device (Figure 5.6 (A)), the transfer curve shows a high on:off

current ratio of approximately 2 × 104, with relatively low on and off currents of ~1

mA and ~0.1 μA respectively. As the graphene content increases, the composite curve

seen in Figure 5.6(B) shows the same on current and a slight increase in the off current,

leading to a minor decrease in the on:off ratio to 6 × 103. The graphene-only device

(Figure 5.6(C)) shows very different behaviour from the previous transfer curves. The

off current has increased to ~56 mA while the on current is roughly 70 mA, with a

resulting on:off current of only ~1.25. It is clear that the effect of the gate voltage

is massively reduced as the graphene content increases. This fits with the expected

transistor behaviour, with the devices transitioning from semiconductor behaviour at

low φ to conductive behaviour at high values of φ. In the case of WS2 the carrier density

of the dry channel is much lower than that of the graphene channel, and therefore the

gating effect is expected to induce a much larger change in carrier density in the WS2

devices.

All three representative transfer curves shown in Figure 5.6 also show significant

hysteresis. This is an issue with electrolytically-gated devices that has been recorded in

the literature,237 and which has been attributed previously to charge trapping by water

molecules near the channel, albeit in more traditional back-gated devices.244 This can

be taken as a sign that the ionic liquid is not fully dry, however the degree of hysteresis

is not severe, and is in fact an improvement compared to previous nanosheet network

transistors.5
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Figure 5.7: (A) Dry conductivity values as a function of volume fraction of graphene. (B) Wet con-

ductivity values as a function of volume fraction of graphene. Inset: the ratio of wet to dry conductivity

values against volume fraction.

Note that when taking transconductance measurements, all values were taken from

the p-type side of the transfer curves (the side where VG < 0), and therefore all mo-

bilities and carrier densities reported are for holes. It should be noted that all three

transfer curves shown do display some n-type behaviour, most prominently shown in

Figure 5.6(B) where the device behaviour is fully ambipolar, with equivalent device

behaviour for both n- and p-type carriers. Despite this, the majority of transfer curves

analysed displayed significantly higher p-type currents than n-type currents, and thus

n-type behaviour was not considered during the calculations in the rest of this chapter.

5.2.3 Percolation Behaviour

This effect can be explored in more detail by looking at the network conductivity change

as the graphene content increases in Figure 5.7(A). As the volume fraction increases,

the conductivity initially only slightly increases with graphene content until it hits

a critical value at around φ = 0.08. Following this point, the conductivity increases

sharply until it begins to level off again at φ ≈ 0.11, after which it continues to increase

until the maximum value at φ ≈ 0.3. This matches what is predicted by percolation

theory,307 which predicts that this massive and rapid increase in conductivity occurs
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after a critical value, with the trend being described using the following equation

σ = σ0
(
φ − φc

)n
(5.8)

where σ0 is a constant related to the graphene conductivity, φc is the percolation thresh-

old, and n is the percolation exponent. This equation describes the electrical behaviour

of a composite consisting of one insulting component and one conductive component

as the volume fraction of the conductive component increases. Applying this model to

the WS2:graphene composites, the conductivity equation must be modified to account

for the starting conductivity of the WS2

σ = σWS2 + σ0
(
φ − φc

)n
(5.9)

where σWS2 represents the conductivity of the WS2 sub-network which is the insulating

portion of the percolation model.

As small amounts of graphene are added to the WS2 network, the conductivity

increases slightly in the region below the percolation threshold, which is the point at

which there is enough graphene within the composite to form a continuous conducting

pathway from one electrode to the other. This means that the more conductive sub-

network can now carry the bulk of the current as more and more graphene is added,

corresponding to a rapid decrease in the network resistance. After the graphene sub-

network is formed, further additions of graphene still cause an increase in conductivity,

but at a much slower rate since it is already dominating the network properties by this

stage. Although there is some current being carried by the WS2 sub-network at this

point, it is negligible compared to that carried by the graphene.

A similar process can be seen in both the wet conductivity in Figure 5.7(B) and

the ratio between the wet and dry conductivities in Figure 5.7(B, inset). The wet con-

ductivity shows a slight decrease following the addition of graphene, after which the

conductivity increases following the same percolation curve. This initial fall in con-

ductivity may result from experimental error, while the rest of the wet conductivity

datapoints behave as expected. The similar behaviour in the ratio of wet to dry conduc-
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Figure 5.8: (A) The on (blue) and off (red) currents of the transistors against volume fraction of

graphene. (B) The on:off current ratio against the volume fraction.

tivities also shows a clear transition between the pre-percolation networks dominated

by WS2 and the post-percolation networks dominated by graphene. For the WS2 net-

works with their relatively low nanosheet carrier density, the presence of the ionic liquid

causes doping, likely due to an imbalance of cations and anions at the nanosheet:liquid

interfaces. This had previously been observed in other porous nanosheet network de-

vices.5

Percolation theory can also be used to analyse the trend in the on and off currents,

since the currents would both be expected to follow the same trend as the conductivities.

Hence, the two trends seen in Figure 5.8 can be modelled using variations of Equation

5.9

Ion = Ion,WS2 + Ion,Gr2n
(
φ − φc

)n
(5.10)

for the on currents, and

Ioff = Ioff,WS2 + Ioff,Gr2n
(
φ − φc

)n
(5.11)

for the off currents. Here Ion and Ioff refer to the device on and off currents respectively,

which are taken to be the maximum and minimum current values in the transfer curve

respectively. The factor 2n is added to account for the film porosity and ensure that

the max graphene current occurs at φ = 0.5. Fitting these parameters to the on and off
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current trends gives the following values: Ion,WS2 = 1.3 mA, Ion,Gr = 130 mA, φc = 0.08,

n = 2.6 for the on currents, and Ioff,WS2 = 0.1 μA, Ioff,Gr = 76 mA, φc = 0.08, n = 2.5 for

the off currents.

Since the magnitudes of the values obtained for Ioff,WS2 and Ioff,Gr match what would

be expected for a WS2 and a graphene film respectively, and the magnitudes of Ion,WS2

and Ion,Gr are similar to those obtained in the transfer curves, this shows that the on

and off currents can also be predicted using percolation theory.

It also confirms the initial estimation for the percolation threshold of φc = 0.08.

While at first glance this value seems unusually high, especially when compared to

the percolation thresholds of ~0.01 observed in graphene:polymer composites308 and

1D:2D composites,298 it is similar to the percolation threshold that was observed in

similar 2D:2D composites.213,307 The higher percolation threshold is thus attributed to

the very similar geometries of the conductive and insulating elements of the composite,

since both elements are 2D rather than one being 2D and one being 1D or 0D.

Following on from this, it should also be possible to express the on:off current ratio

in terms of percolation theory by combining Equations 5.10 and 5.11

Ion
Ioff

=
Ion,WS2 + Ion,Gr2n

(
φ − φc

)
Ioff,WS2 + Ioff,Gr2n

(
φ − φc

) (5.12)

Fitting this equation to the on:off current ratio as a function of φ using the values for

the constants obtained during the previous fits and with n fixed as 2.5, it can be seen in

Figure 5.8 that this equation fits the data and shows the same difference in behaviour

between the pre-percolation threshold and post-percolation threshold regimes. This

also gives estimations for the on:off ratios of both pure WS2 and pure graphene devices

as
(
Ion/Ioff

)
WS2

= 1.3× 104 and
(
Ion/Ioff

)
Gr

= 1.7, both of which are consistent with the

observed on:off ratios.

When analysing these printed nanosheet network transistors, it is crucial that a

suitable parameter be found that can represent the overall performance of the device.

Some such parameters that are often seen in the literature are the transconductance

gm, the on:off current ratio, and the product of the volumetric capacitance and network
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Figure 5.9: (A) A plot of the figure of merit CV µ against volume fraction. (B) A plot of CV against

volume fraction for scan rates of 5mV/s and 10 mV/s. (C) Network mobility against volume fraction.

(D) Mobility against on:off ratio.

mobility CVμ.5 Of these three, CVμ is the most useful since it does not depend on any of

the device’s physical dimensions, but instead on the inherent properties of the network.

The figure of merit is calculated from the slope of the transfer curves using a rearranged

form of Equation 3.30

CV μ = gmL
VDS wt

=
(
δIDS

δVGS

)
Max

L
VDS wt

(5.13)

where L, w, and t are the channel length, width, and thickness respectively. This allows

the figure of merit as a function of φ to be plotted in Figure 5.9(A). The figure of merit

shows only a slight increase with increasing graphene volume fraction, but the shape

of the curve seems once again to be consistent with percolation theory, suggesting that

the network mobility can also be divided into two distinct regimes. In order to correctly

confirm this, it is first necessary to decouple the two terms contained within the figure

97



of merit, since it is not necessarily the case that the volumetric capacitance is constant

with respect to volume fraction.

From analysing the cyclic voltammograms for electrochemical devices with four

different values of φ ranging from φ = 0 to φ = 0.5, the value of CV as a function of

φ was found, and can be seen in Figure 5.9(B). This suggests a linear increase in CV

with increasing φ, which was then used to extrapolate CV values for all other volume

fractions. This variation in CV with increasing graphene content is to be expected since

it has been shown that the volumetric capacitance depends on the dielectric constant

(εr,Gr = 6.9309, εr,WS2 = 4.13310) as well as the mean thickness of the nanosheets.235

The network mobility μ can be seen in Figure 5.9(C) plotted against φ, and it can

be seen that it shows two distinct regimes. Starting at 0.11 cm2V−1s−1 for a pure WS2

network, the mobility increases more or less linearly with increasing graphene content

until it reaches a plateau for φ ≥ ~0.2, after which it is more or less constant at

0.35 cm2V−1s−1. This is consistent with the percolation behaviour observed in the other

device parameters, since the increase in mobility starts in earnest at the percolation

threshold of φ = 0.08 and begins to plateau at roughly the same value of φ as the other

parameters.

This confirms that as well as the conductivity, the changes in the switching be-

haviour of the transistors as φ increases are governed by percolation theory. More

specifically, it allows the properties of the composite network to be decoupled into

the properties of the WS2 and graphene sub-networks. Pre-percolation, the WS2 sub-

network dominates the overall behaviour, as seen by the excellent switching behaviour

and high on:off current ratios observed in the devices with φ below the percolation

threshold. After this point the graphene sub-network becomes fully established and

begins to carry current, and it begins to dominate the device behaviour. This leads

to high on and off currents and improved carrier mobility, but the on:off current ratio

falls off rapidly until it is on the order of ~2. While the WS2 sub-network is still con-

tributing to the overall network behaviour even after percolation, as can be seen by the

continuing increases in the on and off currents with increasing φ, its contribution to the

network mobility is effectively zero since the mobility becomes constant for φ > ~0.25.
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The mobility observed for the WS2 devices is broadly in line with previously ob-

served mobilities for WS2-based transistors,5 but the graphene networks exhibit signifi-

cantly lower mobilities than would be expected for an inkjet-printed nanosheet network

device.163,164 One likely explanation for this is the difference in morphology between

the sprayed networks and the inkjet printed networks in Refs.163,164 In an inkjet printed

film, there is control over the positioning and spacing of the droplets, which allows some

degree of control over how the droplets build up into a complete film, unlike the en-

tirely random deposition that comes with a sprayed network. This in turn could lead to

significantly higher junction resistances associated with sprayed films when compared

to inkjet printed films, due to improved alignment between sheets. Edge-edge or edge-

basal plane junctions are expected to have much higher resistances associated with

them than basal plane-basal plane ones. The importance of network morphology can

clearly be seen in the work of Lin et al.,99 where they fabricated highly aligned MoS2

networks which showed high network mobilities on the order of 5 cm2V−1s−1, barely

less than one tenth of the expected mobility of a single flake.5 Likewise the works of

Secor et al.223 and Barwich et al.225 shows the degree to which the porosity (and thus

the morphology) can impact the conductivity of a network.

