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Abstract 

Nanosheet networks are attracting much interest as printed electronic devices, utilising 

the physical properties of 2D nanosheets. Electrical conduction and the impact of strain 

on conduction in the networks is of particular interest when considering applications as 

wearable devices, for measuring strain or as flexible electronics and interconnects.  

As nanosheet networks become thinner, they enter a percolation regime, where the 

electrical conductivity is no longer an intrinsic material property. In this study, networks 

of liquid phase exfoliated (LPE) graphene nanosheets were spray coated onto flexible 

polymer substrates. The unstrained electrical conductivity of the networks was measured, 

and the networks were strained linearly and with cyclic profiles. Both conductivity and 

piezoresistance show percolative behaviours for thinner networks. They transition to 

bulk-like behaviour when the network thickness is greater than ~100 nm. This data 

yielded a bulk conductivity of ~260 S/m. Using percolation theory, an equation for the 

gauge factor as a function of network thickness and network conductivity in the 

percolation region was derived. These models describe the experimental data very well, 

including the divergence in the gauge factor as the percolation threshold is approached 

from above. They also show that the dominant factor contributing to the piezoresistive 

response in the percolation regime is the effect of strain on the network structure. These 

networks have a maximum gauge factor of ~350, close to the percolation threshold, while 

having stable cyclic responses, with minimal electrical hysteresis and a minimal 

frequency dependence on the piezoresistive response. 

As network resistivity has been shown to depend on nanosheet dimensions, it was 

hypothesised that a similar effect may apply to the piezoresistive response. LPE graphene 

nanosheets were size selected using liquid cascade centrifugation to produce inks with 

six distinct nanosheet thickness distributions ranging from ~20 nm to ~3 nm. These were 
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spray coated onto flexible substrates and tested electrically, and the piezoresistive 

response of each was extracted from cyclic strain measurements. The network resistivity 

decreased with decreasing nanosheet thickness, in line with existing models, however the 

gauge factor increased with increasing nanosheet thickness. Using an existing model, the 

nanosheet resistivity and junction resistances were determined to be (2.9 ± 1.3) ×10-5 Ωm 

and 8.9 ± 1.0 kΩ respectively. To understand the change in gauge factor, this model was 

used as a starting point to derive a new model relating gauge factor to nanosheet 

thickness. Fitting the model enabled the effect of strain on the nanosheets and the inter-

nanosheet junctions to be differentiated. In this system, the fitting suggests that the 

graphene nanosheets have a negative piezoresistive response. 

Changing the nanosheet aspect ratio can have a significant impact on the electrical 

performance of devices made from nanosheet networks. Inks of LPE and 

electrochemically exfoliated (EE) nanosheets were prepared and spray coated to form 

films. The network structure of both materials was characterised using nanotomography, 

which illustrated the increased conformality and reduced porosity of EE networks. The 

bulk electrical conductivity of the networks differed by an order of magnitude, with the 

EE network being more conductive. Both networks displayed percolation behaviour in 

the conductivity as a function of network thickness. Fitting these with a percolation model 

yielded scaling exponents in line with the 2D and 3D exponents for EE and LPE networks 

respectively. The piezoresistive response of the LPE networks was higher in the bulk 

regime, however both materials showed an increase in piezoresistance as the percolation 

threshold thickness was approached from above. These changes can be understood with 

respect to the network structure and the nanosheet sizes. 

Novel impedance spectroscopy techniques are enabling the direct measurement of 

nanosheet resistance and junction resistance in 2D nanosheet networks, offering a 
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potential avenue to further mechanistic understanding of the piezoresistive effect in 

nanomaterial systems. Networks of EE MoS2 were characterised electromechanically 

using both DC resistance and AC impedance spectroscopic techniques. DC 

piezoresistance showed a relatively low gauge factor of ~3, with a linear response which 

withstood cyclic deformation. The AC impedance measurements showed that the 

junction resistance increased linearly with strain while the nanosheet resistance remained 

constant. These observations are consistent with highly aligned nanosheets sliding past 

one another under the application of strain, without transferring strain to the nanosheets 

themselves. This technique may enable further mechanistic insight into a range of 

piezoresistive nanomaterial systems. 
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“Don't fear difficult moments. The best comes from them.” 

Rita Levi-Montalcini 

 

 

 

 

 

Chapter 1  

Introduction & Outline 

1.1 Introduction 

Nanomaterials have been proposed as the materials of the future, offering new ways to 

tackle existing problems.1 Many people see this relatively new class of materials as the 

holy grail due to the wide-ranging areas where they can deliver improvements to material 

properties or device performance.2 It has now risen to the same degree of ‘buzz-word’ 

recognition as artificial intelligence and quantum computing. However, the term 

‘nanomaterials’ covers an incredibly broad range of materials of different 

dimensionalities, produced in many distinct ways with vastly different quality 

requirements depending on the eventual application.3 As a result, researchers must 

establish whether they are interested in the fundamental behaviours of singular 

nanoparticles or nanosheets, seeking to develop industrially scalable synthetic routes to 

high quality materials, or looking to utilise nanomaterials to develop the next cutting-

edge technologies. 

Many of the advantages of nanomaterials arise from their unique properties, which are 

attributed to their reduced size compared to conventional materials. These unique 

properties can also lead to novel phenomena and mechanisms that must be investigated 
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and understood in order to get the most out of these nanomaterials. This thesis will focus 

on sheet-like 2D nanomaterials, typically derived from layered van der Waals (vdW) 

crystals. 2D materials researchers initially focused on individual sheets,4 however liquid 

phase exfoliation enabled the scalable production of nanosheets in research laboratories, 

in the form of liquid dispersions.5 These dispersions or ‘inks’ could be used to produce 

networks of billions of interconnected nanosheets. Such networks have properties which 

depend not only on the nanosheets, but on the junctions between the nanosheets.6 The 

networks have been used to produce devices ranging from capacitors7 and batteries8 to 

catalysts9 and strain gauges.10 Understanding how electrical conduction in these networks 

responds to applied strain and how to tune this response will be a key focus of this thesis. 

1.2 Research Outline 

Printed networks exhibit coating thickness dependent physical phenomena, where the 

conductivity increases sharply as the thickness increases up to a critical point. This 

behaviour is known to be a percolation transformation arising from the build-up of a 

conductive network of nanosheets. It has also been observed that piezoresistive properties 

can be dependent on the thickness of the network. In Chapter 5, these percolative 

behaviours of nanosheet networks are investigated. A model for network thickness 

dependent piezoresistive response is developed and tested. This provides a physical 

model which can enhance the understanding of this phenomenon in nanosheet networks 

and guide future researchers in engineering the piezoresistive response of nanosheet 

networks. 

It has been observed that network electrical properties can be modulated by tuning the 

length and thickness of nanosheets in a network. In liquid phase exfoliation (LPE) 

dispersions, the aspect ratio of nanosheets is confined to a narrow range due to the 

exfoliation mechanism, however there is a broad range of nanosheet sizes in the 
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polydisperse suspension. As a result, a range of nanosheet sizes can be extracted using 

centrifugation methods. In Chapter 6, films of nanosheets above the percolation thickness 

regime are prepared with nanosheet thicknesses ranging from 3 nm to 20 nm, and the 

electrical and piezoresistive properties of the films are investigated. This reveals 

pathways to enable the modulation of the piezoresistive response of a network by 

changing the nanosheet thickness.  

Nanosheets come in a wide range of sizes depending on the preparation method. Liquid 

phase exfoliation and electrochemical exfoliation (EE) yield flakes of significantly 

different aspect ratios and, as a result, the structure of the networks produced differs 

greatly. A key difference is observed in the contact between the nanosheets. In LPE, there 

are point-like contacts between jammed nanosheets, while the EE nanosheets form 

conformal vdW contacts. It is important to understand the impact of these morphological 

differences in such networks. In Chapter 7 the effect of LPE vs. EE nanosheets on 

conduction and piezoresistance in spray coated networks is investigated. These properties 

are also studied in the percolative regime, where it is shown that these percolation effects 

are observed in both LPE and EE networks, despite significant morphological 

differences. 

In nanosheet networks, it is known that both the nanosheets and the junctions contribute 

to the electrical resistance of the coating. A method of measuring the resistance 

contributions of both, using impedance spectroscopy, has opened the possibility of 

directly measuring these effects in devices. In Chapter 8, through conducting this 

impedance measurement at different applied strain values, it is possible to probe the effect 

of strain on the nanosheets and the junctions in the network. This provides insight into 

the effect of strain on nanosheet networks and offers a new technique to study 

piezoresistance, by measuring the nanosheet and junction contributions directly.  
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“Scientists have become the bearers of the torch of 

discovery in our quest for knowledge.” 

Stephen Hawking 

 

 

 

 

Chapter 2  

2D Materials Properties, Preparation and Processing 

2.1 Nanomaterials 

Many eras of human civilisation have been described by the materials that defined their 

most significant technological advances, including the stone age, bronze age, iron age, 

and now, the silicon age is catching on. However, a new class of materials are coming to 

the forefront: nanomaterials.  

The launching point for several of the significant advances in this field can be traced back 

to a lecture given by Feynman titled “There’s Plenty of Room at the Bottom,”1 at the end 

of which he set out challenges to inspire developments in nanoscale fabrication and 

devices. However, nanomaterials have been found in pigments11 and medicines12 used by 

ancient civilisations and have even been discovered in ancient Damascus steel blades.13  

A nanomaterial is defined as a material with at least one dimension less than 100 nm. The 

properties of a material change as the size is reduced, with the dimensionality of a 

material given by the number of dimensions greater than 100 nm. This has given rise to 

0D nanoparticles, 1D nanorods and nanotubes, and the focus of this work: 2D nanosheets. 

Some allotropes of carbon provide an insightful introduction to nanomaterials, such as 

fullerene ‘buckeyballs,’ with all dimensions less than 100 nm, carbon nanotubes (CNTs), 
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which have one dimension greater than 100 nm, and graphene, atomically thin sheets of 

carbon atoms.14 These three structures are shown in Figure 2.1C. 

These novel materials have exceptional properties because of their increased surface-to-

volume ratio and quantum confinement effects, leading to advances in catalysis,15 

batteries,16 and electronics.17 Researchers are now investigating the incorporation of these 

materials into the mainstream semiconductor industry to push Moore’s law even further.18  

2.1.1 2D Materials 

Since the time of Democritus, who thought about breaking matter up into smaller and 

smaller units to arrive at the base building blocks which he called “atomos”, meaning 

indivisible, scientists have sought to study smaller, thinner materials in the quest for novel 

physical phenomena.1 Crystals of layered materials have been known and extensively 

used for hundreds of years, with some reports of graphite being used as a lubricant to line 

cannon ball moulds, and molybdenum disulphide being used extensively as a dry 

lubricant.19 This low friction arises because of the weak out-of-plane bonding in layered 

crystals, which allows the sheets to slide past each other, along with incommensurability 

in stacking between layers which can occur in the bulk crystal.20 This weak bonding arises 

due to anisotropy in the bonding of layered crystals, with strong covalent bonding in the 

plane of the atomic layers and weak vdW bonding between the sheets in the out-of-plane 

direction.  

Layered materials with weak out-of-plane bonding offer potential to separate the 

individual 2D layers, while ideally leaving the basal plane of the individual sheets intact. 

Based on reports from Lev Landau and the Mermin-Wagner theorem, large stable 

atomically thin nanosheets were theorised to be thermodynamically impossible.21, 22 

However, once exfoliated, these materials were observed to self-stabilise by undulations 

and corrugations, rather than tearing themselves apart.23 It was correctly predicted, by 
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exfoliating, that the surface of these 2D nanosheets would be pristine and free of dangling 

bonds,24 due to the weak vdW forces holding them together. This has enabled the 

development of the fruitful field of 2D materials. Using density functional theory 

methods, theoreticians have developed a library of layered materials they believe to be 

suitable for exfoliation into 2D nanosheets, with 9,306 materials listed as of 2023.25  

2.1.2 Graphene 

 

Figure 2.1: Graphene. A) Schematic showing the hexagonal structure of carbon atoms in 

graphene, with an inter-atomic distance of 1.42 Å. B) Transmission electron micrograph of 

graphene, adapted from Girit et al.26 C) Low-dimensional carbon nanomaterials, adapted from 

Geim et al.14 D) Electron dispersions for a honeycomb lattice, with the inset showing a magnified 

view of the cones at the Dirac point. Adapted from Castro Neto et al.27 

 

Graphene truly is the prototypical 2D material, composed of a single atomic layer of 

carbon atoms arranged in a hexagonal lattice, Figure 2.1A. In 2004, the seminal graphene 

‘Scotch-tape’ paper was published by the Manchester group.4 Soon thereafter, graphene 
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was found to have superlative properties in many areas including electrical conduction,27 

mechanical strength,28 and thermal conduction.29 The hexagonal structure was also 

observed using transmission electron microscopy, shown in Figure 2.1B.26 As a result of 

the impact of isolating monolayer graphene, the Nobel prize in Physics was awarded to 

Andre Geim and Kostya Novoselov in 2010, “for groundbreaking experiments regarding 

the two-dimensional material graphene.”30  

However, monolayers of graphite layered crystals had long been postulated. B.C. Brodie 

considered that, with sufficient division, graphite would yield “minute flat plates” in 

1859.31 With the advent of X-ray diffraction analysis, working independently, Hull,32 

Debye,33 and an Irish scientist, J.D. Bernal reported on the crystal structure of graphite, 

noting that the “atoms of carbon lie in planes” and that the planes are composed of “nets 

of hexagons".34 The ABAB stacking in graphite layers was named after Bernal. The 

carbon-carbon bond distance in the basal plane was determined to be 1.42 Å.34  

As the layered structure of graphite was known, scientists began to imagine and theorise 

as to the potential properties of graphite at the monolayer limit. In 1947, P.R. Wallace 

reported on the theoretical semi metallic band structure of what is now called graphene.35 

However, as mentioned previously, it was believed that such 2D crystalline sheets could 

not exist in a planar state without a substrate, as the thermal vibrations would destroy any 

long range order in a 2D lattice.21, 22 These theories were valid, however it was observed 

that graphene nanosheets are stabilised by their intrinsic ripples and corrugations.23, 36  

The properties of graphene are strongly related to the hybridised bonding of the carbon 

atomic orbitals when arranged in a planar hexagonal lattice. The 2s, 2px, and 2py orbitals 

hybridise into a  bonding orbital. This sp2 hybridised bonding yields strong covalent 

bonds which enhance the in-plane mechanical properties. The out-of-plane 2pz orbital of 
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each atom hybridise to form a   bonding orbital. In graphene, this  bonding orbital is 

half filled, and as a result charge can flow in the nanosheet. 

Expanding this theory to include the hexagonal lattice and a tight binding model, results 

in a linear dispersion relation at the  point, known as the Dirac cone.4 As the electron’s 

effective mass is defined with respect to the curvature of the dispersion relation, the Dirac 

cone yields an electron with zero effective mass, or a “massless fermion.” This cone is 

shown in Figure 2.1D.27 As the conduction and valence bands touch with negligible 

overlap at the point, graphene is said to be a semimetal.4, 27 

Given that every atom in a graphene monolayer is a surface atom, this yields a specific 

surface area of 2,630 m2/g, leading to applications in electrical double layer capacitors.37 

However, it is also poised to deliver impact in sectors including healthcare,38electronics,39 

and aviation.40 

2.1.3 Hexagonal Boron Nitride (h-BN) 

Interestingly, a second layered crystal material also exhibits a similar honeycomb 

hexagonal structure: hexagonal boron nitride (h-BN). This synthetic material is formed 

from boron and nitrogen atoms, which occupy alternating positions in the hexagonal 

lattice as in Figure 2.2A. h-BN has long been used in the cosmetics and beauty industry. 

After the mechanical exfoliation of graphene, this “white graphene” layered crystal was 

the obvious next step and in less than a year it was isolated in monolayer form.41  

Interestingly, monolayer h-BN does not exhibit the semi metallic electronic properties of 

graphene; instead, it is an insulator with an direct bandgap of order 6.1 eV.42 This band 

gap opening comes about due to the electronegativity of the nitrogen atoms in the 

structure,43 which introduces a polar-covalent nature to the boron-nitrogen bond.44 Hence 

the valence band has largely nitrogen p-orbital character, while the conduction band is 

largely based on the boron p-orbital character.45 As h-BN nanosheets are optically 
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transparent,46 atomically flat,47 and have low gas-permeability,48 they are frequently used 

to encapsulate nanosheet devices.49 h-BN is also used as a substrate for other 2D 

nanosheets,50 and the nanosheets can be used as a dielectric layer.24 

2.1.4 Transition Metal Dichalcogenides (TMDs) 

Transition metal dichalcogenides (TMDs) are a class of layered crystals composed of 

three-atom thick covalently bonded nanosheets, which are held together by vdW forces 

between the sheets. The nanosheet layers take the form X-M-X, where a layer of 

transition metal atoms (M) are sandwiched between two layers of chalcogen atoms (X=S, 

Se or Te).51 The structure of TMDs was first reported for Molybdenum Disulfide (MoS2) 

in its mineral form ‘Molybdenite’ by Linus Pauling in 1923.52 This is a broad class of 

materials with a wide variety of electronic properties ranging from semi-metallic to 

semiconducting depending on the choice of metal and chalcogen atoms making up the 

nanosheets,53 Figure 2.2B. This variation arises from the differing occupancy of the d-

orbitals in the transition metal.54  

TMDs are polymorphic, meaning they can exist in three primary structural units, the 1T 

tetrahedral packing, 2H hexagonal packing, and 3R rhombohedral packing.55 It is also 

possible to distort the stacking configurations of the elemental layers within the structure. 

An example of this is the 1T’ phase, where metal-metal bonds are formed through 

dimerisation in the middle layer in 1T phase group VI TMDs,51 as shown in Figure 2.2C. 

By changing the structural stacking type and hence the transition metal coordination, the 

electronic properties of the nanosheets are modified.  
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Figure 2.2: Materials Beyond Graphene. A) Schematic of h-BN hexagonal monolayer lattice. B) 

Periodic table highlighting boron, nitrogen, transition metals capable of forming TMDs, and the 

chalcogens (S, Se and Te), adapted from Chhowalla et al.54 C) TMD polytypes, with unit cells 

defined by the dashed lines. Adapted from Dai et al.56 D) MoS2 band diagrams for the bulk and 

monolayer limits. Adapted from Bonaccorso et al.57 

 

Transition metal dichalcogenides have attracted much attention for their electronic 

properties, but also for their optoelectronic properties. For example, MoS2 exhibits 

photoluminescence at the monolayer limit due to an indirect to direct bandgap transition 

with decreasing thickness, Figure 2.2D.58 Additionally, by varying the choice of metal 

and chalcogen, specific desirable properties such as bandgap can be tuned.59  

To date, TMDs are finding applications across a variety of fields including catalysts for 

the hydrogen evolution reaction,60 biosensing,61 photodetectors,62 printed transistors,63 

and memristors.64 Interestingly, monolayer MoS2 was reported in 1986,65 almost 20 years 

before the report of monolayer graphene using the Scotch-tape method.4 These synthesis 

methods will be discussed in the following sections. 
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2.2 2D Material Synthesis Routes 

In order to access the properties of 2D nanomaterials, they must first be prepared in a 

manner which preserves their exceptional qualities. Currently there are two approaches 

under which all techniques can be classified. The top-down approach where the weaker 

vdW bonds between the sheets in a layered crystal are broken, yielding individual 

nanosheets, and the bottom-up approach where a material is grown in a controlled 

manner, maintaining the required dimensionality.3 The foundations of these approaches 

will be outlined below, by discussing mechanical exfoliation and chemical vapour 

deposition (CVD) techniques, followed by an outline of 2D nanosheet exfoliation in 

liquid media.  

 

 

Figure 2.3: 2D Synthesis Methods. A) Diagram showing micromechanical cleavage using scotch 

tape. Adapted from Mannix et al.66 B) Optical microscope image of a millimetre scale 

micromechanically exfoliated nanosheet. Reproduced from Geim et al.67 C) Illustration of 

chemical vapour deposition growth of a nanosheet. Adapted from Mannix et al.66  

 

2.2.1 Micromechanical Cleavage 

This technique, also known as the ‘Scotch-tape method’ came to the fore when it was 

used to isolate monolayer graphene in 2004.4 However, this technique was used to cleave 

crystals of MoS2 to thicknesses of less than 100 Å in studies dating back to 1963.68 In 
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1999, Lu et al. postulated that single atomic layers of graphite could be isolated by 

rubbing graphite against a flat surface.69 

The technique is relatively simple in theory, using an adhesive tape to cleave nanosheets 

from the top surface of a layered crystal, illustrated in Figure 2.3A. As the vdW bonds 

between the layers are weaker than the in-plane covalent bonds, the nanosheets are 

delaminated along the basal plane. Repeating the process on the cleaved section, it is 

possible to continue thinning the crystal towards the monolayer limit. Nanosheets on the 

millimetre scale have been produced using this method67, 70 (Figure 2.3B), and can be 

transferred onto a variety of substrates71 or stacked with different nanosheets to form 

heterostructures as desired.72 This technique has yielded monolayers of graphene, h-BN, 

TMDs, and more.41, 70 To date this method is the best route towards high quality, large 

area, few-layer nanosheets,73 suited to academic studies of fundamental materials 

properties. However, its industrial application is hampered by the low throughput and 

scalability.74 

2.2.2 Chemical Vapour Deposition (CVD) 

This bottom-up nanosheet growth method has shown promise in producing high quality 

nanosheets at a wafer scale. Large-area growth been reported for graphene,75, 76 along 

with some transition metal dichalcogenides, namely MoS2,
77 WS2,

78 and WSe2.
79 The 

CVD process operates by flowing molecular gas over a metal foil in a high temperature 

furnace. The gas adsorbs to the metal foil, nucleating the growth of 2D structures, as 

shown in Figure 2.3C. Through tuning the growth parameters, these can range from 

polycrystalline films to large single crystals.67  

This technique gained traction alongside the rise of the semiconductor industry, due to 

the necessity for high quality thin films.80, 81 Since then, it has become an integral process 

in microprocessor production, where much research has been conducted into film 
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uniformity and deposition parameters including gas concentration, temperature, and the 

deposition environment.80 This gives CVD grown 2D materials the advantage of industry 

compatibility and facilitates process integration, without the need for excessive capital 

investment to incorporate 2D materials into the next generation of electronic and 

optoelectronic devices.17, 38 Conventional CVD does face several challenges, including 

the production yield being limited by the size of the furnace, requirements for hazardous 

precursors, and toxic by-products. Additionally, the energy intensive high temperatures 

limit the choice of substrate, with the transfer process required to remove the grown 

material from the foil having the potential to introduce defects to the nanosheets.82 

2.3 Exfoliation in Liquids 

While the previously mentioned methods for 2D nanosheet production have their merits, 

the work presented in this thesis focuses on solution processed nanosheets. Solution based 

approaches to exfoliation have enabled the scalable production of nanosheets from bulk 

layered crystal precursors. These methods also have the added advantage of being able to 

leverage techniques for working with liquids, including but not limited to centrifugation, 

spray coating, chemistry in solutions, and spectroscopic techniques for liquid samples. 

Exfoliation approaches in liquid can include Hummer’s method to produce graphene 

oxide,83 and MXene synthesis with solution based chemical etching of MAX phase.84 

However, for this thesis, the two liquid-based exfoliation techniques of specific interest 

are ultrasonication and electrochemical exfoliation.  

2.3.1 Liquid Phase Exfoliation (LPE) 

Liquid phase exfoliation (LPE) of 2D nanosheets was first reported on in 2008 by the 

Coleman group,5 only four years after the initial report of mechanical exfoliation of 

graphene.4 The advantages of this technique include its scalability and applicability to a 

wide variety of layered crystals.85 LPE mechanically delaminates nanosheets from a bulk 
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layered crystal, suspended in a stabilising liquid,5 the nature of which will be discussed 

in more detail in later sections. This delamination occurs using ultrasonic or shear energy 

to overcome the vdW forces between the layers.86, 87 This technique has been used to 

exfoliate a broad range of layered crystals, including graphite,5 h-BN,88 TMDs,89 black 

phosphorous,90 MoO3,
91 and SnP3.

8 More recently, work has been carried out to produce 

nanosheets from non-layered, non-vdW bonded materials using liquid phase 

exfoliation.92 

Ultrasonication 

Paul Langevin initially developed the piezoelectric quartz transducer which produced 

ultrasonic waves to detect submarines in 1917.93 However, ultrasonication was later 

commercialised in civilian applications for surface cleaning 1950s, before the mechanism 

of cavitation cleaning was fully understood.94 To exfoliate using ultrasonication, a 

transducer converts mechanical oscillations into ultrasonic waves in a liquid.86 These 

ultrasonic waves drive exfoliation of layered crystals in a liquid medium by vibrational 

energy and cavitation,89 as shown in Figure 2.4A.  

 

Figure 2.4: Ultrasonic Exfoliation. A) Schematic of an LPE setup, with sonic energy applied to a 

dispersion of layered material and solvent from a sonotrode. Inset shows nanosheet 

fragmentation and exfoliation. B) Schematic of the three stages of ultrasonic exfoliation, kink 

band formation, peeling, and exfoliation. Adapted from Li et al.95  
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Through in situ monitoring of the fragmentation and exfoliation of graphite flakes, Li et 

al. outline the three mechanistic stages in the ultrasonication process.95 They are as 

follows: firstly, the rupturing of large flakes and the formation of kink bands, secondly, 

the peeling of thin graphite strips between kink bands, and finally, the exfoliation and 

fragmentation of thin graphite strips, producing few layer graphene nanosheets. These 

steps are shown in Figure 2.4B. 