The increase in mobility observed for these WS2:graphene composites is not signif-

icant, since it changes by only a factor of three when going from pure WS2 to pure

graphene. This is in sharp contrast to the behaviour exhibited by the conductivity,

which increases by a factor of 108. Considering the significant difference in nanosheet

mobilities when comparing WS2 flakes to graphene (~50 cm2V−1s−1 for WS2
5, ~2000

cm2V−1s−1 for multilayer graphene311), this shows that the small change observed in

these networks does not arise from changes induced within the nanosheets themselves.

The network mobility has two main components to it: one from the intrasheet transport

and one from the intersheet transport. By considering the network as a combination

of these contributions in series, the network mobility can be expressed as

μ =
μNS(

1 + μNS
μJ

) (5.14)
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where μJ is the contribution from intersheet transport and μNS is the contribution from

the individual sheets. This is similar to what was derived in Equation 3.15, except the

second term in the denominator of Equation 3.15 has been neglected.

Since the smaller quantity will dominate the overall network mobility, and the

recorded values of μ are significantly lower than the nanosheet mobility values, the

contribution from the indidivual sheets can be neglected and μ ≈ μJ. Hence the ob-

served change in network mobility arises from changes in the resistances at WS2−WS2,

WS2−graphene, and graphene−graphene junctions, which in turn suggests that the

resistance associated with a WS2-WS2 junction is roughly three times higher than that

of a graphene-graphene junction.

The network properties being dominated by the junction resistance is further sup-

ported by the similarly low value of the dry conductivity of the sprayed graphene films

of 300 Sm−1, which is siginifcantly lower than values for printed graphene found in

other works.312,313 Given that the Raman spectrum showed no significant presence of

defects, it is likely that this drop in conductivity is a property of the network rather

than a property of the graphene flakes themselves.

While the addition of graphene to a WS2 electrochemical transistor has successfully

improved the network conductivity and mobility, it is essential to also consider how it

affects the other properties of the device. An ideal transistor would show high carrier

mobility but also high on:off current ratio, meaning it is important to consider the effect

of the graphene on this property as well. A graph of network mobility against on:off

ratio is plotted in Figure 5.9(D), and it can clearly be seen that the two properties

are negatively correlated and that adjusting φ to increase one causes a decrease in the

other. This trend continues even for devices near the percolation threshold, since the

devices with φ ≈ 0.1 still shows a decrease in the on:off ratio from 104 to 103 with a

corresponding mobility increase of ~100%. However this mobility increase is quite small

when taken against the accompanying decrease in the on:off ratio, which would suggest

that the addition of small amounts of graphene to a TMD network is not a feasible

route to improving the device performance.

Despite this unfortunate result, it is still possible to use this to further explore
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the properties of the composite both before and after the addition of the ionic liq-

uid. Although previous works have investigated the change in conductivity in a 2D

nanosheet network with the addition of a conducting element307,213, this is where such

investigations tend to stop. At this point it is useful to note that a previous work213

looking into 2D:2D MoS2:graphene composites theorised that the increase in the net-

work performance was due to both an improvement in the network carrier density and

a simultaneous increase in the network mobility. The carrier density increase arises as

a result of the naturally higher carrier density of graphene compared to WS2, whereas

the network mobility increase arises from the idea that as the carriers move through

the network, they will move faster through the graphene sheets and thus the overall

drift velocity increases and thus mobility will increase. Both quantities should also see

an increase below the percolation threshold, although such an increase would naturally

be significantly smaller than above the threshold.

To that end, the carrier density can be extracted from the existing mobility and

conductivity data, since it is known that

σ = nheμh + neeμe (5.15)

where σ is the conductivity, e is the charge of an electron, ne and nh are the carrier

densities for electrons and holes respectively, and μe and μh are the electron and hole

mobilities. Since the device behaviour suggests that the composites are dominated by

p-type behaviour, we approximate that the conductivity term due to holes can be

neglected such that σ = nheμh. In order to properly compare the mobility with the dry

conductivity however, it is necessary to assume that the overall network mobility is

unaffected by the addition of the ionic liquid. This is supported by the work of Uesugi

et al.,240 who suggest that adding ionic liquid to a graphene nanosheet primarily affects

the sheet via doping and a corresponding increase in the carrier density. Furthermore,

the contribution to the network behaviour from the junction resistance is almost certain

to dominate any changes to the network mobility arising from improving the mobility

of individual nanosheets, as detailed above. Hence, the network mobilities shown in
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Figure 5.10: (A) A plot of the areal carrier density as derived from the dry conductivity data against

volume fraction. (B) A log-log plot of areal carrier density against volume fraction. The blue lines repre-

sent fits to percolation theory.

Figure 5.9, measured in the wet state, can be assumed to be representative of the

network in the dry state.

A plot of the dry areal carrier density against volume fraction can be seen in Figure

5.10(A), with the same data on a log scale in Figure 5.10(B). The data has been fitted

to a curve (blue line) predicted by percolation theory

p = p0
(
φ − φc

)n
(5.16)

where p is the hole density and p0, φ, and φc are analogous to the parameters used in

Equation 5.9. Note that the carrier density values have been adjusted to account for the

network porosity and the nanosheet thickness. This was done in order to consider the

carrier density in relation to the internal surface area of the network by multiplying the

volumetric carrier density by a factor t/(1 − P). It can be seen that the carrier density

follows percolation theory, with the fitting constants coming out as p0 = 2.3 ×1015 cm−2,

φc = 0.09, and n = 2.46. Both the φc and n values are similar to the values obtained

previously, suggesting that the carrier density and conductivity are being affected by

the addition of graphene in the same way and via the same processes. In addition,

it is worth noting that the value of p0 is very similar to the carrier density values for
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Figure 5.11: (A) The threshold voltages for n- and p-type carriers plotted against ϕ. (B) The difference

in the n- and p-type carriers plotted against ϕon a log-log plot. The dotted line represents a fit to ϕ−1.

graphene reported in the literature.314,315 This raises the possibility that the percolation

scaling of the carrier density is more significant than that of the conductivity, since the

constant σ0 is wholly unrepresentative of the final network, being a factor of 30 larger

than the conductivity of the graphene network due to the impact of nanosheet junctions.

This suggests that the constant p0 represents a fundamental property of the individual

nanosheets rather than the overall network, which could be an interesting avenue of

research in the future.

5.2.4 Threshold Voltages

Looking back at the nanocomposite transfer curves, it is possible to probe further the

changing properties of the nanosheet network with increasing volume fraction by investi-

gating the threshold voltage, which is tied in to the operating voltages of the transistors.

For electrolytically-gated transistors, it is expected that these voltages would be lower

than an equivalent dielectric-gated device, due to the higher capacitance that comes

with the ionic liquid.239 These values are calculated from the device transfer curves by

taking the line obtained from Equation 3.30 (used to calculate the mobility) until it
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Figure 5.12: (A) The normalised response of a subset of devices in response to a step potential of VG =

−2.5 V. (B) The two time constants obtained from a bi-exponential fit of the curves in (C).

reaches the x-axis, resulting in the values shown in Figure 5.11(A). Both the n- and

p-type threshold voltages decrease rapidly with increasing φ. The difference between

these two threshold voltages, ΔVth, is plotted against φ in Figure 5.11(B). It also ex-

hibits a clear inverse correlation with φ, with the dashed line representing the equation

ΔVth ∝ φ−1. The difference in the threshold voltages in an electrolytically-gated device

has been linked to the bandgap of the semiconducting channel,316,317 although the val-

ues of ΔVth obtained here for φ = 0 are considerably higher than the bandgap of WS2

(3 eV against ~2 eV for the direct bandgap of WS2
318). While it is possible that some

of this discrepancy can be explained by an excitonic binding energy of ~0.5 eV319,320,

it is more likely that this discrepancy is a result of significant errors in the threshold

voltage measurements due to the hysteresis that comes with electrochemical transis-

tors.237 Despite this however, the fact that ΔVth scales with φ−1 does suggest that it

can be interpreted as an effective bandgap that approaches zero for a pure-graphene

device, which would fit with previous observations.321
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5.2.5 Temporal Analysis

The final analysis of the nanocomposite transistors involved measuring their response to

an input signal to model their temporal characteristics. A step function of VG = −2.5 V

was applied for a small subset of volume fractions, with the subsequent current profiles

adjusted to account for the different network conductivities, which are plotted in Figure

5.12(A). The response is quite slow for a pure WS2 network, becoming faster the more

graphene is added to the network. This slow response results from the non-negligible

time taken for both the ions within the ionic liquid and the charge carriers within the

channel to respond to the gate voltage. As the graphene content increases and the

network conductivity rises, the time taken for the current to rise to its maximum value

decreases. By fitting the current graphs to a bi-exponential curve, two lifetimes (τ1

and τ2) can be extracted. These lifetimes are shown in Figure 5.12(B). Both lifetimes

exhibit a similar dependence on the graphene volume fraction above the percolation

threshold, suggesting that the network conductivity determines the change in lifetimes.

They correspond to the two processes involved in the formation of the electric double

layer at the channel:liquid interface, one tightly packed inner layer of ions and one more

diffuse outer layer.242 The long range outer interaction, represented by τ1, is relatively

weak as the surface charge is strongly screened by the compact layer of ions at the

nanosheet surface resulting in a delayed interaction with the diffuse layer.

5.3 Conclusion

This chapter demonstrates the evolution of electrolytically-gated nanosheet network

transistor properties as they moved from a pure semiconductor channel to a pure

semi-metal channel by the addition of increasing amounts of graphene to the chan-

nel. Following percolation theory, the conductivity, mobility, and carrier density were

all found to increase as more graphene was added, with a percolation threshold of

0.08 volume fraction. In addition, the volume fraction dependence of the on- and off-

currents are also described well by percolation theory. The on:off current ratio showed

a significant decrease with increasing graphene content, suggesting that the switching
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behaviour shown by these electrochemical transistors is almost entirely due to the WS2

sub-network.

Unfortunately it also showed that this was not a practical pathway to improving the

performance of such devices, since any improvement in the conductivity and mobility

is inversely correlated with the on:off current ratio. This was due to the overwhelming

impact of the nanosheet-nanosheet junction resistance dominating the properties of

the channel, and although some enhancement of the carrier mobility was observed

it was not enough to suggest that adding graphene to a semiconducting nanosheet

network is a feasible path to optimisation. This suggests that the way forward is to

lower the junction resistance, whether this is by controlling the film morphology or by

chemically modifying the nanosheet edges to improve sheet-to-sheet contact. Finding

a way to overcome this obstacle is likely going to be the key to bringing nanosheet

network transistors up to the same level as modern organic devices.
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Wisdom comes from experience. Experience is of-

ten a result of lack of wisdom.

Terry Pratchett 6
Tuning of Transistor Properties via Changes in

Gate Volume

Now that electrolytically gated nanosheet network transistors have

been demonstrated, it becomes necessary to properly investigate the fabrication

methods to make sure that the optimum conditions for making these devices are in

place. While ionic liquid based devices have been successfully made, it is not yet clear

whether these devices are being fabricated in such a way as to maximise their potential.

In particular, there are some characteristics of electrolytically gated nanosheet network

devices that require further investigation in order to make sure that they are not

adversely affecting the transistor performance.

The high capacitances associated with the use of electrolytically gated transistors

serves as a way of obtaining high transconductance values and on-currents, both of

which are important for device performance. These properties arise out of the high

capacitances associated with the ionic liquid, with both the gate electrode:liquid and

channel:liquid interfaces showing similarly large capacitances. This is a key difference

to note, since the equations used to model the transistor behaviour refer only to the

capacitance at the channel:electrolyte interface, relying on the assumption that the

effect of the gate:electrolyte capacitance is negligible.

It is important therefore to determine exactly what the conditions are where this

107



assumption can be said to hold up and to investigate what happens to the nanosheet

network properties in the case where this is no longer true. In particular, this will have

implications relating to the fabrication of future nanosheet network-based transistors

and the conditions that must be met for these devices to operate at their full potential.

6.1 Experimental Method

Tungsten diselenide (Alfa Aesar, CAS: 12067-46-8) inks were produced via liquid phase

exfoliation. The powders were dispersed in 80 mL of NMP at an initial concentration

of 40 mg/mL and exfoliated for one hour using a Sonics Vibra-cell VCX-750 ultrasonic

processor at 60% amplitude, with a pulser set to 6s on, 2s off. The resulting dipsersion

was then centrifuged in a Hettich Mikro 220R centrifuge at 3218g for one hour, with

the supernatant from this step being discarded. The sediment was then redispersed in

80 mL of fresh NMP and exfoliated for 5 hours using the same settings. Graphene inks

were also prepared via liquid phase exfoliation using the same method and parameters

as above except that the centrifugation step was done at 1303g, and the final exfoliation

step took 6 hours.

Following exfoliation, the inks were size-selected using liquid cascade centrifugation.

The first centrifugation step was performed for two hours at 26.6g and 665g for WSe2

and graphene respectively, with the resulting sediment being discarded. The second

centrifugation step was performed for two hours at 106.4g and 3830g for WSe2 and

graphene respectively, with the supernatant discarded. The sediment trapped between

these two speeds was then redispersed in IPA, since IPA is more suited to printing than

NMP.

UV-Vis spectroscopy was used to obtain concentration measurements, and the dis-

persions were then diluted such that the final concentrations of the WSe2 and graphene

inks were approximately 1 mg/ml and 0.5 mg/ml respectively. Statistics on the mean

length of the size selected sheets were obtained via TEM imaging as described in Chap-

ter 4.

The graphene gate electrodes were printed as described in Chapter 4 using a Di-
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Figure 6.1: (A) A schematic of the inkjet printing of the graphene nanosheet network for the gate elec-

trode. The area and thickness of the gate were both varied. (B) Schematic of the aerosol sprayer and the

deposition process involved.

matix DMP-2831, in order that the precise dimensions of the gate could be precisely

controlled as seen in Figure 6.1(A). Critically, it also allowed for both the gate area

and gate thickness to be varied independently by changing the number of print passes,

in order to allow for the effects of gate area, volume and thickness to be decoupled.

The deposition of the WSe2 channel was carried out using an aerosol spray gun as

seen in Figure 6.1(B), with ~10 cm between the spray gun and the substrate and the N2

backpressure kept constant at 4 bar. Shadow masks were used to define the dimensions

of the channel, and by controlling the volume of ink sprayed per set of devices the

thickness was kept roughly constant at ~1.5 μm. The gold source and drain electrodes

were deposited via e-beam evaporation, with shadow masks defining the channel length

and width as 120 μm and 16 mm respectively.

Raman spectroscopy was performed on the printed films under ambient conditions

using a Horiba Jobin Yvon LabRAM HR800 with a 532 nm excitation laser as described

in Chapter 4. This was primarily used to investigate the printed nanosheet films to

confirm their composition.

SEM images of the deposited nanosheet films were obtained using a Zeiss Ultra

Plus scanning electron microscope, using an accelerating voltage of 2−3 kV and a 30
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Figure 6.2: (A) UV-Vis spectroscopy of the WSe2 (red) and graphene (blue) inks, normalised to the

highest peak. (B) Relation between the A-exciton energy and number of layers for WSe2 nanosheets.

Reproduced from Ref.282

μm aperture at a distance of 3−5 mm.

A Keithley 2612A was used to perform all electrical measurements as described in

Chapter 4. The initial electrical testing was carried out in ambient conditions with no

ionic liquid present, i.e. the “dry” state. All further electrical measurements were per-

formed after an ionic liquid, 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl)

imide (EMIm-TFSI), was added to the devices such that all of the gate electrode and

channel were covered. These are the “wet” state measurements. The volume of liquid

used necessarily varied with gate volume, but in general as little liquid as possible was

used. The volumes varied roughly from ~50 μL to 600 μL. The wet state measurements

were performed under high vacuum following an overnight annealing under vacuum at

70 ◦C.
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6.2 Results & Discussion

6.2.1 Inks and Deposition

The results from the initial characterisation of the dispersions can be seen in Figure

6.2. The UV-Vis spectroscopy in Figure 6.2(A) shows the WSe2 (red) and graphene

(blue) spectra, both of which show the features expected of their respective materials.

For WSe2 these features are the A- and B-exciton peaks visible in the spectrum at

around 770 nm and 600 nm respectively,54,322,323 while for graphene the characteristic

Van Hove singularity is visible at around 300 nm with a plateau at longer wavelengths,

in keeping with previous observations.91 The UV-vis also provides information on the

mean thicknesses of the dispersed flakes, and as in Chapter 5 the equation for graphene

is as follows91

< N >= 35.7 × ε550
ε325

− 14.8 (6.1)

where by inputting the values from the spectra, the thickness can be estimated at <N>

= 12 layers for graphene.

A similar calculation can be used to estimate the <N> value for the WSe2 dispersion.

It has been previously observed that for a TMD nanosheet, the position of the A-

exciton peak is dependent on the number of monolayers within the flake, with the

exciton wavelengths of thicker flakes being red-shifted compared to the wavelengths

of thinner flakes.152,144 In the case of WSe2, it is useful to consider the UV-vis metric

developed by Synnatschke et al.282 which plots the changes in the A-exciton energy

EA as a function of the layer number of WSe2. The relevant graph is reproduced in

Figure 6.2(B). Unfortunately, the UV-vis spectrum obtained for WSe2 in Figure 6.2(A)

shows an A-exciton peak at approximately 775 nm, which corresponds to a value for

EA of 1.6 eV, significantly smaller than the values of EA recorded in Figure 6.2(B). The

reason for this discrepancy is due to the non-negligible contribution from scattering

interactions in the UV-vis data in Figure 6.2(A), which Synnatschke et al. note will

lead to red-shifting of the exciton peak in the extinction spectrum compared to the

absorption spectrum. This unfortunately means that a UV-vis based metric for the
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Figure 6.3: (A) TEM histogram of measured nanosheet lengths and image of a representative nanosheet

(inset) for the graphene ink. (B) TEM histogram of measured nanosheet lengths and image of a repre-

sentative nanosheet (inset) for the WSe2 ink.

length of the WSe2 nanosheets cannot be used in this instance.

Previous works have estimated that the point at which the bandgap of a WSe2

nanosheet begins to exhibit a dependence on the nanosheet thickness is approximately

6 layers.54 From Figure 6.2(B), this would correspond to an A-exciton energy of 1.64

eV and a wavelength of ~756 nm. This is almost 20 nm smaller than the peak observed

in Figure 6.2(A), and so it can be safely assumed that all of the WSe2 nanosheets

used in this work exhibit the bulk bandgap of 1.2 eV, avoiding the possibility of having

unwanted variations in the bandgaps of adjacent WSe2 nanosheets.

Statistical TEM analysis was carried out on the graphene and WSe2 dispersions, and

the histograms associated with the nanosheet lengths can be seen in Figures 6.3(A) and

(B) for graphene and WSe2 respectively. This provides values for the mean nanosheet

length <L> of 360 ± 20 nm for graphene and 185 ± 9 nm for WSe2. Using the

fact that NMP-exfoliated WSe2 has been previously observed to have an aspect ratio

of ~25,5 and the fact that LPE dispersions tend to have a constant aspect ratio which

depends heavily on the material,112 this provides an estimate for the mean number of

layers per WSe2 nanosheet of 7.4 layers, which is larger than the thickness-dependent

bandgap cutoff point of 6 layers.47
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Figure 6.4: SEM images of (A) a printed graphene nanosheet network and (B) a sprayed WSe2 network.

The insets in Figures 6.3(B) and (C) show two representative graphene and WSe2

nanosheets captured via TEM, showing the quasi-2D nature of the sheets that make

up the dispersions. More crucially the TEM failed to detect any non-planar objects,

suggesting that the inks are free from contamination.

Following the device fabrication, SEM images were obtained for the graphene and

WSe2 networks, which can be seen in Figures 6.4(A) and (B) respectively. Both show

the key features expected of printed nanosheet networks, namely the film porosity and

the random alignment of the loosely packed flakes. The polydisperse nature of the inks

can also be seen since the size of the flakes varies, often significantly. While some of the

flakes naturally align in-plane, there is also a significant amount of edge-edge junctions

visible in both SEM images which arise as a result of the low aspect ratio and high

rigidity of the nanosheets. The porosity of the films in Figures 6.4(A) and (B) are

visually in line with SEM images of inkjet printed and sprayed nanosheet films from

other works213,5, which suggests that the film porosities can be estimated to be between

40% and 60%. This porosity is crucial in allowing the liquid electrolyte to permeate

the entirety of the nanosheet films.237

The last of the initial analyses of the printed films was carried out via Raman spec-

troscopy, which allows non-destructive insights into the properties of the nanosheets.