In the initial stage, the large flakes are rapidly broken into smaller flakes through existing 

defects, while the surface of the crystal also shows the formation of kink band ridges, in 

particular along the zig-zag orientation.95 These ridges, visible with an optical 

microscope, are attributed to the increase in temperature96 and local in-plane 

compression97 as bubbles collapse during cavitation.74 Additionally, the transfer of waves 

to the liquid-solid interface induces elliptical surface acoustic wave oscillations of atoms 

near to the surface of the crystal,98 contributing to ridge formation. 

In the second stage, peeling is observed between these reactive kink bands. Notably, the 

cracks propagate mostly along the zig-zag direction. This is due to kink bands along these 

directions having an increased likelihood of inducing stacking faults.99 As the graphite 

strips are peeled from the parent crystal, trenches of roughly 400 nm are left behind, with 

steps observed on the edges.95 It is worth noting that zigzag kink bands are also more 

chemically reactive99 than the basal plane, and oxygen species are observed to be 

chemically bonded at these sites.95 This suggests potential sonochemical processes100 

along with the purely mechanical processes.5  

In the final stage of the ultrasonic exfoliation process, both exfoliation and fragmentation 

of the nanosheets occurs. When there are fewer than 30 layers, kink band formation 

likelihood is decreased,99 hence fragmentation of the sheets through an edge tearing 
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mechanism dominates.101 Simultaneously, the exfoliation primarily occurs by interlayer 

sliding and solvent intercalation.5  

From experimental measurements of the size and thickness of LPE nanosheets, it was 

found that the nanosheet aspect ratio was approximately constant for all nanosheets in the 

dispersion, for a range of materials and solvents.102 Following these observations, it was 

found that the size-thickness relationship in ultrasonicated nanosheets is essentially fixed 

and dependent on the anisotropy of the in-plane and out-of-plane bonding strength of the 

crystal,103 and the surface energy ratio of the edge plane and basal plane of the material.102 

It was further observed that this exfoliation occurs without functionalising or introducing 

basal plane defects to the nanosheets.104  

Through this process, a challenge arises from the resulting polydispersity of nanosheet 

sizes. Nanosheets exfoliated in NMP using a sonic tip range from monolayer to ~50 layer 

flakes, with nanosheet lengths ranging from ~30 nm to 1,500 nm.102 Such dispersions 

typically have lognormal particle size distributions.105 This also limits the yield of 

typically desirable monolayer graphene sheets. LPE offers a cheap and scalable method 

to produce large quantities of polydisperse nanosheets, which can be used to 

mechanically reinforce polymers.106 

2.3.2 Electrochemical Exfoliation (EE) 

Electrochemical exfoliation (EE) is an exfoliation method based on the intercalation of a 

guest species between the layers in a vdW crystal. This method has risen to prominence 

in the field of solution processed 2D materials predominantly because of its impact on 

printed electronics. The technique also offers a practical route to overcome the near-

constant aspect ratio limitations of LPE dispersions, while also producing thinner and 

larger nanosheets with significantly higher aspect ratios. 
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Figure 2.5: Electrochemical Exfoliation. A) Schematic of an electrochemical exfoliation cell 

setup, with inset of the intercalation into the sheets and nanosheet exfoliation. B) Illustration of 

the steps involved in electrochemically exfoliating graphene nanosheets using SO4
2- intercalation. 

Adapted from Parvez et al.107  

 

This process occurs in two steps, as illustrated in Figure 2.5A. Firstly, the intercalation of 

the ions or molecules into the bulk crystal and, secondly, the exfoliation of the intercalated 

material by bath sonication.56 The intercalation of these particles between the layers 

expands the gaps between the individual nanosheets, thus reducing the strength of the 

vdW attraction between the layers.108 Hence, there is a smaller energy barrier to overcome 

to separate the sheets in the exfoliation step and the nanosheets delaminate as larger and 

thinner nanosheets.107 

An early report of ion intercalation and sonication assisted exfoliation of single-layer 

MoS2 dates back to 1986, where Lithium ions were intercalated into crystals by soaking 

in hexane and n-butyllithium. The expanded crystals were subsequently ultrasonicated in 

water, producing what was reported as a ‘monolayer’.65 Unfortunately, secondary 

processes can occur with Li+ ions intercalated in the crystal which can induce structural 

transformations from the desired 2H phase to the 1T phase.109 
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This technique and the associated processes can be broad and varied, as researchers try 

to enhance flake lateral size, reduce thickness, and minimise basal plane damage, 

functionalisation, and structural reorganisation. This has been the subject of many review 

articles.108, 110 It has been found that some intercalating species, such as bulky, organic 

molecules, avoid inducing the structural transformations but will not spontaneously 

intercalate between the layers.111 By using a two electrode electrochemical cell with the 

layered crystal as the working electrode and the intercalant dispersed in the electrolyte 

solution, the intercalant species can be driven between the layers through the application 

of a potential between the crystal and the counter electrode.108 This work focuses on SO4
2- 

anion and organic alkylammonium cation intercalant species, which encompass anodic 

and cathodic intercalation respectively.111 

SO4
2- Anion Intercalation 

The SO4
2- anion has been used extensively in the electrochemical exfoliation of graphite 

to graphene,107, 112-117 with inorganic salts including ammonium, sodium, and potassium 

sulfate used as a source of ions in the aqueous electrolyte. SO4
2- is preferred as it has an 

increased exfoliation efficiency compared to other aqueous anion salt solutions.107 

Typically, a potential of +10 V is applied across the cell to drive the SO4
2- between the 

graphitic layers, as shown in Figure 2.5B. 

2

44 ( )xLM xSO SO LM xe− −+ → +  

The mechanism is theorised to proceed through the formation of oxygen and hydroxyl 

radicals by oxidation in the electrochemical cell. These open the edges and grain 

boundaries of the graphite crystal by oxidative cleavage,118 promoting ion intercalation, 

but these can also induce defects in the nanosheets. Once intercalated, the reduction of 

SO4
2- ion and water self-oxidation within the crystal produce SO2 and O2 gas, which 
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expands the interlayer spacing.107, 119 This expanded crystal is then gently sonicated, in 

an ultrasonic bath, to produce a nanosheet dispersion.111 

Organic Alkylammonium Cation Intercalation 

As previously mentioned, Li+ ions have been used as intercalant species for exfoliating 

layered materials. This process of gas formation and hydration, along with charge 

injection from lithium intercalation, can damage 2D nanosheets, in particular TMD 

semiconductors, where the semiconducting to metallic transition occurs. Lin et al. 

devised an intercalation strategy using organic alkylammonium cations which did not 

destroy the semiconducting behaviour in the exfoliation process.120  

In cathodic exfoliation a negative bias is applied across the cell to drive the 

alkylammonium ions (
4R N + ) into the layered crystal. The intercalation proceeds as 

follows.111  

4 4( )xLM xR N xe R N LM+ −+ + →  

As these organic molecular species are larger than elemental ions, they can expand the 

layered crystal to a greater extent, reducing the interlayer vdW forces even further.121 

Using alkylammonium ions also reduces the damage in the nanosheets and prevents 

phase transition.120, 121 

The mechanistic reasons behind the reduction in damage lie in the dimension of the ions 

and the reactions occurring when exfoliating the expanded crystals. Firstly, the long 

organic chains help to expand the nanosheets and have dimensions almost an order of 

magnitude greater than the Li+ ions, yet these larger ions carry an equivalent charge. 

Hence, the electron injection ratio from the ions is decreased below the phase transition 

threshold of 0.29 e- per formula unit for MoS2.
122 Secondly, the exfoliation process of the 

intercalated layered crystal also does not evolve gases and is purely based on solvent 

diffusion between the layers of the crystal, which results in less damage to the 
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nanosheets.121, 123 Both of these electrochemical processes will leave ions in solution, and 

so washing steps can be necessary to remove any residual ions which may be undesirable 

in device applications of the nanosheet inks.124  

2.4 Solvent Stabilisation 

In solution processed nanosheet dispersions, choice of solvent is key to producing stable 

nanosheet dispersions. When nanosheets are in a liquid dispersion, there are two 

situations which can occur; either the nanosheets are energetically drawn towards the 

other nanosheets in the dispersion or towards the solvent molecules in the dispersion.125 

These two cases are known as aggregation and solvent stabilisation of the nanosheet 

dispersion, respectively. 

In understanding this process energetically, solubility theory can be used. This is despite 

the fact that nanosheet dispersions are not strictly solutions, but instead colloidal 

dispersions. The first step is to understand the mixing of the nanosheets with the solvent 

molecules at constant temperature and pressure, using the Gibbs free energy of mixing, 

mixG .126 

xmixmix miTG H S = −        (Eq. 2.1) 

In this equation mixH is the enthalpy of mixing, T is the temperature, and mixS is the 

entropy of mixing. For the mixing process to occur spontaneously, the condition that 

0mixG   must be achieved to avoid spontaneous aggregation. As nanosheets are large 

in comparison to the stabilising solvents, entropy of mixing is assumed to be small, 

relative to the enthalpy of mixing.127 In most cases, the stability of nanosheet dispersions 

is optimised through understanding and minimising the enthalpy of mixing.89, 104  

For solvent-solute interactions, the enthalpy of mixing per unit volume can be written as 

follows, where mixV  is the volume,   is the solvent volume fraction, k  is Boltzmann’s 
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constant, 0  is the molecular volume of the solvent, and   is the Flory-Huggins 

parameter. 

0(1 ) /mix

mix

H
kT v

V
 


= −        (Eq. 2.2) 

As mixH  needs to be minimised, it is simple to show that the Flory-Huggins parameter 

for the system must be minimised. This parameter encompasses the energetics of the 

particle-particle, solvent-solvent, and particle-solvent interactions.125 

( )2

2

AB AA BB
AB

z

kT
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

− −
= −        (Eq. 2.3) 

In this equation, z  represents the coordination number,   denotes the pairwise 

interaction, and the solute and solvent are represented by A  and B  respectively. From 

this equation it can be seen that the interaction parameter will be positive if AA  or BB  

are dominant, leading to aggregation. As a result, the solute-solvent interaction must 

dominate for stable dispersions, keeping AB  negative. 

The Flory-Huggins interaction parameter can also be approximated from the Hildebrand 

solubility parameters. These Hildebrand solubility parameters, ,i T , are calculated as 

follows: 
, ,i T T CE V = .128 Here ,T CE  is the total cohesive energy density, measured 

using the heat of vaporisation.129 This parameter gives a numerical value, which can assist 

in predicting solubility.130 

20
, ,( )A T B T

v

kT
  −         (Eq. 2.4) 

This model worked well as an initial approximation to predict solubility; however, it was 

not reliable for polar solvents.128 As a result, Hansen separated the cohesive energy 

density into dispersive, D , polar, P , and hydrogen bonding, H , interactions, from which 

the Hansen components can be extracted.131  
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2 2 2 2

, , , ,C T C D C P C H T D P HE E E E    += + + = +     (Eq. 2.5) 

Finally, rewriting the Flory-Huggins parameter in terms of all three interactions, a model 

for predicting solubility in colloidal dispersions has been reached, as shown by Eq. 2.6.132 

This suggests that each of the three parameters must be approximately matched to 

minimise the difference between the surface energy of the nanosheets and the solvent, 

yielding a stable dispersion.  
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   (Eq. 2.6) 

This model was verified for nanosheet dispersions by Coleman et al., and in the case of 

LPE graphene the Hansen parameters have been estimated to be ,D graphene  ≈ 18 MPa1/2, 

,P graphene  ≈ 10 MPa1/2, and ,H graphene  ≈ 7 MPa1/2.104  

 

Figure 2.6: Solvent Stability. Plot of dispersed graphene concentration vs. solvent surface energy 

for LPE graphene exfoliations post centrifugation. Inset molecular diagrams of DMF and NMP 

molecules. Adapted from Coleman.104  

 

Based on extensive studies to identify the optimal solvents for exfoliating graphene and 

other 2D nanosheets across a range of solvent surface energies (Figure 2.6), n-methyl-2-

pyrrolidone (NMP) and dimethylformamide (DMF) proved to yield the most desirable 
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nanosheet dispersions, with good stability post exfoliation.5, 86, 89, 104 However, a brief 

look at the safety data sheets for these materials highlights the toxicity of these 

solvents.133, 134 As a result, investigations are underway to find safer solvents for 

exfoliation, including dihydrolevoglucosenone (Cyrene™).135 

2.5 Size Selection  

As previously mentioned, the liquid dispersion from the exfoliation consists of flakes 

with polydisperse lengths and thicknesses, as shown in Figure 2.7A. It is possible to 

separate these flakes into size bands using centrifugation methods, which is particularly 

useful in nanosheet networks where size has been shown to play an important role in 

certain applications. Specific examples include monolayer enriched MoS2 inks required 

for photoluminescence,136 smaller nanosheets for catalytic applications,9 and large 

nanosheets for mechanically reinforcing polymer composites.106 There are two primary 

methods used to separate bulk dispersions into several fractions based on the nanosheet 

sizes. These involve separation based on buoyancy and sedimentation rate.  