The graphene spectrum in Figure 6.5(A) shows the characteristic G peak at 1580 cm−1,
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Figure 6.5: Raman spectroscopy of (A) a graphene gate and (B) a WSe2 channel. The spectra have

been normalised to the value of the highest peak.

with the D and 2D peaks also visible at 1351 cm−1 and 2717 cm−1 respectively. The

D/G intensity ratio is known to provide information as to the level of defects in a

graphene nanosheet,116,324 and for this sample the D/G ratio is equal to 0.27, indicat-

ing that the graphene is relatively free of basal plane defects. Since the D/G ratio will

always include a contribution from edge defects, which are unavoidable in LPE samples,

the D/G ratio would be expected to be non-zero.325 Likewise the WSe2 spectrum in

Figure 6.5(B) shows the characteristic 250 cm1 peak corresponding to the degenerate

E1g and A1g modes.326

The nanomaterial inks were used to print arrays of nanosheet network transistors,

with each set containing four devices. Each device consisted of a sprayed WSe2 film

with dimensions of 3 mm × 1 mm × 1.5 μm, with the gold source and drain electrodes

deposited by e-beam deposition such that the channel length and width were 120 μm

and 16 mm respectively. Although printed graphene source and drain electrodes have

been used in other works,327 using e-beam deposited electrodes ensures good contact

with the channel. It also avoids any potential changes in the device characteristics as

a result of this change, since it is better to focus on changing one thing at a time from

Chapter 5 rather than change multiple aspects of the devices at a time. Each transistor

then had a graphene side gate electrode deposited via inkjet printing a distance of 0.5
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Figure 6.6: (A) Schematic of an electrochemical transistor used in this experiment. The volume of the

gate electrode was varied while the channel volume was kept approximately constant throughout, with

any differences arising from slight variations in device thickness. (B) A picture of one such device show-

ing the sprayed WSe2 channel, printed graphene gate, and evaporated gold source and drain electrodes.

mm away from the channel. The dimensions and thickness of the gate electrode were

independently varied, from 0.1 mm2 to 450 mm2 for the gate area and from 0.5 μm to

2 μm for the thickness. This gave a range of gate volumes that encompassed several

orders of magnitude, allowing for its effect to be investigated in detail. It also allowed

the gate thickness and area to be decoupled, in the event that either had an effect on

the device performance aside from simply A schematic of a finished device can be seen

in Figure 6.6(A), with a photograph of the same device in Figure 6.6(B).

6.2.2 Initial Characterisation

A graph of representative dry output curves for a selection of gate volume to channel

volume ratios is seen in Figure 6.7(A), with each IV curve normalised to the device

thickness to allow for an easy visual comparison. Since the channel length and width

are constant throughout the experiment, this figure can provide information about

the channel conductivities at a glance. Immediately it can be seen that the dry IV

curves do not seem to exhibit any systematic dependence on the gate:channel volume

ratio, which indicates that the fabrication method, and more specifically the inkjet

printing of the gates, does not have any knock-on effects on the channel. For example,

the black and cyan curves overlay each other, despite corresponding to gate:channel

volume ratios of 583 and 0.73 respectively. This is further confirmed by plotting the
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Figure 6.7: (A) Output dry IV curves for a range of gate volume:channel volume ratios, normalised with

respect to device thickness, t. (B) Dry conductivities plotted against gate volume.

dry conductivities against the gate:volume channel ratio, as can be seen in Figure

6.7(B). Although this data appears to show a slight linear increase in conductivity

with increasing gate:channel volume ratio, performing a statistical analysis on the data

indicates that the F-value for the fit is only 2.97, corresponding to a 12.9% chance that

a random datapoint will have a larger F-value, i.e. will not be explicable by random

noise. This means that the slope of the fitted line can not be said to be significantly

different from zero at the α< 0.05 level, meaning it cannot be assumed that the trend

is due to a causative effect and not the impact of random noise. The apparent trend

visible in Figure 6.7(B) is also being significantly driven by the outlier at Vg ≊ 10−14 m3,

further reducing the confidence with which any trend can be deduced from this data.

Further investigations would be required before any definitive conclusions could be

confidently drawn.

Likewise, the representative wet output curves are shown in Figure 6.8(A), for

similar (but not identical) gate:channel volume ratios as in Figure 6.7(A), and again

normalised with respect to the channel thickness in each case. Different gate:volume

ratios were used in Figures 6.7(A) and 6.8(A) such that as many sets of devices as pos-

sible contributed to the two figures. Due to the nonlinear nature of these IV curves, it is

much harder to discern whether the wet conductivities show the same non-dependence
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Figure 6.8: (A) Output wet IV curves for a range of gate volume:channel volume ratios, normalised with

respect to device thickness The red line is the line of best fit.

on the gate:channel volume ratio as the dry conductivities do. This non-linearity in the

wet state has been previously observed, and is attributed to ions being drawn to the

channel-liquid interface from the electrolyte with increasing source-drain voltage, even

at zero gate voltage, thus increasing the network carrier density.5,89 Once again, it is

prudent to investigate the wet conductivities as a function of the gate:channel volume

ratio and see if a linear fit can be used to describe the trend with gate volume. While

this data, shown in Figure 6.8(B), also suggests a slight nonzero trend with increasing

gate:channel volume ratio. However, once again the results of a statistical analysis of

the data indicates that there is enough of a probability that this trend is a result of

random experimental noise that it cannot be assumed that the observed trend is signif-

icant. This suggests that the presence of increasing amounts of graphene has no effect

on the channel in the case of zero gate voltage.

The transfer curves (IDS against VGS) for a selection of gate:channel volume ratios

are plotted in Figure 6.9(A), with the current normalised with respect to channel

thickness in order to make comparing the devices more straightforward, and to account

for differences in thickness between sets of devices. It can clearly be seen that there is

a significant difference in the transfer curves between devices with high gate:channel

volume ratios and devices with low gate:channel volume ratios, with an increase in
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Figure 6.9: (A) Transfer IV curves for a range of gate volume:channel volume ratios, normalised with

respect to device thickness, t. (B) A single transfer curve for VG = 300 mm2 without normalisation.

the gate volume corresponding to higher drain-source currents. With one exception

(the νG/νCh = 0.038 device), all devices investigated showed effective switching for both

holes and electrons, matching the expected ambipolar behaviour of WSe2.328 It is not

clear why this device set did not show any n-type behaviour, but since this is the set

with the lowest gate volume it is possible that this is a result of the low gate volume.

A representative transfer curve can be seen in Figure 6.9(B), with switching behaviour

visible for both electrons and holes. In a standard liquid-electrolyte transistor, the

mechanism behind the change in the channel conductivity is well described in the

literature.238,5 The gate voltage draws ions to the gate:electrolyte interface, with the

counterions being drawn to the channel:electrolyte interface, with an electrical double

layer (EDL) forming in both cases.236 At the channel:electrolyte interface, more carriers

are in turn drawn in from the source and drain electrodes to complete the EDL at the

channel. The increase in the channel conductivity as the transistor is switched ON

arises from charge carriers being drawn in from the source and drain electrodes to

balance out the charge of the electrolyte ions gathering near the channel.
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6.2.3 Modelling the Gate Volume Dependence

In order to understand the changes in the device behaviour with increasing gate volume,

it is necessary to go back and look at the equation that describes the source-drain

current in a transistor (adapted from Equation 3.29 by rearranging for IDS)

IDS = WtCV

L
μVDS (VGS − VT) (6.2)

where IDS is the source-drain current; VDS, VGS, and VT are the source-drain, gate-

source, and threshold voltages respectively; L, W, and t are the channel length, width

and thickness; and CV and μ are the volumetric capacitance and mobility of the channel.

Of the assumptions used to derive this equation, the relevant one to this discussion is

that the capacitance of the full gate-electrolyte-channel system is accurately described

only by the capacitance at the channel:electrolyte interface. As described previously

the figure of merit commonly proposed for these devices is CVμ, and by rewriting CV in

terms of the channel volume (since it is assumed that this capacitance refers only to

the channel:electrolyte capacitance) the following can be obtained

IDS = Wt VDS

L

(Cμ
νCh

)
(VGS − VT) (6.3)

where νCh is the channel volume. While Cμ/νCh can be directly obtained from the slope

of the transfer curve, the mobility value in this quantity can not always be taken to be

representative of the network mobility unless certain conditions are fulfilled. Aside from

the assumptions discussed in Chapter 3, the device capacitance must be investigated

in more detail.

A common way to model the gate-electrolyte-channel system in an electrolytically-

gated transistor is as two capacitors arranged in series, which in turn means that the

overall capacitance is dominated by the smaller of the two capacitances238

CT
−1 = CCh

−1 + CG
−1 (6.4)

where CCh and CG are the channel:electrolyte and gate:electrolyte capacitances respec-
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tively. By assuming that the volumetric capacitances of channel and gate remain un-

changed with respect to the channel and gate dimensions, this can be rewritten as

CT
−1 = (CV,Ch νCh)−1 + (CV,G νG)−1 (6.5)

where CV,Ch and CV,G are the volumetric capacitances of the channel and gate respec-

tively. This is where the large capacitances associated with electrolytically gated tran-

sistors becomes an issue, especially because in this work the gate and channel are both

made of porous nanosheet networks. The resulting large internal area of the gate elec-

trode can lead to high capacitances,235 such that it is no longer reasonable to assume

that CCh « CG and that C/νCh ≈ CV,Ch is no longer valid.

In the case that the gate capacitance is equivalent to or smaller than the channel

capacitance, it is important to modify the source-drain current equation to account

for this. In the scenario where the assumption of CCh « CG holds, then no changes

are necessary and the relevant equation is the same as Equation 6.3 above, where

C = CV,Ch νCh. Similarly in situations where CCh ≈ CG, then the total capacitance of

the system can be approximated as C = CCh/2 = CG/2, with the resulting source-drain

current behaviour described by

IDS = Wt VDS

2L

(C μ
νCh

)
(VGS − VT) (6.6)

where C = CV,Ch(νCh/2).

The final and most important case is where CCh > CG, in which case the total

capacitance is given by

IDS = W VDS

L

( μ
νCh

)
(CV,G tG νG) (VGS − VT) (6.7)

where the key difference is that the value t in the previous equations has been replaced

with tG, the thickness of the graphene gate electrode. This is because during the deriva-

tion of Equation 3.29 the capacitance was originally describing the areal capacitance of

the oxide:semiconductor interface, with the thickness value arising from the fact that
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Figure 6.10: Plot of the transistor figure of merit C µ/νCh against the gate:channel volume ratio for (A)

electrons and (B) holes. The solid lines represent the trend predicted by Equation 6.8. The gate volume

is also given on the top of the graph.

the entire volume of porous nanosheet films contribute to the switching process. This

normally gives Cox = CV,Ch t, but since the gate capacitance is now the dominating

contribution to the system capacitance it is the gate thickness tG that must be taken

into account. Hence, C becomes CV,GνG.

This means that the figure of merit C μ/νCh obtained from the transconductance

must be modified to account for all three of these regimes by replacing C with a suitable

replacement
C μ
νCh

= μ CV,Ch

1 + (νch/νG) (CV,Ch/CV,G)
(6.8)

which rewrites the figure of merit to account for the gate volume. This allows the

figure of merit to be plotted against the gate:channel volume ratio νG/νCh, the graph

of which is shown in Figure 6.10(A) and (B) for both electrons and holes respectively.

The solid lines represent fits to Equation 6.8, and it can be seen that the data follows

the predicted trend, with the values of C μ/νCh rising constantly with increasing gate

volume for νG/νCh ⪅~0.5, with the data then levelling off until it reaches a plateau at

121



around νG/νCh ≈ 2. This shows that the gate volume only begins to affect the overall

device performance after a certain threshold has been reached.

By fitting the data in Figure 6.10 to Equation 6.8, values of μCV,Ch can be extracted

for both electrons and holes. Since CV,Ch is a constant relating to the geometry of the

sheets within the channel, it is unaffected by the changes in gate volume. Using the

value of CV,Ch = 1.3 F cm−3 previously reported for WSe2,5 this gives mobility values

of μe = (2.5 ± 1) × 10−2 cm2 V−1 s−1 and μh = (1.3 ± 0.4) × 10−2 cm2 V−1 s−1. These

values are comparable to similar nanosheet networks printed using both WS2 and

WSe2, with previous works reporting WSe2 mobility values of 8 × 10−2 cm2 V−1 s−1,5

and WS2 mobility values of 10−2 cm2 V−1 s−1.279 The fitted values are also quite similar

to the mobility values of 10−1 cm2 V−1 s−1 obtained for WS2 networks in Chapter 5.

The similarities between the different types of nanosheet reinforces the idea that the

flake-to-flake junctions remain the dominant factor in limiting the network mobility.

The fits to Equation 6.8 also provide an estimate for the ratio of the volumetric

capacitances: CV,Ch/CV,G = 0.9± 0.5 and 0.5± 0.25 respectively for electrons and holes.

This can further be broken down by considering the formula relating the volumetric

capacitance to the internal surface area of the network

CV = εrε0Aint

λν
(6.9)

and the formula for the volumetric capacitance of a porous nanosheet network235

CV = 2εrε0(1 − P)
λ < N > d0

(6.10)

where λ is the thickness of the electrical double layer, Aint/ν is the internal surface

area per unit volume, P is the network porosity, < N > is the mean number of layers

per nanosheet, and d0 is the monolayer thickness. Fitting the data in Figures 6.10(A)

and (B) give values of CV,Ch/CV,G close to unity, which implies that the values of Aint/ν

are roughly equivalent for both the graphene and WSe2 networks, presuming that the

values of λ are similar for gate and channel.

This also provides another method for estimating the relative porosities of the gate
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Figure 6.11: Plot of the effective mobility against the gate:channel volume ratio for (A) electrons and

(B) holes. The solid lines represent the trend predicted by Equation 6.8.

and channel networks. Since < N > is similar for both graphene and WSe2, the ratio

CV,Ch/CV,G can be approximated as

CV,Ch

CV,G
≈ (1 − PCh)dGra

1 − PG)dWSe2
(6.11)

where dGra and dWSe2 are equal to 0.35 Åand 0.6 Årespectively. By taking the value

of CV,Ch/CV,G = 0.7 as the average of the electron and hole values and rearranging to

separate the porosities, this yields Pch ≈ 1.2PG − 0.2. Using the estimate of PG = 0.6

this gives PCh ≈ 0.5, in which case both porosity values lie within the range of 0.4 and

0.6 predicted for nanosheet networks.5

While analysing the figure of merit is an ideal starting point, it is better to decouple

the volumetric capacitance from the mobility so that the device mobility can be anal-

ysed independently. However, in this case it is important to recognise that the values

extracted from Equation 6.2 do not represent the actual network mobility unless the

gate volume is large enough relative to the channel volume. Hence, it is useful to define

123



the effective mobility μEff as follows

μEff = C μ
νCh

= μ
1 + (νch/νG) (CV,Ch/CV,G)

(6.12)

By taking the previously reported value of CV,Ch = 1.3 F cm−3,5 μEff can be plotted

against νG/νCh as seen in Figure 6.11. By fitting this data to Equation 6.12 and by

using CV,Ch = 1.3 Fcm−3 and CV,G = 0.7 as the values for the volumetric capacitances,

it is clear that the effective mobility is independent of gate volume for νG/νCh > 10.

This is consistent with the rule of thumb suggested by Jonathan Rivnay et al.238 that

the gate capacitance in an electrolytically-gated transistor should be at least 10 times

that of the channel capacitance. In other words, the effective mobility is only a reliable

estimation of the actual network mobility when the gate capacitance is above this

threshold.

6.2.4 Further Analysis

It is also important to consider the impact of gate volume on other aspects of the device

performance, namely the on:off current ratio and the maximum on-current, since both

are important to consider when looking at the overall device performance. As seen in

Figure 6.12, both of these quantities show an increase with increasing gate volume with

no clear saturation at higher gate volumes. As the gate volume increases, the amount

of ions being drawn to the gate electrode by a given applied voltage will likewise in-

crease, assuming that the concentration of ions at the gate:electrolyte interface remains

constant. This means that an equal number of counter-ions will be drawn to the chan-

nel:electrolyte interface, and therefore that more charge carriers will be drawn into

the channel for a larger gate volume than for a smaller one. Hence, higher on-currents

(and therefore transconductances) and on:off current ratios will be observed as the

gate volume increases. This effect was previously observed by A.T. Wong et al.329 in

a study focusing on the area of the gate electrode. It is therefore clear that unless the

gate volume is sufficiently large, roughly 10× that of the channel, the entirety of the

nanosheet network transistor performance will be adversely affected.
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Figure 6.12: (A) The on:off current ratio for both electrons and holes plotted against gate:channel vol-

ume ratio. (B) The on current for both electrons and holes plotted against the gate:channel volume ratio.

The on current has been normalised with respect to device thickness.

6.3 Conclusion

This chapter shows that in a nanosheet network electrolytically-gated transistor, the

balance between the channel and gate volumes must be carefully managed in order

to ensure that the device is able to perform properly, with the optimal rule of thumb

being that the gate volume should be 10 times that of the channel volume. When

this condition is not fulfilled, the gate capacitance will begin to affect the total device

capacitance, leading to detrimental effects on the device mobility, on:off current, and

transconductance. While this does also allow the effective device mobility to be tuned

away from the true network mobility, this will come at an unavoidable cost. Likewise,

while in such circumstances it is theoretically possible to estimate the network mobil-

ity μ from the effective mobility via Equation 6.12, even if the all other variables in

Equation 6.12 are known this is not practical due to the additional negative effects of

low gate volume on device performance.

Printed nanosheet network gate electrodes here have an advantage over their solid

electrode counterparts, since their porous nature means that it is the gate volume rather
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than the gate area that determines the gate capacitance. This means that, unlike in the

case of a solid electrode, the gate capacitance can be increased simply by increasing the

thickness of the gate electrode. This is a key realisation for future all-printed nanosheet

network devices, and means that the gate electrode thickness will be an important factor

when fabricating such devices.

Although this chapter has outlined new conditions that must be met for new

nanosheet network transistors going forward, it is clear that much work remains to

be done. The relatively low network mobilities obtained for these devices even at high

gate volumes shows that the sprayed semiconductor channels remain unoptimised, with

the most likely culprit being the high inter-sheet junction resistance. It is clear that

this will have to be overcome in some way in order to further optimise these devices.
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I refuse to answer that question on the grounds

that I don’t know the answer.

Douglas Adams 7
The Effect of Flake Geometry on the

Performance of Nanosheet Network

Transistors

Up until this point the electrical behaviour of nanosheet networks has

been something of a black box, with the precise details of what determines the

conductivity of a network largely unknown. While it is clear that the network morphol-

ogy has a large part to play in this, this is a broad term that likely has multiple factors

contributing to it and impacting it in ways that are not yet known. One thing that

is heavily suggested by previous works, including the prior two chapters in this thesis,

is that the nanosheet-nanosheet junction resistance is a major factor in determining

the electrical properties of a nanosheet network.5,89,330 In order to precisely estimate

this value and determine the impact that it has on network behaviour, it is clear that

the electrical properties of these nanosheet networks needs to be investigated in more

detail. Ideally, this will also shed some light on the conduction processes taking place

within the network.

In this chapter we investigate the internal workings of a series of nanosheet network

transistors by fabricating devices with different mean nanosheet lengths, and investi-

gating the changes in the device properties that take place as a result. In particular,
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any changes with respect to nanosheet length will have to be related to the conduction

taking place within the network.

7.1 Experimental Method

Tungsten disulfide (Alfa Aesar; CAS: 12067-46-8) and molybdenum diselenide (Alfa

Aesar; CAS: 12058-18-3) inks were fabricated using liquid phase exfoliation. In each

case, the starting powder was first dispersed in 80 mL of deionised (DI) water at a

starting concentration of 35 mg/mL. They were then sonicated for one hour using a

Sonics Vibra-cell VCX-750 ultrasonic processor at 60% amplitude, with a pulser set to

6s on, 2s off. Next, the dispersion was centrifuged for one hour at 2555g in order to

remove any soluble impurities, with the resulting supernatant discarded. The sediment

was then redispersed in a 2 mg/mL solution of sodium cholate (SC) in DI water and

sonicated for eight hours, with the pulser set to 4s on, 4s off.

Following exfoliation, both dispersions were size selected using liquid cascade cen-

trifugation (LCC). The dispersions were first centrifuged for two hours at 26.6g in order

to remove any unexfoliated material. Successive centrifugation runs were performed on

each dispersion at higher speeds for two hours, with each run using the supernatant

from the previous run. The speeds used were, in order: 106.4g, 239.4g, 665g, 957.6g,

1702.4g, 3218.6g, 10640g. In addition, the material collected at 106.4g was then redis-

persed in more SC solution and centrifuged for a further 30 minutes to sediment out

the very largest flakes, because this step collected enough material to allow it to be

separated into two samples. The sediment from this step was redispersed and recorded

as XL(L), with the supernatant from this step recorded as the XL(S) sample.

This gave a total of nine dispersions with different mean flake lengths and thick-

nesses. The sediments from each centrifugation step were then transferred into iso-

propanol via a solvent exchange method as previously described in Chapter 4.171 This

involved centrifuging for two hours at a speed that is at least twice the rpm of the

centrifuge run used to collect the initial sediment. For this step 3830.4g was used to

sediment the first six samples, and 27240g was used to sediment the final three. This
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was repeated a second time in order to ensure that as much of the SC was removed as

possible.

The switch to a water/cholate based dispersion was primarily motivated by the

need to obtain much smaller and thinner flakes for this experiment than in the previous

chapters in this thesis. Surfactant-based stabilisation methods tend to give smaller and

thinner nanosheets than a equivalent solvent-based method for the same nanomaterial

concentration and exfoliation time.144 Since LCC techniques tend to give diminishing

masses of material as the size of the trapped nanosheets decreases, starting off with

a larger proportion of smaller thinner flakes was necessary in order to obtain enough

mass to fabricate devices. UV-vis spectroscopy was used to obtain concentration mea-

surements for each WS2 dispersion, using the fact that the extinction coefficient of WS2

is length-independent, equal to 4770 L g−1m−1 at λ = 235 nm.152

Mass filtration was used to obtain concentration measurements for the MoSe2 dis-

persions owing to inconsistencies between the concentration values predicted by the

UV-vis spectra and those given via this method, and as such the mass filtration method

was taken to be the most accurate. This was accomplished by pipetting a known volume

of ink onto an alumina membrane, and vacuum filtering the ink through the membrane.

The membrane was then dried overnight in a vacuum oven. By comparing the mass

of the membrane before and after the filtration process a value was found for the con-

centration of each ink. Further statistics on the mean length <L> of the nanosheet

ensembles were found via TEM imaging. A JEOL JEM-2100 LaB6 transmission elec-

tron microscope was used to image the nanosheets and estimate the mean length of

the nanosheets within each dispersion. When analysing the images, the longest axis of

each nanosheet was taken to be the length.

The inks were diluted to a concentration of 1 mg/mL and sprayed using an aerosol

spray gun as shown in Figure 7.1(A), with shadow masks used to define the deposited

area. Simultaneously, a glass slide was set beside the sprayed area in order to provide

a separate film, the thickness of which was then measured via mechanical profilometry.