2.5.1 Density Gradient Ultracentrifugation (DGU) 

Density gradient ultracentrifugation (DGU) makes use of the differences in buoyant 

density of nanosheets in a dispersion to separate them by size. By using a density graded 

medium, where the density of the medium increases further down in the centrifuge tube, 

the nanosheets in dispersion will sediment near their isopycnic (equal density) point.111 

As nanosheets are typically denser than the liquid medium, they are coated with 

surfactant molecules to reduce the net density, which also allows for nanosheets to be 

sorted by thickness.137 DGU was initially used in biochemistry to separate subcellular 

components,138 however Hersam et al. used this technique to separate aqueous 

polydisperse CNT dispersions by nanotube diameter139 and to sort graphene nanosheets 

according to their thickness.140 Unfortunately, this technique is limited by low yields, 
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complicated procedures to prevent the extraction of the wrong nanosheet fraction, and 

the risk of contamination from the density graded medium and the adsorbed surfactant 

molecules. These contaminants and adsorbed species have negative effects on electronic 

devices prepared using the nanosheet inks.141 

2.5.2 Liquid Cascade Centrifugation (LCC) 

In a sedimentation-based separation process, such as liquid cascade centrifugation (LCC), 

the particles in a suspension are separated according to their sedimentation rate in a 

medium with uniform density. In such a medium, this sedimentation rate, s , was 

described by Svedberg,142 using Equation 2.7. The sedimentation coefficient is the ratio 

of the particle velocity to acceleration and can be thought of as the time taken for a 

nanomaterial to sediment. In this equation, m  is the particle mass,   is the solvent 

density, V  is the volume of 1 gram of material in the suspension, and f is the frictional 

coefficient.57 As a result, it is simple to see that the sedimentation rate is dependent on 

the nanosheet mass along with the drag forces it experiences in suspension.  

1 )(m
s

f

V−
=          (Eq. 2.7) 

 

Figure 2.7. Liquid Cascade Centrifugation. A) Photograph of ink, with schematic showing the 

polydisperse nature of the nanosheet sizes within the as-exfoliated dispersion. B) Schematic 

showing the LCC process, where fractions containing successively smaller nanosheets are 

sedimented from the nanosheet dispersion.  
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During centrifugation, the higher mass large nanosheets sediment more quickly, leaving 

the smaller, thinner nanosheets in suspension. In a method similar to gas-separation 

centrifugation cascades, the suspended material can be separated from the sedimented 

material and centrifuged again. Through repeated centrifugations, the larger flakes are 

progressively removed, leaving smaller and thinner nanosheets in the dispersion.136 

The steps involved in LCC are represented in Figure 2.7B. Here, the as-sonicated 

dispersion is centrifuged at a relatively low speed to sediment the largest, thickest 

nanosheets and some of the unexfoliated starting material. The supernatant is removed 

without resuspending any of the sedimented material. The supernatant is then centrifuged 

at a higher speed, to sediment the largest nanosheets remaining in the suspension.136 The 

supernatant is again removed from the vial and transferred on to another centrifugation 

cycle at higher speed, while the sediment left behind now contains nanosheets which have 

been selected between two centrifugation speeds. This process is repeated at 

progressively increasing centrifugation speeds to extract a series of nanosheet sediments, 

which are successively smaller and thinner. The sediments can be resuspended in a variety 

of solvents, suitable for printing as inks, with only mild sonication required to resuspend 

the nanosheets.143 

Using this LCC solution processing technique, Backes et al. successfully enriched the 

monolayer volume fraction in a LPE WS2 dispersion from <10% to 75%.136 This was 

achieved by removing the larger, thicker flakes, leaving a majority of monolayer sheets 

in suspension. Such a size selection technique is invaluable when working with TMDs, 

due to their layer-dependent optoelectronic properties.58 Additionally, it enables studies 

where it is desirable to have narrower nanosheet size distributions, such as studies on the 

effect of nanosheet thickness.144-147  
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The power of this technique is its accessibility and simplicity, in particular when 

compared to DGU. However, monolayers tend to be very small and, depending on 

trapping speeds used, the distribution can be broad. Additionally, for applications where 

large monolayers are desirable, LCC of LPE material will not provide suitable 

monolayers as the aspect ratio of nanosheets in LPE dispersions is roughly constant 

across all nanosheet sizes.   
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“A scientist looking at non-scientific problems is just as dumb as the next guy.” 

Richard Feynman 

 

 

 

 

 

Chapter 3  

Film Deposition and Characterisation 

3.1 Nanosheet Film Deposition 

Since the first reports of liquid dispersions of exfoliated nanosheets, many researchers 

have sought to prepare high quality films of nanosheets to take advantage of the 

nanomaterial properties and form-factor benefits. These nanomaterial dispersions, 

coupled with printing technologies, including inkjet148, 149 and aerosol jet printing,150, 151 

have led to the development of the field of 2D material inks.56, 57, 111, 152-154 

In lab based studies, it was found that spray coating was an effective technique for 

prototyping printed devices155 without the strict ink preparation requirements of inkjet 

and aerosol jet printing. However, these techniques have struggled to fabricate highly 

aligned nanosheet films6 and, as a result, techniques such as spin coating120, 156 and 

nanosheet self-assembly at interfaces157, 158 have been investigated. 

3.1.1 Spray Coating 

Spray coating is a printing technique which has found application in a variety of 

industries from industrial manufacturing to artistic painting. This is largely attributed to 

the relative simplicity and scalability of this technique. The key step towards controlled 
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liquid atomisation using compressed gas and a needle regulator, as shown in Figure 3.1A, 

was taken by Frank E. Stanley in 1876.159 This technique grew in popularity for over a 

century from his original use in retouching photographs to current applications in large 

scale surface coating.160  

In 2004, the first report of the spray coating technique being used to deposit CNTs on a 

substrate was published.161 Since this report, the scientific community have utilised this 

technique to achieve large area coating, particularly in applications where precise 

patterning is not required. The technique has now been used to prepare films from various 

nanomaterials, including CNTs,162 Ag nanowires,155 quantum dots,163 and nanosheets.164  

A schematic of the spray coating process, which involves taking a liquid ink and 

depositing it on a substrate, is shown in Figure 3.1B. The key stages are as follows. Ink 

is loaded into the reservoir, where it is gravity fed into the nozzle. As the trigger action is 

activated, the needle is retracted, which allows ink to flow and releases the N2 back 

pressure through the nozzle.165 At this stage, small droplets of the ink are sheared off, 

resulting in an aerosol emerging from the nozzle.155 The spray plume is projected towards 

a substrate, which is usually heated to promote droplet evaporation, minimising droplet 

coalescence on the surface. Large area films can be prepared by mounting the spray gun 

into a remote gantry and rastering the desired spray area.166 Film thickness can be 

controlled by varying the number of spray passes. Films can be patterned onto a substrate, 

with the use of a shadow mask to define the spray region, with 200 µm features routinely 

sprayed in laboratory settings.63 
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Figure 3.1: Spray Coating. A) Illustration of a spray gun nozzle, showing the ink and N2 flow, 

and needle action. B) Schematic of the overall spray gun, depositing ink in the form of spray 

plume onto a heated substrate. 

 

This technique is also very useful as it is compatible with a wide variety of substrates and 

solvents. The range of rigid and flexible substrates, which can be prepatterned with 

deposited electrodes, enables spray printing to thrive in producing films for electrical 

characterisation, as well as for applications in flexible devices. Typically, nanomaterials 

can be sprayed directly from suspension, without the need for additives in the ink, which 

simplifies the ink production and reduces potential contaminants in the final films. 

Ideally, low boiling point solvents are chosen to speed up the rate of evaporation on the 

substrate. 

Despite the relative simplicity of the spray coating operation, there are still many 

parameters which can be fine-tuned to optimise film deposition and uniformity. These 

include the geometrical considerations of spray working distance, the speed at which the 

gun is rastered across the substrate, the temperature of the substrate, solvent choice, the 

nozzle diameter, the ink flow rate, and the N2 back pressure.155, 167 The working distance 
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changes the area of the aerosol plume, modulating the mass deposited per unit area. The 

substrate temperature is critical to promote evaporation of the solvent, while the nozzle 

size and flow rate determine the droplet density. If the substrate is oversaturated with ink 

while spraying, the uniformity of the coating can be altered.  

However, in their study on the uniformity of spray coated AgNW films, Scardaci et al. 

identified that N2 back pressure played a crucial role.155 They found that by increasing 

the pressure from 15 to 30 PSI, there was a significant increase in the film uniformity. 

This uniformity was ascribed to the smaller particle sizes created as higher pressures 

increase the fluid velocity in the nozzle. Additionally, the particle distribution was found 

to be more homogeneous, with a smaller mean particle size, compared to the broader 

distribution of large particles aerosolised at lower pressures. The key to uniformity is that 

the smaller particles evaporate more quickly, reducing the opportunity for particle 

reaggregation at the surface, which negatively impacts the film uniformity.155 

This deposition technique is relatively simple and can be used to coat large areas, 

however it is not a direct write printing technique; hence, for device applications, features 

must be defined using stencil masks. This can result in wasted material and poses the risk 

of scratching the film when removing the mask. Smaller features can be directly written 

using inkjet printing168 and aerosol jet printing (AJP) techniques. AJP has been able to 

print traces of silver nanoparticles with widths of 10 µm.169 However for the studies 

reported in this thesis, fine printed features were not necessary. Spray printing is also 

compatible with deposition onto a wide range of flexible substrates,167, 170, 171 which is a 

key requirement when studying the piezoresistance of films.  
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3.1.2 Liquid-Liquid Interfacial Assembly 

To control the morphology of nanosheet networks towards high alignment and low 

porosity (<5%), it is necessary to consider the deposition technique being utilised. As 

spray coating of LPE nanosheets forms films with poor alignment,172 to increase basal 

plane alignment of nanosheets, it was suggested that assembling the nanosheets at a 

liquid-liquid interface would promote alignment parallel to the substrate at the 

interface.173 These assembled films could then be transferred onto a substrate by lifting 

the substrate through the interface. It is this lifting of the film parallel to the surface that 

has given rise to the secondary name for this technique, the Langmuir-Schaefer 

method.124, 147, 174 

The Langmuir-Schaefer method for film formation maintains a substrate orientation 

parallel to the interface during film formation, which contrasts with the perpendicular 

substrate-interface orientation in Langmuir-Blodgett deposition. Langmuir and Schaefer 

first reported this technique in 1938, when working on the assembly and transfer of 

protein films.175 However they assembled their films at a liquid-air interface. For 

nanoparticle film formation, assembling a film at the interface between two immiscible 

liquids has proven successful,176 as it promotes densely tiled nanosheet films with very 

good alignment and doesn’t require specialised equipment.158 Film assembly at the 

liquid-liquid interface has been demonstrated for a wide range of nanomaterials, 

including Au nanoparticles (NPs),177 CdSe NPs,178 CNTs,173, graphene,179 WSe2,
180 and 

MoS2.
158  

Properties of the Interface 

The theory of self-assembling nanoparticle layers at interfaces was introduced by 

Pieranski in 1980.181 This concept was merged with the field of Pickering emulsions182 

to confine nanoparticle films at the interface between immiscible liquids. The driving 
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force towards film assembly at the interface is a reduction in the Helmholtz free energy, 

based on the interfacial surface tension of the system,183 as the film forms at the interface. 