E-beam evaporation was used to deposit the gold source, drain, and gate electrodes,

with the dimensions defined by the shadow mask shown in Figure 7.1(B). This gives a
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Figure 7.1: (A) Schematic of the aerosol sprayer used to deposit the semiconducting channels. (B) Pho-

tograph of the new shadow mask used to define the areas of the source and drain electrodes. The chan-

nel length and width were 50 µm and 9 mm respectively.

channel length of 50 µm and a channel width of 9 mm. Note that although an inkjet

printed gate electrode was successfully used in the previous chapter, the decision was

made to switch back to an e-beam deposited gate in order to reduce the number of

steps in the fabrication process.

Raman spectroscopy was performed on the printed devices prior to the addition

of ionic liquid using a WITec Alpha 300R confocal Raman microscope and a 532 nm

excitation laser. The Raman signals were collected by a 100× objective lens (N.A. =

0.95) and dispersed by a 1800 line/mm grating. 1% laser power was used for all samples,

to avoid any damage to the films caused by the beam. Ten spectra were collected at

different positions for each sample, and were averaged to obtain a representative Raman

spectrum. SEM images of the deposited nanosheet films were obtained using a Zeiss

Ultra Plus scanning electron microscope, using an accelerating voltage of 2−3 kV and

a 30 μm aperture at a distance of 3−5 mm.

A Keithley 2612A was used to perform all electrical measurements as previously

described in Chapter 4. Once again it is critical to emphasise the two sets of measure-

ments performed, one before and one after the addition of the ionic liquid to the device.
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Figure 7.2: (A) UV-vis spectra for WS2 inks with different mean nanosheet lengths, normalised to the

value at 235 nm. The arrow indicates the direction of increasing nanosheet size. (B) UV-vis spectra for

MoSe2 inks with different mean nanosheet lengths, normalised to the value at 365 nm. The arrow indi-

cates the direction of increasing nanosheet size. The legend is the same for both graphs.

These are the “dry” and “wet” state measurements respectively, and this distinction

will play a key role in interpreting the data in this chapter.

7.2 Results & Discussion

7.2.1 Inks & Deposition

The UV-vis spectra obtained from the size-selected dispersions are shown in Figure

7.2. Figure 7.2(A) shows the WS2 spectra for nine different mean sizes of nanosheet.

All of these spectra display the expected characteristics of a WS2 dispersion, namely

the A-exciton located at approximately 650 nm and higher energy B and C excitons

visible at lower wavelengths.305 As the rpm of the centrifuging step increases, the A-

exciton peak becomes blue-shifted, which has been confirmed to be a sign of decreasing

nanosheet size in LPE dispersions.152,282 It should be noted that the spectra for larger

sized nanosheet dispersions do not taper to zero extinction at higher wavelengths. This

is due to an increased contribution from scattering processes as the nanosheet sizes

increase.331

A similar analysis can be performed on the MoSe2 spectra shown in Figure 7.2(B).
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Figure 7.3: Mean nanosheet lengths for MoSe2 (black) and WS2 (red) inks plotted against the upper

centrifugal force used during the liquid cascade centrifugation step. The solid line represents a slope of

-0.5. (B) A representative WS2 nanosheet from the XL(L) ink. (C) A representative WS2 nanosheet from

the 10640g (10K) ink.

Like WS2, the MoSe2 spectra show characteristic peaks corresponding to the A-exciton

between 800 nm and 900 nm, with the corresponding wavelength increasing for larger,

thicker nanosheets.282,332 Both sets of spectra showed the expected decrease in nanosheet

length with increasing centrifuge speed, consistent with what is expected considering

previous work on cascade centrifugation.152,282

In order to obtain accurate values for the mean nanosheet length <L>, TEM mea-

surements are the preferable option due to the more precise nature of such measure-

ments. This allows the values of <L> to be plotted as a function of the upper relative

centrifugal force (RCF) used to size select the nanosheets. The results of this are shown

in Figure 7.3. The <L> values of both materials show a power law trend with respect

to the RCF values of < L > ∝ (RCF)−0.5, represented in Figure 7.3 by the solid line.

This is consistent with previous observations for size-selected LPE dispersions.152,112,333

Even though the 106.4g sample containing the largest nanosheets was centrifuged a sec-

ond time to separate the XL(S) and XL(L) samples, both of them still fall near the

expected < L > ∝ (RCF)−0.5 trendline when the maximum RCF is taken as 26.6g and

106.4g respectively. This indicates that the change in centrifuging parameters used for

this particular step is successfully able to separate the initial 106.4g sediment into two

meaningfully distinct samples.

Two representative WS2 nanosheets are shown in Figures 7.3(B) and (C), respec-

tively chosen from the inks with the largest and smallest sized flakes. Both inks exclu-
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sively showed two-dimensional structures indicating that the nanosheets are properly

exfoliated. In addition, the inks showed no signs of additional non-2D materials that

would suggest contamination.

Figure 7.4: Raman spectra for (A) the XL(L) WSe2 sample and (B) the 957.6g MoSe2 sample. The

inset of (B) is a close up on the E2g and B2g MoSe2 Raman peaks.

After the size selected inks were deposited onto PET substrate, Raman spectroscopy

was performed on the printed films and the spectra are shown in Figure 7.4. Figure

7.4(A) shows a representative WS2 spectrum for the XL(L) sample, which displays the

characteristic peaks at 351 cm−1 and 419 cm−1 which correspond to the E2g and A1g

Raman modes respectively.306 Figure 7.4(B) similarly shows a representative MoSe2

Raman spectrum for the 957.6g or 3K sample. The peak at 239 cm−1 corresponds to

the A1g mode of MoSe2,334 while the peak at 480 cm−1 is attributed to a signal from

the Al2O3-PET since it was also present in the scans performed on a blank piece of

substrate. The MoSe2 spectrum is also noteworthy since it shows the E2g and B2g modes

at 280 cm−1 and 350 cm−1 respectively, shown in Figure 7.4(B, inset). Tonndorf et al.

note that these modes only appear for MoSe2 flakes with five or fewer layers.334 This

particular film was formed from the 957.6g film and was the first film to clearly display

these peaks. Therefore, it follows that the samples with the four smallest <L> values

have a mixture of different bandgaps present in the films, since the commonly accepted

cutoff point for thickness dependent bandgaps in TMDs is 6 layers.47,54

Representative SEM images obtained for two sprayed MoSe2 films are shown in
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Figure 7.5: SEM images of sprayed MoSe2 films. (A) Film sprayed using the ink with the largest

nanosheets. (B) Film sprayed using the ink with the smallest nanosheets. The magnification and scale

are the same for both images.

Figure 7.5. Figure 7.5(A) shows a film sprayed using the XL(L) ink with a mean

nanosheet length of 462 nm, while Figure 7.5(B) shows a film sprayed using the 10640g

ink which has a mean nanosheet length of 61 nm. This change in nanosheet size can

clearly be seen by comparing the two images since the same magnification was used to

capture both images. Crucially, both films display the pores and random flake alignment

that is expected of a sprayed nanosheet network. It should be noted that some small

(<100 nm) nanosheets can also be seen in Figure 7.5(A), which suggests that these

small sheets are present in all of the size selected inks. This is not unexpected when

dealing with LPE inks due to their polydisperse nature, and the most likely reason

for their presence is small sheets being dragged down by larger ones into the sediment

during the centrifugation process.

7.2.2 Modelling the Network Conductivity

The initial current-voltage output curves for the WS2 devices, before the addition of

ionic liquid, are shown in Figure 7.6(A). This data clearly shows a decrease in the

device conductances as the centrifuge trapping speed increases and the nanosheet size

is reduced. It can also be seen from this graph that the change in the conductances

appears to cover at least one order of magnitude, which can be directly linked to the
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Figure 7.6: (A) Current-voltage graphs for sprayed WS2 transistors before the addition of ionic liquid.

(B) The dry conductivity plotted against <L> for WS2 before the addition of ionic liquid. The solid line

represents a fit to Equation 3.19.

conductivities due to the fact that the device thicknesses all lie between 1 - 2 µm.

This is shown much more clearly in Figure 7.6(B), which plots the dry conductivity

as a function of the mean nanosheet length, which clearly shows a fall in the network

conductivity as the nanosheet length decreases.

Now that a trend of σNet against <L> has been established, this can be used to

calculate the network properties. This is done by using the model that relates the

properties of a nanosheet network to the properties of the individual flakes, previously

derived in Chapter 3.3. This equation is shown again below

σNet ≈
μNSnNSe(1 − P)(

1 + 2RJnNSeμNSlNS/k
)(

1 + 2k
nNSl3NS

)

where σNet is the network conductivity, μNS is the nanosheet mobility, nNS is the nanosheet

carrier density, e is the charge of an electron, RJ is the inter-sheet junction resistance,

k is the nanosheet aspect ratio, and lNS is the nanosheet length.

Since there are multiple unknown parameters within this equation, it is not feasible

to fit it to the data in Figure 7.6(B) without setting some initial conditions. To begin

with, P can be fixed at 0.5, since this has previously been observed to be true for

sprayed nanosheet films.5 The work of Kelly et al. can also be used to provide an
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estimate for the WS2 nanosheet mobility μNS ≈ 50 × 10−4 m2 V−1 s−1, and the

nanosheet aspect ratio k = 30. This leaves only the junction resistance RJ and carrier

density nNS as independent variables.

Fitting Equation 3.19 to the data in Figure 7.6(B) gives the solid line shown in

Figure 7.6(B), which shows good agreement with the data, and gives values for the

junction resistance and carrier density of 0.37 GΩ and 3.4 × 1020 m−3. These values

are consistent with previous publications, since WS2 networks have previously shown

junction resistance values on the order of 1 GΩ.279,226 While the junction resistance

is significantly larger than the estimates of 10 kΩ previously observed for CVD-grown

graphene,335 this in itself is not unexpected. Analyses on nanotube networks indicate

that junction resistances between metallic nanotubes are lower than those between

semiconducting nanotubes,336 and it would come as no surprise that the same might

apply to 2D:2D junctions.

Similarly, the WS2 carrier density data in Chapter 5 (Figure 5.10) also showed a dry

carrier density of ~1020 m−3,89 which indicates that the model’s predictions line up with

previous results. One oddity that must be pointed out is that the conductivity for the

XL(L) and XL(S) samples are significantly higher than the expected conductivity for

bulk WS2 of ~10−4 S m−1.89 It is likely that the switch from solvent- to surfactant-based

stabilisation has impacted the conductivity, due to the presence of adsorbed surfactants

doping the nanosheets. Surfactant-based stabilisation methods have been observed to

dope the nanosheets in previous studies which would explain the abnormally high

conductivity results.

The current-voltage plots taken in the wet state, after annealing under vacuum

in the presence of the ionic liquid, are shown in Figure 7.7(A). This data has been

normalised with respect to device thickness in order to make the trend in conductances

more visible to the eye. It is clear that the trend in the wet conductance values covers

a significantly smaller range than the dry values, and this is shown more clearly in

Figure 7.7(B), which plots the wet conductivity values against the nanosheet length.

A key difference between the dry and wet data which becomes apparent here is that

the trend in the wet conductivity data is going in the opposite direction to the dry
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Figure 7.7: (A) Current-voltage graphs for sprayed WS2 devices after annealing in the presence of ionic

liquid. The curves have been normalised with respect to device thickness for visual clarity. (B) Wet con-

ductivity values as a function of nanosheet length. The solid line represents a fit to Equation 3.19.

conductivity data as the nanosheet size increases.

This data can also be fitted to Equation 3.19, and the result of this fit appears as

the red line in Figure 7.7(B). The data largely agrees with the fit up to < L >≈ 200

nm after which the data begins to deviate from the model, with the two largest sizes

giving higher conductivity values than predicted. It should be noted that these two

samples also gave higher than expected conductivities for the dry conductivity data.

Despite this, it is noteworthy that the fit is capable of broadly describing the trend with

increasing nanosheet length, especially since it is the opposite trend to that observed

for the dry conductivity data.

The fit in Figure 7.7(B) was performed in the same manner as for the dry conduc-

tivity data, with the nanosheet mobility and aspect ratio kept the same. Note that this

assumed that the nanosheet mobility is unchanged by the ionic liquid, an assumption

that has been utilised throughout this thesis and is supported by the work of Uesugi

et al..240 Hence, by fixing μNS = 50 × 10−4 m2 V−1 s−1 and k = 30 and fitting to

Equation 3.19, this gives RJ = 1.37 GΩ and nNS = 1.44 × 1024 m−3. The increase by

a factor of 4 in the junction resistance is unexpected, but can likely be attributed to

the fact that the model is currently best suited only to general trends. The increase in

the carrier density is roughly 104 which is expected since the ionic liquid is known to
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Figure 7.8: (A) Current-voltage graphs for sprayed MoSe2 transistors before the addition of ionic liquid.

(B) The dry conductivity plotted against <L> for MoSe2 before the addition of ionic liquid. The solid

line represents a fit to Equation 3.19.

affect these nanosheet networks via doping.5,330 Crucially, the model’s predictions are

in agreement with the expected parameters of WS2 in both the doped and un-doped

cases. More specifically, the model predicts that the network carrier density is the

main driver of whether the network conductivity increases or decreases with nanosheet

length, with the switch in direction happening when the carrier density is increased

above a certain threshold. This is reflected in the fitting results, with a carrier density

of 3.4 × 1020 m−3 showing a conductivity increase with <L> and a carrier density of

1.44 × 1024 m−3 showing a decrease with <L>.

This same process can be applied to the MoSe2 films, beginning with the measure-

ments performed in the dry state. The output curves from this are shown in Figure

7.8(A). It is immediately clear that the change with respect to nanosheet length does

not cover the same range as for the WS2 films, since the difference between the highest

and lowest conductances is roughly a factor of four. This is shown more explicitly in

Figure 7.8(B), which plots the device dry conductivity against nanosheet length. Due

to the amount of scatter present in this data, it is difficult to discern any trend in the

data. It is not clear at present where this scatter has come from or why it is so severe,

although the scatter appears to be centered around the expected conductivity of 10−3

S m−1 for MoSe2 nanosheet networks.5
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Figure 7.9: (A) Current-voltage graphs for sprayed MoSe2 devices after annealing in the presence of

ionic liquid. The curves have been normalised with respect to device thickness to make the trend more

apparent. (B) Wet conductivity values as a function of nanosheet length. The solid line represents a fit

to Equation 3.19.

Fitting this conductivity data to Equation 3.19 results in the black line in Figure

7.8(B), which despite being the line of best fit is unable to account for most of the

variations between different samples. As with the WS2 samples it is necessary to fix

the values of the nanosheet mobility and aspect ratio at 50 × 10−4 m2V−1s−1 and 30

respectively. Hence, the junction resistance and nanosheet carrier density were found

to be 30 GΩ and 5.8 × 1021 m−3 respectively. While the model is clearly unable to

account for the large degree of scatter present in the initial data, the trend remains

promising since the model is able to provide a reasonable estimate for nNS, since ~1021

m−3 is what would be expected of an undoped MoSe2 film.226 While the junction

resistance is significantly larger than those obtained for the WS2 films, this could be a

result of the high amount of scatter in the MoSe2 data or a sign that the model requires

improvement. Future measurements will be able to reduce this scatter and thus provide

a better opportunity to test the validity of the model.

Despite the scatter present in the dry conductivity data, the wet conductivity data is

likely to provide further insights in to the network behaviour due to the doping caused

by the presence of the ionic liquid. The output current-voltage curves for these wet

networks are shown in Figure 7.9(A), normalised with respect to channel thickness. It is

interesting to note that some of the output curves show nonlinear behaviour, which can

139



be attributed to ions being drawn in from the ionic liquid even at zero gate voltage and

has been observed in previous works discussing electrolytically gated transistors.5,330

As the ions in the ionic liquid reach the nanosheet surface, any imbalance in the binding

energies of positive and negative ions will result in different concentrations of both being

present at the nanosheet surfaces, in turn leading to doping of the network which is

exacerbated as the source-drain voltage is increased. The wet conductivity values are

shown in Figure 7.9(B), and show a general downward trend with increasing nanosheet

length similar to the WS2 wet conductivity data.

Fitting this data to Equation 3.19 results in the solid red curve in Figure 7.9(B).

By fixing μNS = 50 × 10−4m2V−1s−1 and k = 30, this gives RJ = 7.4 GΩ and

nNS = 3 × 1023 m−3. This value for the junction resistance is closer to what was

obtained for the WS2 network, although it remains orders of magnitude higher than

previous estimations for RJ in MoSe2 nanosheets.226 Despite the fact that the method

used for the MoSe2 sample discussed in Ref226 (taken from Ref5) also used spray coated

MoSe2 films on an Al2O3-PET substrate, this is likely a sign that the model used in

Ref226 was a previous iteration of the one derived in Chapter 3.3. The carrier density

value on the other hand is near to what was expected of an ionic-liquid doped network,

being roughly a factor of four smaller than for the WS2 network. While the model is

able to account for the general trend in conductivity of the doped MoSe2 nanosheet

networks, further measurements are needed to test its validity in the case of undoped

MoSe2 networks.

7.2.3 Length Dependent Transistor Behaviour

Despite the focus given to the network conductivities up to this point, it would be

remiss to neglect the effect of the nanosheet geometry on the switching behaviour of

the nanosheet network transistors, particularly with a view to improving the overall

device mobility. Analysing the changes in device performance alongside the nanosheet

size can provide additional information on the network behaviour as it is gated, as well

as finding out if there is an ideal nanosheet length value for future devices.

A set of representative transfer curves is shown in Figure 7.10 for both WS2 (A)
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Figure 7.10: Representative transfer curves for (A) WS2 devices and (B) MoSe2 devices. Each shows a

transfer curve from the XL(L), 975.6g, and 10640g samples.

and MoSe2 (B) devices. In both cases, the transfer curves chosen include the largest

size nanosheets, the smallest size, and a third intermediate size. From looking at the

WS2 data, the n-type on-current shows a significant increase of more than an order of

magnitude moving from the XL(L) (black) sample to the 957.6g (red) sample, followed

by no change between it and the 10640g (blue) sample. Looking at the p-type on-

currents, the opposite trend can be seen in which the on-current decreases as the

nanosheet size decreases. It is useful to note that the polarity of the WS2 curve in

this chapter is the opposite to what was observed in Chapter 5. This is attributed

to the exfoliation method, as Higgins et al.279 previously noted that solvent stabilised

nanosheets produced n-type behaviour, in contrast to NMP-stabilised nanosheets which

produced p-type behaviour. In contrast, the MoSe2 transfer curves all display the n-

and p-type on-currents increasing with decreasing nanosheet size.

At this point it is key to note that it is not possible to move from the transfer

curves to the mobility via the transconductance equation (Equation 3.30) using values

of CV taken from the work of Kelly et al., as was done in the previous chapters. The

reason for this is that, as noted by Gholamvand et al.,235 the volumetric capacitance

of a nanosheet network is proportionate to 1/ < N > where <N> is the mean number

of layers per nanosheet. Since the ratio of < L > / < N > for the WS2 and MoSe2

dispersions are expected to be the same independent of the size selection parameters,112
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Figure 7.11: Length-dependent mobility data for (A) holes and (B) electrons in WS2 networks. The

solid lines represent fits to Equation 3.18.

this allows the values of CV to be extrapolated from the data in Ref5 by assuming that

CV < L > is constant with respect to <L> for each material, allowing the mobility to

be directly calculated.

The p- and n-type mobilities for the WS2 devices are shown in Figure 7.11(A) and

(B) respectively. Both show a clear trend as the nanosheet length increases, with the

p-type mobility increasing and the n-type mobility showing a peak at <L>≈ 60 nm.

The solid lines in Figure 7.11(A) and (B) represent fits to Equation 3.18 (reproduced

below)

μNet ≈
μNS(

1 + 2RJnNSeμNSlNS/k
) (

1 + 2k
nNSl3NS

)
Similar to the conductivity data, by fixing μNS = 50 × 10−4 m2 V−1 s−1 and k = 30

this allows the junction resistance and carrier density to be derived from the fit. For

the p-type mobility, this gives RJ = 140 GΩ and nNS = 3.51 × 1021 m−3. This

junction resistance is much higher than expected, given the value of RJ obtained for

the wet conductivity of 1.37 GΩ, which combined with a carrier density value of 1021

m−3 suggests that holes are the minority carriers for these networks since the junction

resistance for holes is roughly a factor of 100 higher than that obtained for the wet

conductivity. In contrast, the n-type mobility fit gives RJ = 0.52 GΩ and nNS =

4.15 × 1023 m−3, which suggests that the majority carriers in these WS2 network

142



Figure 7.12: Length-dependent mobility data for (A) holes and (B) electrons in MoSe2 networks. The

solid lines represent fits to Equation 3.18.

devices are electrons. This is consistent with the prior observations of Higgins et al. for

cholate-stabilised WS2.279 Finally, a value was obtained for the value of <L> for which

the device mobility was at its highest, which amounted to a value of µe 4.96 ×10−2

cm2 V−1 s−1 at <L> = 69 nm.

A similar analysis can be performed on the MoSe2 data, with the hole and electron

mobility respectively shown in Figure 7.12(A) and (B). It can be seen that both sets

of data show the same trend: a peak in mobility values near < L >≈ 50 nm followed

by a decrease in mobility with increasing nanosheet length, with the electron mobility

roughly 10 times higher than the hole mobility. By fitting this data to Equation 3.18,

this gives RJ = 12.9 GΩ and nNS = 6.97 × 1023 m−3 for holes, and RJ = 2.22

GΩ and nNS = 6.6 × 1023 m−3 for electrons. The two carrier densities being roughly

equal and the junction resistance being 10 times higher for holes than for electrons

supports the trend seen in Figure 7.10(B), in which the on-currents for electrons were

always roughly 10 times larger than for holes. Lastly, as with the WS2 a value for <L>

was found at which the device mobility was at its highest. In this case, the maximum

mobility value was µe 1.07 ×10−2 cm2 V−1 s−1 at <L> = 80 nm.
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7.3 Conclusion

By using size-selected inks to change the size of the individual nanosheets, clear trends

in dry conductivity, wet conductivity, and mobility were observed for both WS2 and

MoSe2 networks. More importantly, the direction of the trend was observed to change

between the dry and wet conductivity as the networks were doped, with the dry data

showing an increase in conductivity with nanosheet size and the wet data showing the

opposite. Crucially, these trends appear counter to the expected intuitive behaviour of

showing a consistent trend with respect to nanosheet size.