However, the overall change in energy is related to the square of the particle radius.176, 

184 Hence, smaller particles are less well bound to the interface, leading to the observation 

of the ‘liquid like’ nature of nanoparticle assemblies at the interface.185 For rounded disks, 

similar to nanosheets, the interfacial binding is increased as the particle aspect ratio 

increases.186 It has been shown that the energy to remove a 1 µm2 2D nanosheet from the 

interface is of the order of 107 kBT.158 As the interfacial energy is minimised when the 

liquid-liquid interface coated with nanomaterials is maximised, nanosheets are driven to 

align,187 forming tiled layers at the interface.158 

2D Nanosheet Films 

Assembly of aligned films of 2D nanosheets at the liquid-liquid interface was initially 

reported where the nanosheets were dispersed in one of the immiscible liquids and, using 

sonication or mechanical shaking of the liquid, the nanosheets were driven to the liquid-

liquid interface.179 More recently, injecting 2D nanosheets directly into the interface 

between two liquids has been reported.180, 188 

 

Figure 3.2: Interfacial Assembly. A) Schematic of the liquid-liquid assembly setup used to create 

aligned films and transfer them onto the desired substrates. B) Gold NP film assembled at a 

heptane/dichloroethane-water interface, adapted from Fang et al.189 
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In this work, the method used is similar to that reported by Neilson et al.158 and Carey et 

al.124 where films are assembled by direct injection at the water-hexane liquid-liquid 

interface, followed by the lifting of the substrate through the interface parallel to the plane 

of the film. A schematic of the apparatus is shown above in Figure 3.2A, with the water 

in blue, the substrate in orange, hexane in purple, and the 2D material film at the interface 

in green. In practice, to raise the substrate through the interface, instead of mechanically 

moving the substrate, the water is pumped out from below, slowly lowering the interface 

past the substrate in a controlled process.147 Key parameters to control film uniformity in 

this process include ink concentration, volume, choice of solvents, and choice of 

immiscible liquid to form the interface.  

This technique has enabled the preparation of very thin, tiled nano-networks over 

centimetre scale areas,158 shown in Figure 3.2B.189 In order to form thicker films, the film 

can be dried and passed through another interfacially assembled film.147 This opens up 

opportunities for forming pinhole free films of nanosheets111 with minimal thickness, 

ideal for dielectric applications,7 as well as the potential to build hetero-stacks by building 

up layers of different materials to form devices.72 

3.2 Spectroscopic Techniques 

3.2.1 UV-Visible Spectroscopy  

Ultraviolet-visible spectroscopy (UV-Vis) is an optical characterisation technique which 

studies the absorption of electromagnetic radiation in the ultraviolet (UV) and visible 

region of the spectrum by materials.190 Light can also scatter from materials and so the 

extinction, ( )  , of a material is defined to be the sum of light absorption, ( )  , and 

scattering, ( )  . 

( ) ( ) ( )     = +         (Eq. 3.1) 
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This relatively simple non-destructive technique was pioneered as a laboratory analytical 

technique by Beckman in 1941.191 However, this technique must acknowledge the work 

of Wollaston and Fraunhofer, who reported the spectral lines in solar spectra in the early 

1800s.192 The absorbance of light by a material can give information into the electronic 

structure of a material, owing to the origins of the light absorption processes where the 

incident light carries enough energy to induce ground to excited state transition. In theory, 

these transitions occur at discrete energies and should appear as peaks in absorption. 

However, for colloidal nanosheet dispersions, peak broadening can occur through inter 

nanosheet interactions, diffusing the peaks into bands. Broadening is also attributed to 

solute-solvent interactions and scattering.193  

Spectrophotometer Operation 

The operation of a spectrophotometer is relatively simple. It is built from three key 

components: a light source, a monochromator, and a detector, as shown in Figure 3.3. 

The sample dispersion is placed in a quartz cuvette, of known path length, transparent in 

the wavelength range of interest.  

 

Figure 3.3: UV- Spectrophotometer. Schematic of key components adapted from Rocha et al.194 

Inset spectra of size selected LPE graphene nanosheets reproduced from Backes et al.195 
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The light sources used typically cannot span the full wavelength range of the 

spectrophotometer, so two sources are used. A deuterium lamp is used as the UV source 

and a tungsten lamp is used for the visible range wavelengths. The monochromator 

consists of a diffraction grating, which spreads the beam according to its constituent 

wavelengths. Using a narrow slit, a small range of wavelengths are chosen and focused 

into a parallel beam which passes through the sample.190 Finally, the detector is an 

InGaAs photodiode, which detects the incident light intensity. By measuring a 

background intensity, 0I , for a cuvette containing only the solvent used, followed by the 

sample transmitted intensity, TI , it is possible to determine the absorbance, A , of the 

sample, using the Beer-Lambert law, as shown below. 

0

log lo (g ) )(TI lA T
I

c 
 

= − = − = 
 

      (Eq. 3.2) 

Additionally, from the absorbance, the transmission, T , and the concentration of the 

dispersion, c , can be determined provided the optical path length of the cuvette, l , and 

the extinction coefficient, ( )  , which will depend on the wavelength of light, are 

known. It can be seen that the absorbance scales linearly with increasing concentration.  

UV-Vis of Nanosheets 

By measuring the UV-Vis spectra of nanosheet dispersions, it is possible to probe billions 

of nanosheets, resulting in an ensemble response. This is compared to hundreds of 

nanosheets which can reasonably be analysed for atomic force microscopy (AFM) or 

transmission electron microscopy (TEM) characterisations.87, 196 By taking graphene 

dispersions of known concentrations, Backes et al. developed a spectroscopic metric 

relating the extinction coefficient to the concentration of the graphene dispersion.195 For 

LPE graphene, this was determined to be 750  = 5,450 L.g-1.m-1. A wavelength of 750 nm 

was chosen, as they noted that some of the spectral features modulated with the nanosheet 
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length and thickness of the nanosheets in dispersion, but the absorbance at 750 nm was 

invariant to such effects. 

For graphene, the aromatic * → transition, typically found in the wavelength range of 

230-330 nm, is the characteristic peak that is most easily observed by UV-Vis.197 In LPE 

dispersions, the relative intensity of this peak increases as the nanosheets become smaller 

and thinner,195 as shown in the inset of Figure 3.3. For semiconducting materials, there is 

a significant increase in absorption once the photon energy exceeds the optical bandgap 

of the material, and peaks are often observed at the excitonic energy levels.198 

3.2.2 Raman Spectroscopy 

 

Figure 3.4: Raman Spectroscopy. A) Scattering transitions showing Rayleigh, Stokes and anti-

Stokes scattering phenomena., adapted from ref 199. B) Raman spectra of pristine and defected 

graphene, with key peaks labelled, adapted from Ferrari et al.200 

 

Raman scattering is an optical effect first reported by Sir C.V. Raman in 1928,201 which 

enables analysis of the local crystalline order of a material. The phenomenon arises from 

an inelastic scattering process, where a photon is incident on a sample and is scattered 

from an optical phonon in the sample, resulting in a change in the photon’s energy. This 

scattering phenomenon is very weak, with the scattered intensity being between 10-6 and 

10-12 of the incident intensity.202 As a result, this technique benefited greatly from the 
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development of the laser.203 However, for 2D nanomaterials, the sample can be damaged 

if the laser illumination intensity is too extreme.204  

For a perfectly elastic transition, the incident and scattered photon have the same energy 

and wavelength. This is known as Rayleigh scattering and is the dominant scattering 

process due to the wavelength of light being significantly larger than the atoms in the 

crystal. For a small proportion of the incident photons, the dipole moment induces lattice 

vibrations. These scattering events are Raman scattered as they will have given or lost 

energy to the system in the form of an optical phonon. The measured Raman shift is 

usually cited as a wavenumber,  , and can be calculated using the following equation, 

where i  is the incident wavelength and s  is the scattered wavelength. 

1 1

i s


 

= −          (Eq. 3.3) 

The change in photon energy when the light scatters is linked to the spacings in the 

vibrational levels of the crystal,203 as shown in Figure 3.4A. It can be seen that quantised 

amounts of energy can be lost from the photon (Stokes) or gained by the photon (anti-

Stokes), however the intensity of Stokes scattering is higher as a result of the increased 

occupation of the ground state before illumination.203 For a vibrational transition to be 

Raman active, there must be a change in the polarisability of the material, inducing a 

temporary dipole as a result of the lattice vibration. If there is no change in polarisability, 

the vibrational mode is said to be Raman inactive, however these vibrations can be probed 

using infrared (IR) spectroscopy. Whether a lattice vibration will be Raman or IR active 

can be determined for solid crystals using the point group symmetry.205  

In terms of operation, the instrumentation is based on an optical microscope coupled with 

a laser system, several gratings and mirrors, and a detector. The monochromatic laser 

beam is focused on the surface of the sample being investigated. The scattered light is 
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passed through a Rayleigh filter to remove elastically scattered photons and then through 

a diffraction grating before being detected. As mentioned, care must be taken when 

choosing the laser power to avoid laser induced sample damage. Ideally, <1 mW should 

be used for 2D material networks. 

The Raman active modes of interest in graphene are the E2g and the A1g vibrational modes, 

observed in Raman spectra as the G and D peaks, as shown in Figure 3.4B. These are 

related to the in-plane and out-of-plane vibrations respectively.200 As the D peak mode 

requires a defect for activation,206 the defectiveness of the basal plane of the nanosheet 

has been linked to relative intensity of the D and G Raman peaks.200 In TMD materials, 

the characteristic peaks can be used to analyse the phase of the material, as they change 

significantly between 2H and 1T structures due to changes in local crystalline structure. 

Of interest in the 2H phase of MoS2 are the signature A1g and the E1
2g vibrational 

modes.207  

3.3 Microscopic Techniques 

3.3.1 Electron Microscopy 

Conventional visible wavelength light microscopes have resolving powers which are at 

best limited by the diffraction of the light waves. Shorter wavelength beams can be used 

to image with higher resolution.208 As electrons can be considered to act as waves, with 

a wavelength dependent on the applied accelerating potential, an increase in momentum 

decreases the wavelength, following the de Broglie equation, Eq. 3.5. This enables the 

generation of nanometre scale electron beams, which probe the sample.  

/h p =          (Eq. 3.5) 
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Figure 3.5: Scanning Electron Microscopy. A) Interaction volume of the primary electron beam 

showing signals emitted from the surface of the sample, adapted from Inkson.208 B) Schematic of 

an electron microscope, adapted from Inkson.208 Scale bar on SEM image of PtSe2 nanosheet 

network measures 2 µm.  

 

Scanning Electron Microscopy (SEM) 

First reported in 1942,209 SEM has lower resolution than transmission electron 

microscopy, which was initially a disadvantage. That was until the power of this 

technique in characterising surfaces and their morphology was realised. Using an electron 

beam to probe a sample has the benefit of increased material-beam interactions due to the 

negative charge on the electron interacting strongly with matter, within the sample-

interaction volume shown in Figure 3.5A. The size of this volume is dictated by the 

material and the accelerating voltage. This results in three main signals returning from 

the sample: the back scattered electrons, secondary electrons (which are generated within 

the material), and X-rays.210 Each of these can be independently interpreted to give 

different information on the sample.  
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The SEM operates under a vacuum and uses electromagnetic lenses and apertures to focus 

an accelerating beam of electrons from an electron source (usually a field emission 

tungsten tip) into a probe with a diameter of several nanometres. This probe beam is 

rastered across the sample using xy-scan coils and the signal at each point is recorded and 

output as a surface image, as shown in Figure 3.5B.208 As previously mentioned, different 

signals come out of the sample, which are collected using a variety of detectors. 

The back scattered electrons are reflected back along the original path and are useful for 

differentiating materials by atomic number. The X-rays are emitted in every direction 

from the sample surface, and so X-ray spectrometers located inside the chamber can 

count rays of different energies using energy dispersive X-ray (EDX) analysis.211 

Secondary electrons are lower energy particles generated within the samples. When 

imaging using relatively low accelerating potentials (<5 kV), only electrons generated 

within the top ~20 nm can escape the sample.208 These are useful for this work when 

looking at the surface topography, as there is enhanced surface emission of secondary 

electrons from slopes and edges. The secondary electrons are detected using an Everhart-

Thornley detector mounted to one side of the vacuum chamber. This detector attracts 

electrons using an electrically biased grid, before hitting a scintillator, with the signal 

amplified using a photomultiplier tube.212 

Focused Ion Beam SEM (FIB-SEM) Nanotomography  

For further morphological characterisation of the material, in particular internal 

microscopic structure including porosity, alignment, and pore size and shape, a focused 

ion beam (FIB) of gallium ions can be used to mill away material exposing the internal 

structure, within the SEM chamber. Through careful selection of milling speed and 

potential, issues such as curtaining and redeposition (pore filling in) can be minimised. 

Using a SEM, the newly exposed internal structure gives a 2D cross sectional 
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representation of the interior structure of the material. In 2D nanosheet based materials 

this has been successfully used to study alignment and porosity.124, 213 

However, to fully understand the internal microstructure of a material, a 3D 

representation is significantly more useful to study pore networks and connectivity and 

tortuosity of conductive material pathways. In 2024, Gabbett & Doolan et al. reported a 

technique where successive slices were milled from the exposed cross section, imaging 

the newly exposed cross section using SEM between slices. A platinum capping pad 

reduces milling inhomogeneity. This generated an image stack of 100’s of slices through 

the material, with a spacing of 15 nm between successive cross sections. Using advanced 

image analysis techniques and machine learning, the image stack was segmented into 

material and pore components, and 3D reconstructions of the material and pore network 

were generated.146 In this form, computational analysis of the 3D structure provides more 

in-depth morphological understanding of a nanomaterial-based film.  

3.3.2 Optical Profilometry  

Optical profilometry is a non-contact 3D surface topography measurement technique 

based on the interference of light waves.214 Tactile contact surface topography 

measurement techniques such as stylus profilometry and atomic force microscopy are 

well established, however these are limited by measurement speed and can damage the 

specimen being tested215, 216 (Figure 3.6C&D). It has also been shown that 3D surface 

analysis has more reliability and less parameter variance compared to 2D line scans.217 

Interferometric techniques utilise the phenomenon of interference fringe generation. This 

occurs when light from a common source is separated, usually using a beam splitter, and 

travels along two separate optical paths which recombine prior to detection. Depending 

on the difference in path length, the light waves can constructively or destructively 

interfere, leading to bright and dark fringes.218 
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Figure 3.6: Optical Profilometry. A) Schematic of a Mirau objective lens. B) Diagram of WLI 

correlogram for each pixel, and how it can be broken into distinct interference patterns by 

wavelength. Adapted from de Groot.219 C) Trench left by a stylus profilometer, imaged using a 

microscope and a 3D surface reconstruction of the scratch. Adapted from de Groot.216   

 

Georges Sagnac proposed using a sample’s surface as one reflector to incorporate the 

surface topography information into the wavefront, which then interferes with the 

reference beam in a Michelson geometry, in 1911.220 André Mirau developed a new, more 

compact configuration for interferometry in 1949.221 This configuration placed the 

reference surface mirror within the objective, on the optical axis, as shown in Figure3.6A. 

This is now most common objective lens design for measuring high magnification 

interferometry. 

White Light Interferometry (WLI) 

WLI, as the name suggests, illuminates the sample with a white light source which has a 

short coherence length, passed through a Mirau objective lens, with the reconstructed 

image detected by a charge coupled device (CCD) detector. The broad range of 

wavelengths leads to the interference term being appreciable over a small range of depths 

and facilitates the identification of the point of greatest contrast in the fringes, which is 
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located at the point of perfect focus,219 as shown in Figure 3.6B. In practice, the sample 

is slightly tilted in order to have the interference fringes travel across the sample as it is 

moved relative to the objective lens along the z-axis, using a piezo crystal. By identifying 

the z-value of perfect focus for each pixel as the sample is moved, a 3D representation of 

the surface can be generated.214 Points which have the same z-displacement of perfect 

focus sit at the same height in the output 3D representation.218 Using computer software, 

the scan can be levelled as desired. 

Phase Shift Interferometry (PSI) 

PSI operates in a similar manner to WLI, with a few key differences. Firstly, the light 

source used has a much narrower wavelength range, approaching the monochromatic 

limit. This is achieved by placing an optical filter in the light path. This expands the 

envelope of the interference fringes imaged by the system when scanning in the z-axis. 

Secondly, PSI requires much flatter surfaces due to the challenges with identifying step 

heights approaching the wavelength of the incident light.218 PSI has the advantage of 

increased precision for samples with smaller step height features. Finally, a phase shift is 

induced in the reference beam and the interference pattern is imaged across the scan 

range.  

For PSI, the reference beam is phase shifted in known increments, typically / 2  = . 

Sampling rates of at least two images per phase cycle are required to meet the Nyquist 

requirement, and so the mirror motion is of the order of tenths of microns between 

images.216 This is achieved by moving a reference mirror using a piezoelectric actuator. 

A range of algorithms have been generated to convert the phase shifted intensities at each 

pixel into the phase from which the surface height can be determined.222  

The random noise is typically on the order of 0.34 nm for PSI scans, however there are 

challenges in stitching the heights together, as the algorithm always returns phase values 
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within a range of 2π. Hence, unwrapping algorithms are required to remove the spikes or 

false edge discontinuities in the height profiles.222 This is why PSI is limited in 

application for films which have large step heights. WLI is limited in precision of 

thickness measurement, however, the method does have an advantage compared to PSI 

as it is able to accurately generate surface scans of speckled surfaces,216 typical of films 

of nanosheets, while PSI is suitable for thin films of highly aligned nanosheets.  

3.4 Electrical Characterisation 

In measuring the electrical resistance of a specimen, it is necessary to go back to basics, 

recalling Ohm’s Law which states that the ratio of voltage to current in a component in 

an electrical circuit at constant temperature is a constant, known as the resistance, 

/R V I= . Hence, the potential to drive a fixed current or vice-versa is typically measured 

to extract the resistance of a sample.223 The two primary configurations, two-probe and 

four-probe, used to complete these measurements are outlined below. Additionally, in 

electrical measurements it is important to specify if the measurement is for a direct current 

(DC) or alternating current (AC) system, particularly because the impedance (AC form 

of resistance) can vary at different modulation frequencies.224 This is the premise of 

impedance spectroscopy. 

3.4.1 Two-Probe Configuration 

When measuring the DC electrical resistance of a sample, the two-probe configuration is 

the simplest setup. In this case, the length of the channel is given simply by the distance 

between the electrodes, and the resistance is determined from the ratio of the voltage 

across to current through the sample. However, as the electrodes and the contacts between 

the electrodes are in series with the specimen, they can contribute to the electrical 

resistance measured.225  
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3.4.2 Four-Probe Configuration 

In this configuration, a constant current is driven through the sample using the two outer 

‘source’ electrodes. Simultaneously the potential drop between the two middle ‘sense’ 

electrodes is measured. The resistance is then calculated from the applied current and the 

change in voltage. As the voltage is measured with practically no current due to the high 

impedance of the voltmeter across the middle electrodes,225 the contribution of contact 

resistance is removed from the measurement. The channel length, ChL , is given by 

distance between sense electrodes, as shown in Figure 3.7. 

 

Figure 3.7: Four-Probe Testing. Schematic of a four-probe test setup, with a high impedance 

voltmeter connected between the inner two ‘sense’ electrodes and power supply running a 

constant current, measured by an ammeter, in series through the outer ‘source’ electrodes. 

 

From these measurements the conductivity, Net , and resistivity, Net , of the network can 

be determined, as written in Equation 3.6. Here, channel width is expressed as ChW  and 

network thickness is Nett . 

1 1 1 Ch
Net

Net Net Ch

L

R t W



= =        (Eq. 3.6) 
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3.4.3 Impedance Spectroscopy 

The previous electrical techniques utilise DC sources to probe the electronic properties 

of the materials. However, under the application of AC inputs, materials can have 

different responses depending on the frequency of the input signal. Using these 

phenomena, it is possible to model materials using equivalent circuits, where the 

components in these circuits correspond to physical elements and phenomena in the 

material.147, 224 

 

Figure 3.8: Impedance Spectroscopy. A) Plot of oscillating voltage input (red) and measured 

current response (blue), with a phase shift ( ). B) Nyquist plot for a simple Randles circuit 

(inset), showing the two intercepts of the semicircle at SR  and S PR R+  on the Re( )Z axis. 

 

In practice, impedance spectroscopy applies a sinusoidal AC potential across the device 

and measures the current response to the alternating potential, as shown in Figure 3.8A. 

226, 227 This measurement is repeated for different frequencies of input potential, typically 

ranging over several orders of magnitude of frequency. The phase shift and magnitude of 

the current response can be converted to real and imaginary impedance to extract 

information about the system. The mathematical basis for this is outlined below. 
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The voltage input can be written as follows, 
0 )( ) Re( i tV V e  = , with 0V  representing the 

voltage amplitude,   representing the angular frequency, and t  representing the time. 

The measured current output has the following functional form, ( )

0 )( ) Re( i tI I e   −= , 

with current amplitude 0I  and phase shift  , with respect to the voltage input. Using 

Ohm’s law, the impedance, Z , which is a complex quantity, can be extracted as follows.  

0 0

0 0

,iV VV
Z e Z

I I I

= = =        (Eq. 3.7) 

Using de Moivre’s theorem to divide the impedance into real and imaginary components: 

Re( ) Im( ) cos( ) sin( )Z Z i Z Z i Z = + = +      (Eq. 3.8) 

The real and imaginary impedance can be plotted as a function of angular frequency to 

give the Bode plot. Plotting Re(Z) vs -Im(Z) is known as the Nyquist plot (Figure 3.8B). 

These plots can be interpreted by fitting mathematical models derived from the responses 

of hypothetical circuit models. Of particular interest is a modified Randles equivalent 

circuit, shown in Figure 3.8B inset. The representation of elements of a nanosheet 

network by circuit components will be discussed in Chapter 4. 

3.5 Tensile Testing 

As previously mentioned, materials have driven many advances in human history, with 

the ability to produce stronger, lighter, and more complex materials proving advantageous 

to the civilisations with access to such technologies. During the industrial revolution, 

Tredgold and Fairbairn developed methods of controlling the applied forces for testing 

materials using hydraulic and screw driven machines.228 In 1882, Johannsen invented the 

universal testing machine capable of conducting compression, tensile, and bending tests 

on materials. This standardisation across the field helped with optimising of material 

properties and comparing novel materials to existing materials.229 



48 

 

In material mechanical characterisation, the applied force per unit cross sectional area 

(stress,  ) and the fractional length change (strain,  ) are important parameters to 

measure.223 A tensile tester measures the stress applied to a material to induce a given 

strain. In this way, the Young’s modulus can be extracted as the slope of the stress vs. 

strain plot in the linear region, where the intercept is zero,223, 229 as shown in Figure 3.9. 

The tensile tester can simultaneously measure the distance between the clamps and the 

force applied on the load cell, and can be driven to specific stress or strain values, as well 

as conducting cyclic mechanical testing of materials. 

The critical component of the tester is the load cell, a highly sensitive gauge which is 

calibrated to measure internal strain of the cell, and relate it to an applied force value. 

This usually operates using strain gauges in a Wheatstone bridge configuration. 

Mechanical deformation leads to extension or compression of the strain gauges in the 

load cell, which changes the voltage output of the Wheatstone bridge in a manner which 

is proportional to the deformation.230 

 

Figure 3.9: Tensile Testing. Schematic of a tensile tester, with simultaneous electrical 

measurements for electromechanical testing of materials. 
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When changing the displacement of the clamps, to vary the crosshead displacement, the 

input from the load cell can be input into a proportional-integral-derivative (PID) system 

to maintain a constant force application.229 For the work in this thesis, all samples were 

position controlled rather than force controlled.  

Additional components can be integrated into tensile testing setups to enhance their 

characterisation capabilities. These include humidity and thermal chambers, video 

cameras to observe the sample at the point of failure, and electrical probe stations to 

investigate piezoresistive responses. To measure piezoresistor devices, the sample is 

mounted in the clamps of the tensile tester, while the two-probe resistance of the sample 

is simultaneously measured.166 This enables the measurement of a specimen’s electrical 

resistance as a function of applied strain. 
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 “If I have seen further, it is by standing on the shoulders of Giants.” 

Issac Newton 

 

 

 

 

 

Chapter 4  

Networks, Percolation, and Piezoresistance 

4.1 Nanosheet Networks 

When nanosheet ink dispersions are deposited onto substrates, the resulting film is 

composed of billions of individual nanosheets, each of which has the potential to be in 

contact with several neighbouring nanosheets.6 By building up the film, the sheets form 

pathways across the span of the film. This building up phenomena can be mathematically 

modelled by percolation theory which will be discussed later in this chapter.  

Some could argue that nanosheet networks are an intrinsic part of everyday life. They are 

one of the first things discovered by children when they go to school, in drawing lines 

with their graphite pencils (being generous with the definition of a nanosheet). This 

visible mark is simply a drawing or a letter to a young student but, with careful study, the 

physics of nanosheet networks can open a range of avenues in electronics, sensing, and 

catalysis.231 

4.1.1 Directly Written Nano-Networks  

Taking a lead from these networks fabricated in the classroom, several teams have taken 

the approach of drawing networks of layered crystal platelets using graphite pencils and 
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by rubbing TMD powders.232-234 These films, typically drawn onto paper, have shown 

potential applications as humidity,235 strain,236, 237 and temperature sensors.238, 239 These 

networks exploit the rough, porous surface of the paper substrate to exfoliate the crystal, 

breaking the weak vdW bonds through abrasion of the crystal against the substrate 

surface. However, in this thesis, the primary focus is on nanosheet networks fabricated 

from dispersions of nanosheets. 