While the model proposed in Chapter 3 is by no means conclusive, it is able to make

predictions that match the data obtained for both the WS2 and MoSe2 transistors

as the nanosheet length is changed. More specifically, it predicts that as the carrier

density is increased, the direction of the trend changes from increasing with <L>

to decreasing with <L>. This shows the potential of this model to provide valuable

insight into the inner workings of these nanosheet networks, something that is crucial

to developing further means to improve their performance. The model was also able to

provide estimates for the inter-sheet junction resistance and the sheet carrier density.

While the data from the WS2 set remains suspect due to a high initial conductivity,

this is most likely a sign of the model still being in its early stages of development.

The estimates for the junction resistance were 0.37 GΩ from the dry conductivity data,

1.37 GΩ from the wet conductivity data, and for holes and electrons respectively from

the mobility data. Likewise the carrier density was estimated to be 3.4 × 1020 m−3 for

dry networks, 1.44 × 1024 m−3 for wet networks. These values match with the expected

increase in the carrier density as ionic liquid is added to the network.

In the case of the MoSe2 devices, the high degree of scatter present in the dry

conductivity is a sign that further investigation is needed to make the fitting values

obtained from this data more reliable. Currently, the dry conductivity data does not

show a clear trend, although fitting the data to the model gives the a peak near <L>

= 150 nm. The wet conductivity shows a clearer trend that decreases with increasing

nanosheet size. Applying the model to these datasets gives a junction resistance of 30
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GΩ and carrier density of 5.8 × 1021 m−3 for the dry conductivity, and a junction

resistance of 7.4 GΩ and carrier density of 3 × 1023 m−3 for the wet conductivity.

Importantly, the model was also able to account for the behaviour of the networks

while being electrolytically gated, showing that it can be used to evaluate networks

with high carrier densities. For WS2, this gave carrier densities of 4.15 × 1023 m−3 for

electrons and 1021 m−3 for holes, with corresponding junction resistances of 0.52 GΩ and

140 GΩ. Likewise, applying the model to the MoSe2 mobility gives carrier densities of

6.97 × 1023 m−3 for holes and 6.6 × 1023 m−3 for electrons, with corresponding junction

resistances of 12.9 GΩ and 2.22 GΩ. This supports the n-type behaviour observed in

the WS2 transfer curves, and the more ambipolar behaviour observed for the MoSe2

devices.

Finally, this model shows potential to determine the optimal value of <L> for a

given material to maximise the network mobility, something that will hopefully prove

useful in future optimisation of printed nanosheet network transistors. Both the WS2

and MoSe2 networks showed maximum network mobilities at <L>~80 nm, suggesting

an optimum flake size for future nanosheet network transistors. Since the model used

to make these predictions also makes no assumptions as to the method in which the

nanosheets were prepared other than a constant aspect ratio, it is also likely that this

model can be further utilised to characterise the behaviour of nanosheets produced via

such methods as electrochemical exfoliation, thus further increasing its utility. While

it is also the case that the model makes multiple approximations to reach this stage,

accounting for said approximations would only further increase the accuracy of the

model’s predictions and thus its ability to describe the electrical characteristics of a

nanosheet network.
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Information is not knowledge, knowledge is not

wisdom, and wisdom is not foresight. Each grows

out of the other, and we need them all.

Arthur C. Clarke 8
Conclusion & Future Work

Although electrolytically-gated nanosheet network transistors show great potential in

printed device applications, it is clear that there remains a good deal of necessary

work to fully realise this potential. In their current state these printed transistors are

heavily limited by the junction resistances, which are in turn influenced by the film

morphology. This work hopes to illuminate pathways for future research into these

networks by providing some insight into their inner workings, as well as outlining the

requirements for future transistor applications derived from them.

Following the successful demonstration by Kelly et al. of an electrochemical nanosheet-

network transistor, it was clear that despite the good switching behaviour observed for

such devices, the mobility obtained for such devices was orders of magnitude below that

of a single nanosheet. In this work a potential solution to this issue was investigated,

namely the addition of small quantities of highly conducting nanosheets to boost the

overall network properties while maintaining the switching behaviour needed for tran-

sistor applications. A series of transistors with nano-nano composite films of graphene

and WS2 nanosheets were studied, with particular focus on the changes in conductivity,

mobility, and on:off ratio as the amount of graphene was increased from 0 volume frac-

tion (WS2 only film) to 0.5 volume fraction (graphene only film). The conductivity and

mobility were found to scale following percolation theory with a percolation threshold

of 0.08, which means that above this value the graphene nanosheets are able to form

a conducting sub-network within the composite that carries the brunt of the current.
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This has a large adverse impact on the on:off ratio, which decreased from 2 × 104

for a WS2 only network to ~101 above the percolation threshold. Unfortunately this

decrease is far too severe to be worth the relatively small increase in device mobility,

since adding the amount of graphene needed to cause a twofold increase in network

mobility results in a fall in the on:off ratio of a factor of 103. Unfortunately this means

that tuning the device properties by adding a conductive filler is not a feasible route

to improving device performance.

A key step towards future applications for printed nanosheet network transistors is

to be able to fabricate as many elements as possible out of printed nanosheet networks.

To this end, it was key to investigate the impact that switching from a planar gold gate

electrode to a porous graphene gate electrode would have on the device performance.

In particular it was important to determine whether changes in the gate geometry

would impact the device performance, since this would set a baseline for future all-

printed nanosheet network transistors. To address this, WSe2-channel transistors were

fabricated with printed graphene gate electrodes, with the volume of the gate electrode

varied from ~10−4 mm3 to ~1 mm3. As the gate volume decreased, the gate capacitance

began to dominate the overall device capacitance and began to negatively impact the

performance. For gate:channel volume ratios below ~10, the gate volume was able

to negatively affect the overall device, with the network mobility decreasing rapidly

for gate:volume ratios of < 1. In addition to the mobility, the transistor on:off ratio

and magnitude of the on-currents also decreased once the gate capacitance began to

influence the device behaviour.

While it is well-documented at this point that nanosheet networks are limited by

the inter-sheet junction resistances, work to characterise the inner workings of these

networks is limited. A model to describe the conductivity and mobility of a nanosheet

network in terms of the properties of the individual nanosheets and the inter-sheet

resistance was derived by the Coleman group and was applied to a series of WS2 and

MoSe2 nanosheet network transistors with varying mean nanosheet size. The model was

capable of describing both the undoped and doped conductivity, as well as the n- and

p-type mobility. This demonstrates the utility of such a model, as well as illuminating
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some of the inner workings of these nanosheet networks.

8.1 Future Work

One of the most important avenues of future research will be addressing the impact

of network morphology on these devices, both in terms of characterising the precise

nature of said impact and in developing means to control the film morphology.

A potential work-around to the problem of junction-limited devices has been found

by Lin et al.,99 by manufacturing nanosheet network transistors via spin-coating of

electrochemically exfoliated nanosheets, although this method is not without its draw-

backs. First and foremost is the lack of scalability that comes with electrochemical

exfoliation, and the amount of time necessary to exfoliate enough material to create a

suitable spin-coated device. In contrast, LPE-based inks are easily capable of producing

large quantities of material but are currently unable to reproduce the high aspect ratio

nanosheets created via electrochemical exfoliation. Finding a suitable middle ground

where large quantities of high aspect ratio nanosheets can be produced in large quan-

tities is ideal for further improving the performance of printed transistors.

A potential workaround to this issue is to produce tiled networks of nanosheets,

which are closely packed low-porosity networks, via layer-by-layer deposition tech-

niques. These networks are able to achieve similar high-mobility networks that are

able to severely reduce the impact of inter-sheet junctions, via the formation of “fish

scale” structures which produce both good nanosheet alignment and high sheet-to-sheet

overlap.337 This has considerable potential for optoelectronic applications, as demon-

strated by Neilson et al. who achieved MoS2-based FET mobilities and on:off ratios

comparable to CVD-grown films.338

In addition, there are two techniques which promise the ability to gain further

insight into the inner workings of printed nanosheet networks. The first is FIB-SEM

tomography, which involves sequential FIB and SEM steps performed on a printed

film to build up a full 3D image of the nanosheet network, allowing simultaneous

investigation of pore structure and nanosheet alignment, both of which are key to
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developing an understanding of the morphology. The second is impedance spectroscopy,

expanding on the methodology used by Kelly et al. to analyse printed hBN capacitors.2

This gives insight into the behaviour of such networks over a range of frequencies which

will in turn provide insight into junction resistances and inter-sheet capacitances, by

treating the nanosheet networks in a similar manner to that of the model derived in

Chapter 3.2. Preliminary work in this area has already been carried out by Nalawade

et al. for BiOCl printed nanosheet network capacitors, where impedance spectroscopy

was used to probe the equivalent circuit of the device while simultaneously confirming

the absence of pinholes in the dielectric.339

Another issue facing electrochemical transistors is the lengthy annealing process

necessary to prepare the liquid electrolyte for device operation. While this is necessary

to maintain the stability of the ionic liquid and suitably widen the electrochemical win-

dow, it limits the potential of the devices since they must be kept away from moisture.

Investigating ways to encapsulate these devices while maintaining their performance

will be necessary, building on previous efforts to encapsulate other electrochemical

devices.340

One final issue facing ionic liquid gated transistors is the slow switching speed

displayed by the devices made during this thesis, which were on the order of seconds.

In order for these devices to become viable for commercial use, it is clear that this issue

must be overcome. Since the device geometries in this work involve a side gate located

a distance on the order of millimetres from the channel, the time taken for the ions to

diffuse from gate to channel will impact the switching speed.
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Chapter &
Material Figure(s) of Merit Key Results

Chapter 5

WS2 &
graphene

• Figure of merit CV µ varies
with graphene loading level.

• Percolation threshold found to
be at ϕ= 0.08.

• Trend in CV µagainst ϕ is well
described by percolation the-
ory.

• For pure WS2 device, µ= 0.1
cm2 V−1 s−1 and on:off ratio =
104.

• For pure graphene device, µ=
0.35 cm2 V−1 s−1 and on:off ra-
tio = 1.3.

Chapter 6

WSe2

• Figure of merit CV µ affected
by graphene gate volume.

• Below a certain gate volume
threshold CV µ depends on gate
volume.

• This threshold is when the gate
volume:channel volume ratio is
equal to 10.

• Above VG/VCh = 10, µ≈ 10−2

cm2 V−1 s−1.

• Below VG/VCh = 10, µ de-
creases with gate volume to as
low as 10−4 cm2 V−1 s−1.

Chapter 7

WS2 &
MoSe2

• Conductivity and mobil-
ity both scale with mean
nanosheet length.

• Addition of ionic liquid causes
the direction of the trend in
conductivity to switch direc-
tion.

• This is due to the increase in
carrier density that comes with
the addition of ionic liquid.

• The model derived in Chapter
3.2 is able to both account for
and predict this change in direc-
tion.

• For WS2, the maximum mo-
bility value was µe 4.96 ×10−2

cm2 V−1 s−1 at <L> = 69 nm.

• For MoSe2, the maximum mo-
bility value was µe 1.07 ×10−2

cm2 V−1 s−1 at <L> = 80 nm.

Figure 8.1: A summary of the various devices produced throughout this thesis, as well as some of the

key results obtained.
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