4.1.2 Composites 

One of the earlier suggested routes to fabricate a system of connected pathways of 

nanosheets across a device was in nanocomposite materials. Nanocomposites had gained 

significant traction with CNTs, in terms of exploiting the properties of nanomaterials for 

applications, in particular enhancing conductivity and mechanical properties of polymer 

systems.240 In nanocomposites, the nanosheets are dispersed in a polymeric matrix 

through processes such as solution blending241 and melt processing.242 The properties of 

the nanosheet network vary with the volume fraction of nanosheets in the composite. For 

these composite networks, the polymer can induce mechanical and electrical hysteresis 

as the material is strained and can dope the nanosheets. Lower conductivities are expected 

for composites, compared with polymer-free networks, as a result of the polymer layer 

coating the nanosheets.243 With regard to network morphology, in nanocomposites, 

nanosheets can be distributed throughout the network, with random orientation or with 

specific alignment. Additionally, it is possible that phase segregation can occur in 

nanocomposites leading to areas of high and low loading of nanosheets.166, 244 Polymer-

free films can still behave like composites with pores acting as an insulating matrix, 

allowing for some models initially presented for composite materials to be utilised more 

generally. 
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4.1.3 Early Networks 

Initial approaches to producing networks of nanosheets from exfoliated dispersions 

involved many tried and tested solution processing techniques, including vacuum 

filtration,5 drop casting,245 and spin coating.246 These methods were effective in preparing 

films of nanosheets that are referred to as networks.6 It was possible to analyse 

morphological properties including alignment and network porosity with these 

networks.172 They were also suitable for testing network properties including electrical 

conductivity,5 piezoresistance,247 film transparency,248 gas sensitivity,90 and catalytic 

activity.9 

 

Figure 4.1: Network Imaging. A) SEM image of the top surface of a spray coated LPE graphene 

network. Adapted from Gabbett & Doolan et al.146 B) SEM image of the top surface of a liquid-

liquid interface assembled EE MoS2 network. Adapted from Carey et al.124 Scale bar in both 

images measures 2 µm.  

 

Network conductivity effects could be observed through changing the nanosheet 

dimensions,6 changing the network thickness249 (for very thin films), and through post 

processing steps to lower porosity and increase alignment such as calendaring172 and 

photonic annealing.250 However, these relatively simple network production techniques 

faced challenges including scalability, film uniformity, material loss, inability to define 
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patterns for the nanosheet network, and difficulties in transferring the films onto arbitrary 

substrates. 

4.1.4 Printed Networks 

As a result of these challenges, printing techniques rose in prominence for producing 

devices from 2D nanosheet dispersions or so called ‘inks,’ as introduced in Chapter 3. 

These printing techniques include spray coating, inkjet printing, and aerosol jet printing 

to produce networks of nanosheets. Unfortunately, these deposition techniques tend to 

yield disordered nanosheet networks with poor alignment and considerable porosity, 

particularly for LPE nanosheet inks,146 as observed in Figure 4.1A. They do however 

enable the production of large scale, patterned networks, with a wide range of potential 

substrates. These substrates range from rigid Si/SiO2 chips to flexible polymers,251, 252 

textiles,253, 254 and even biological substrates including skin and leaves with transfer 

processes.255 The substrate choice can also affect the network properties,171 offering an 

alternative tuning option. Additionally, droplet size, ink rheology, pressure, and substrate 

temperature can play a part as discussed for spray coating.155 This can be a challenge in 

optimising network properties, but also offers potential routes to modulate nanosheet 

networks, potentially unlocking interesting physical phenomena. This has proven pivotal 

in producing devices including capacitors,7 diodes,256 and transistors63 from 2D 

nanosheet inks. 

4.1.5 Self-Assembled Networks 

More recently it was found that highly aligned nanosheet networks with large conformal 

overlapping nanosheets yielded enhanced electrical performance, in particular enhanced 

mobility.257 One of the best synthetic routes to produce such networks from nanosheet 

dispersions is using self-assembly of nanosheets at an interface and transferring the 

network onto a substrate.124, 147, 158 These networks have exceptionally low porosity and 
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are highly aligned, and conformal inter-flake contact can be observed using SEM,124 as 

in Figure 4.1B.  

4.1.6 What is a Network? 

 

Figure 4.2: Nanosheet Networks. A) Schematic of a nanosheet network between two electrodes, 

showing the conductive pathway in green. B) Schematic of two nanosheets in contact showing the 

nanosheet resistance and junction resistance component of the pathway. C) A nanosheet junction 

pair, represented as a pair of resistors in series. D) Schematic of the conductive pathway, which 

can be represented as a chain of pairs of resistors, with each pair having a nanosheet resistance 

and a junction resistance contribution. 

 

Having introduced the concept of nanosheet networks, it is necessary to strictly define 

the key components. For a network of millions or even billions of nanosheets deposited 

on a substrate with electrodes at either end of the device (Figure 4.2A), one can imagine 

an electron’s journey through the network. This starts off at the electrode and moves 

across a junction to a conductive nanosheet. Despite being conductive, this nanosheet 

will still have some intrinsic nanosheet resistance, NSR .6 Travelling across the nanosheet, 

it eventually must migrate beyond the confines of the initial sheet and onto the next by 

moving across a junction between neighbouring conductive sheets (Figure 4.2B&C). This 

junction will have an associated junction resistance, JR , and a junction capacitance, .JC  
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The mechanisms of charge transport across the junction will be discussed in a later 

section. Repeating this process of crossing pairs of nanosheets and junctions thousands 

of times, eventually the electron finds its way through the network to the second 

electrode.147 A visualisation of this is shown in Figure 4.2D. 

Network Resistivity Model 

Based on this charge carrier’s journey, conduction through a nanosheet network can be 

understood from a theoretical perspective. This model was initially derived for 

semiconducting or conducting materials,6, 147 however, when the number of charge 

carriers, NSn , is large, simplifications can be made. This yields the expression for network 

resistivity, Net , shown in Equation 4.1. 

 2

(1 )

NS NS J

Net

Net

t R

P




+


−
        (Eq. 4.1) 

In this equation, the newly introduced parameters are nanosheet resistivity, NS , 

nanosheet thickness, NSt , and network porosity, NetP . For simplicity, only the main steps 

of the derivation are provided here, however the complete derivation is presented in 

Appendix A.1. 

A key concept to reiterate is that each time a charge carrier passes across a nanosheet, it 

must also travel through a junction. By finding the number of these nanosheet-junction 

pairs required to cross the network and estimating the voltage drop across the junction 

and the nanosheet, as well as the time taken to cross each of them, an expression for the 

time to cross the network can be written. However, this total time taken can also be 

written in terms of the mobility of the network, Net . From this, Equation 4.2 is found. 

2
1 1

NS
Net

J

NS NS NS NS

R

R n l A


 

   
+ +   

   

      (Eq. 4.2) 
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In this equation, the newly introduced parameters are nanosheet mobility, NS , nanosheet 

length, NSl , and nanosheet cross sectional area, NSA , which is defined as NS NS NSA l t= . 

It is possible to convert network mobility to network resistivity for 2D nanosheet 

networks using the following expression, 1 )(1Net Net NS NetnP e − = − , where e  is the charge 

on an electron. For 2D nanosheets, / (2 )NS NS NSR t= , as the path of the charge carrier in 

the nanosheet is assumed to be half the length of a nanosheet. By substitution of Eq. 4.2 

into these expressions, the network resistivity of a nanosheet network can be modelled 

by Equation 4.3. 

 
2

2 2
1

(1 )

NS NS J

Net

Net NS NS NS

t R

P n t l




+  
 + 

−  
      (Eq. 4.3) 

In the limit of high NSn , the model can be further simplified, as the second square bracket 

term will limit to 1. This model assumes a single conductive pathway; however, the same 

dependences are observed by considering multiple conductive pathways. 

From this model it can be seen that nanosheet dimensions play a significant role in 

network resistivity. Nanosheet length and thickness have been observed to have impacts 

on nanosheet network based device performance,258, 259 including for graphene 

thermoelectric generators144 and WS2 transistors.145 This model can also be used to 

extract information about nanosheets and junctions from impedance spectra of nanosheet 

networks, by fitting impedance spectra, such as the Nyquist plot of a MoS2 network147 

(Figure 4.3A), with a simple circuit. This circuit is made from a resistor representing the 

nanosheet resistance, in series with a resistor and a constant phase element which are in 

parallel with each other. These parallel elements represent the junction resistance and 

capacitance respectively.147 This will be outlined in Chapter 8. The constant phase 
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element is used to account for the distribution of junction types and the range of junction 

capacitances in the network deviating from ideality.147 

4.1.7 What is a Junction? 

Inter nanosheet junctions can take on a variety of forms. Typically, these junctions are 

narrow vdW gaps between nanosheets in the network, across which charge must travel.6 

Piatti et al. carried out a study of inkjet-printed nanosheet networks, and reported that the 

charge transport processes in graphene and MoS2 networks are largely attributed to 

hopping.260 However, a wide variety of hopping mechanisms have been found, which can 

vary between materials and based on the measurement temperature.260-262 In many 

networks, across a range of nanomaterial dimensions, it has been shown that the key 

network element limiting the electrical performance is the inter-nanosheet junctions.6, 124, 

147, 263-265 As these junctions act to limit performance, they can hinder networks from 

achieving the superlative conductivity and mobility values of the constituent 

nanoparticles. Hence several strategies have been considered to minimise these junctions, 

including deposition technique and post processing strategies.6, 266-268 

 

Figure 4.3: Nanosheet Network Junctions and Morphology. A) Plot of the real component of 

network impedance vs. the negative of the imaginary component of the network impedance for a 

MoS2 nanosheet network. Adapted from Gabbett & Kelly et al.147 3D reconstructions of B) LPE 

and C) EE nanosheet networks using FIB-SEM nanotomography. Adapted from Gabbett & 

Doolan et al.146 D) Illustration of a straight path length and tortuous path length. 
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When thinking about these junctions, it is also important to consider the network 

morphology. In particular, the alignment,172 porosity,144 network tortuosity,269 and 

nanosheet overlap areas are important parameters which can modulate the network 

conductivity. When different aspect ratios of nanosheets are used, the alignment and 

overlap area of the nanosheets changes.146 For thicker, more rigid nanosheets, a less 

aligned, jammed network is formed, with point-like contacts observed between the 

nanosheets (Figure 4.3B). However, large, conformal overlap area junctions are observed 

for larger, thinner nanosheets which are more flexible and tend to align in the plane of the 

substrate, this effect can be visualised in Figure 4.3C. Many current approaches are 

seeking to minimise the inter-nanosheet junction resistances, however there may also be 

instances where the junction resistance could be useful for device applications. The 

tortuosity factor,  , is defined as ( )
2

/C L = , where L  is the linear path and C  is the 

length of the tortuous curved path,146 as illustrated in Figure 4.3D. For a straight path this 

will limit towards unity. 

4.1.8 Mechanical Deformation of Networks 

Mechanical deformation of networks is a relevant consideration in nanosheet networks, 

with researchers calendaring networks to increase conductivity270 and straining networks 

to elicit a piezoresistive response.271 However the fluid-like nature of these nanosheet 

networks, with viscosities similar to pitch, results in challenges in studying the mechanics 

of such systems.213 Sinnott et al. have proposed a method to probe nanosheet network 

mechanics using a layered compression test.272 However, they observe interesting 

anisotropic responses and discover lock-in phenomena as the network is compressed.273 

Of particular interest in such systems is the Poisson ratio,  , which describes the change 

in the sample dimension perpendicular to the axis of applied strain. The following 

equation describes the Poisson ratio for isotropic materials.274  
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



⊥= −          (Eq. 4.4) 

In conventional materials the Poisson ratio can take a range of values, with cork having 

a value close to zero275 and polyimide reported as 0.39,276 while natural rubber has  = 

0.50.277 However, this range has been expanded to include materials with negative 

Poisson ratios,278 known as auxetic materials.279 In nanomaterial networks, the Poisson 

ratio has been reported to be relatively low, with several reports in the range from -0.1 to 

0.1.280-282 It is theorised that for networks of nanosheets with good alignment, and the 

potential for sliding motion of the sheets, the Poisson ratio could approach zero.283-286  

4.1.9 Applications of Nanosheet Networks 

As mentioned throughout this section, nanosheet networks have been used in a wide 

variety of applications, enabling advances in printed electronics, catalysts, and beyond. 

Most of these device properties are based on thick films which exhibit bulk-like 

properties; however, these intrinsic properties can deviate with extrinsic behaviour for 

thicknesses or, in composites, volume fractions below a certain threshold.287 This is 

known as percolation, and it can be useful in tuning network properties over orders of 

magnitude. 

4.2 Percolation Theory 

Percolation is a mathematical concept which describes scaling, critical phenomena,288 

and geometric features in disordered media. The physical origins can be traced back to 

the work of Flory and Stockmayer in the 1940s, in studying gelation in polymeric 

systems.289 However, the mathematical basis of percolation theory originated in 1957, 

with the work of Broadbent and Hammersley.290 It finds many applications in modelling 

physical phenomena, particularly in disordered or fractal structures. Examples include 

modelling forest fires,291 oil fields,292 and diffusion in disordered media.293 As a student 
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who began the PhD journey in 2020, during the COVID-19 pandemic, it was fascinating 

to see that percolation theory also found a use in modelling the spread of disease in a 

population.294 

 

Figure 4.4: Classical Percolation Theory. Site percolation on a square lattice, showing connected 

clusters each uniquely coloured at different site occupation probabilities. A) P = 0.400. B) P = 

0.585. C) P = 0.605. This illustrates the rapid growth from many clusters to one dominant cluster 

over a small range of occupation probabilities, adapted from Li et al.288 

 

4.2.1 Classical Resistor Model 

The original use of percolation in conduction utilised resistor models on square lattices 

which were sufficiently large such as to neglect boundary conditions. In setting up these 

models, two pathways were developed: the first utilises site occupation to prepare 

conductive nodes, while the other bond percolation model is set up with bonds between 

the sites.295 By changing the probability of site or bond occupation, interesting 

phenomena were observed, including the growth of connected clusters on the lattice.296 

Once the occupation of conductive sites or conductive bonds reached a threshold value, 

the cluster formed an infinite cluster with high probability,290 as visualised in Figure 4.4. 

From these percolative models, it was possible to derive a mathematical expression for 

the physical properties. These included a model of the electrical conductivity,  , across 
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a network, as a function of the site occupation or volume fraction of conductive elements,

 ,297 as presented below. 

( )n

c c   = −         (Eq. 4.5) 

Here, the percolation exponent has been theorised to depend only on the dimensionality 

of the system, with 
2Dn  = 4/3 and 

3Dn  = 2,298, 299 however additional dependences have 

been theorised.300 It has been reported that the exponent, n , describing such power law 

scaling as a function of the distance from the critical threshold value, c , is identical for 

site and bond percolation models.297, 301 This model effectively describes the near-

exponential growth in conductivity of such systems above the percolation threshold. 

4.2.2 Applications in Nanocomposites 

Large portions of the theory are mathematical, focusing on cluster size, dimension and 

even time dependent phenomena.288, 297 However, when the scaling theory was applied to 

nanomaterial networks, the majority of the focus turned to the percolation scaling of 

conductivity in polymer nanocomposites.302 This is likely due to the clear and obvious 

parallels between such a system and a random conductor network in an insulating 

medium. As the loading of conductive filler particles in a less conductive matrix 

increases, it is expected that the overall conductivity will increase. However, this occurs 

in a very sudden transition from insulating to conductive behaviour, owing to the 

formation of fully connected conductive pathways between the electrodes.303  

4.2.3 Polymer-Free Networks 

In this work, as the focus is on polymer-free networks, percolation is studied with respect 

to film thickness instead of volume fraction. Percolation phenomena have been observed 

in electrical data for thin films of polymer-free nanomaterials by several research 

groups.248, 304-306 These films typically display a region of sharply increasing conductivity 
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from a non-conductive state as the film thickness increases, up to a transition point, above 

which the conductivity saturates,249, 307 as shown in in Figure 4.5A. Physically, this 

transition can be thought of in three stages, which occur as the film thickness is increased.  

 

Figure 4.5: Conductivity Percolation in Nanosheet Networks. A) Plot of conductivity vs. network 

thickness for a spray coated graphene nanosheet network, data from Kelly et al.307 B) Illustration 

of a nanosheet network below the percolation threshold. C) Illustration of a nanosheet network 

in the percolation regime, with an arrow indicating the conductive pathway. D) Illustration of a 

nanosheet network in the bulk-like regime. 

 

Firstly, when the film thickness is below the percolation threshold ( ct ) as shown in Figure 

4.5B, the nanosheets form discrete island cluster structures and the early stages of 

connected pathways. However, there is no long-range connectivity or conductivity in the 

discontinuous film.249  

That is up until the second stage where, at the percolation threshold, the first conductive 

pathway across the length of the film is formed, allowing current to flow. A schematic 

representation of such a film is shown in Figure 4.5C, with an arrow indicating the 

tortuous pathway through which the conductive path traverses. As the thickness is further 
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increased within the percolating region, an increasing number of conductive pathways 

are formed as gaps in the film are filled in.307 This results in a super-linear increase in the 

conductivity of the film in the second stage.  

The conductivity increases with the growing number of pathways (Figure 4.5D), until a 

plateau occurs as the film thickness reaches the bulk-like transition thickness, xt .149 

Above this thickness, the conductivity is once again an intrinsic property of the material, 

invariant on thickness.307 The changes occurring at ct  and xt  are known as critical 

phenomena, while the mathematical model can be referred to as the percolation scaling 

theory.297 

When analysing conductivity as a function of thickness in the percolation regime, a 

simple model was initially proposed which is based on the model for polymer composites 

shown above. This model has been modified to allow for film thickness scaling by 

replacing the volume fraction with film thickness.149  

( )n

A ct t = −         (Eq. 4.6) 

This model works well to describe the percolation conductivity in a nanosheet network, 

however the A  coefficient has no physical meaning. A modified version of this equation 

has been proposed, for which each parameter has a physical meaning (defined above), as 

illustrated in Figure 4.5A.172, 308, 309  
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        (Eq. 4.7) 

This enables understanding of the conductivity changes in the percolation regime. Note 

that there are many challenges in accurately measuring network thickness for nanosheet 

networks, and as a result not every literature report details the conductivity-thickness 

behaviour in a manner suitable to extract these parameters. However, several studies 

report these properties for films of nanomaterials in the percolation regime and a 
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summary of these is tabulated below. Due to the increased likelihood of sample to sample 

variability in the electrical data in the percolation regime,170 fitting the percolation 

behaviour to extract the percolation exponent can be challenging with some groups not 

reporting on each of the tabulated parameters.  

Table 4.1: Thickness percolation in nanomaterial films. 

Author Material Deposition 
ct  

(nm) 

xt  

(nm) 

n  
B

(S/m) 

Ref 

Kelly et al. LPE 

Graphene 

AJP 101 360 0.84 300  307 

Finn et al. Ag NW Inkjet 255  500 1.1 3 ×104  168 

De et al. Ag Flakes Vacuum 

Filtration 

N/A ~1,500 N/A 2.6 ×105 248 

Müller et al. Au NP Vacuum 

Filtration 

190 ~700 N/A 123  305 

Scardaci et al. Single Wall 

CNT 

Spray Coating 1.3 ~25  0.62 1.7 ×105  310 

De et al. LPE 

Graphene 

Vacuum 

Filtration 

<5  ~20  N/A 1.5 ×104  247 

De Falco et al. Soot NPs In-Flame 

Deposition 

<30 ~150 N/A 1 ×10-3 311 

Ogilvie et al. LPE 

Graphene  

Drop Casting 

from Emulsion 

1,000 2,000 N/A 3,000 304 

Torrisi et al. LPE 

Graphene 

Inkjet 3 ~20 4 100  149 

Cassidy & 

Synnatschke 

 et al. 

EE Graphene Liquid-Liquid 

Interfacial 

Deposition 

2 12 3 1.4 ×105 312 
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A model capable of fitting both the bulk-like and percolation regime has been proposed 

by modifying Eq. 4.7 by Cassidy & Synnatschke et al.312 This enables the entire data set 

to be used, rather than being strictly limited to the percolation regime. A discussion on 

the development of this model is included in Appendix A.1. 
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       (Eq. 4.8) 

4.2.4 Percolation Exponent 

In classical theories of lattice percolation in ideal resistor networks, discussed above, this 

scaling exponent is only dependent on the dimensionality of the system under 

investigation. Theoretically, in 3D systems the conductivity scaling exponent is predicted 

to have a value of 2,298 and 2D systems should have a value of 4/3.299 These values can 

be changed slightly by choice of system and calculation methods.313 It is worth noting 

that in Table 4.1, n  is rarely precisely in line with these theoretical values. This 

inconsistency was also observed in a review of over 100 articles showing percolation in 

CNT composites.302 Further experimental reports have shown vast disparities in the 

exponent, with values as high as 9 reported experimentally.155, 298, 303, 314 This is a 

significant deviation from the behaviour predicted in the idealised model. In an effort to 

remedy the disparity between the theoretical predictions and experimental results, Kogut 

et al. demonstrated a link between the percolation exponent of a network and the 

distribution of junction resistances between the conductive filler particles in the 

system.300 They demonstrate that a broader distribution of junction resistances, results in 

an increase in the percolation exponent.300 

Interestingly, while the connection between conductivity and percolation theory is plain 

to see, researchers also identified that, when the networks in the percolation regime were 
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deformed, the magnitude of the electrical response was enhanced as the percolation 

threshold was approached from above.  

4.3 Piezoresistance 

Piezoresistance, the effect of strain on the electrical resistance of a material, was first 

reported by Lord Kelvin in 1856, when he observed current through an iron wire varied 

by the application of different tensions.315 The technological implications of this 

phenomenon were first recognised and incorporated into patented technologies in the 

form of a bonded metal wire strain gauge in 1938,316 and subsequently the metal foil 

strain gauge which is most commonly used today,230 illustrated in Figure 4.6A. The 

modulation in resistance in metals is predominantly due to the reduction in cross sectional 

area as a result of the Poisson effect, and the increase in length due to the stretching of 

the sample. The key figure of merit for the piezoresistive effect is the gauge factor, G  

defined as the fractional change in a sample’s electrical resistance, R , per unit strain,  . 

A subscript of 0 is used to denote the zero-strain condition. 

0

G
R

R



=          (Eq. 4.9) 

Note, this definition this assumes a linear resistance change with strain and, as a result, is 

only valid in the low-strain regime. The gauge factor can be determined from the slope 

of the 0/R R  vs. strain plot, as shown in Figure 4.6B. 

Having the ability to measure strain using a relatively cheap, mass producible device has 

enabled advances in many industries, including aviation, automotive, and civil 

engineering.230 These metal foils with gauge factor of 2 can typically operate at strains 

up to 5%. This raises the question as to the key material properties required for 

piezoresistive devices. Ideally, for strain sensor applications the gauge factor would be 

high and for stretchable interconnects the gauge factor would be low. Additionally, a 
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linear electrical response up to a reasonably high strain is ideal.317 Consistent gauge factor 

response at different strain rates and after repeated strain and relaxation cycles is 

necessary, particularly in the aerospace industry where the forces applied to components 

are cyclic in nature with each take-off and landing.318, 319 

 

Figure 4.6: Piezoresistive Materials. A) Illustration of a metal foil strain gauge, adapted from 

van Dyke et al.320 B) Plot of the fractional change in resistance vs. applied strain for a metal foil 

strain gauge and a graphene nanosheet network, adapted from Hempel et al.271 C) Constant 

energy surfaces, in momentum space, for n-Si, strained and electrically characterised along the 

(100) axis, with the effect of strain on the constant energy surfaces indicated by dashed lines, 

adapted from Barlian et al.321 

 

This has inspired much research into developing novel alloys, semiconductors, 

composites, and other classes of materials which have a piezoresistive response, with 

focuses on optimising these properties.321-323 Researching this phenomenon is imperative 

to produce optimised strain gauges for real time health monitoring with wearable 

technologies,324-327 and to produce the next generation of flexible electronics with strain 

invariant conductive interconnects.328-331 
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The gauge factor equation can be rewritten as shown above,321 with the derivation shown 

in Appendix A.1. From this equation it is observed that the geometric effect is tied to the 
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Poisson ratio,  , of the material, however if the conductivity,  ,of the material can vary 

as a function of strain then it is possible to use that as a way of tuning the piezoresistive 

response. Fortunately, this phenomenon has been observed in several materials systems. 

4.3.1 Piezoresistance in Semiconductors 

As discussed, the position of the atoms in the unit cell of a material influences the 

electronic properties. In the case of some TMDs, a significant structural reorganisation 

from the 2H to 1T phase can lead to a change from semiconducting to semi-metallic 

electronic properties.122 Less significant effects can occur with minor lattice deformation, 

which can result in changes to the number of free electrons and mobility.332 These effects 

can be utilised to enhance the geometric gauge factor by introducing an additional change 

in the material’s intrinsic conductivity with strain. 

In 1954, the piezoresistive effect was observed in semiconductors by Charles Smith 

working out of Bell Labs, where n-type Si was found to have a negative gauge factor of 

-135, while p-type Si had a gauge factor of up to 175.333 The gauge factor in a 

semiconductor can be strongly influenced by the doping level and type of dopant, along 

with the crystallographic direction along which the material is deformed.334 Additionally, 

the gauge factor of semiconducting materials is highly temperature dependent,230 be this 

from environmental factors or a self-heating effect.332 Lower doping levels  lead to higher 

gauge factors, ( n < 1017 cm-3), as the percentage of carriers which move to lower energy 

levels is higher than for a highly doped semiconductor.334  

In semiconductor piezoresistors, significant nonlinearity can be observed as strain is 

increased. It has been reported that by increasing the doping concentration, the resistance, 

nonlinearity, and temperature dependence can be reduced, however this reduces the gauge 

factor of the material.230 Single crystal semiconductor devices are brittle, with strain 

gauges operating up to 0.1% strain, with an elastic strain range of > 0.5%. 
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In n-Si, the piezoresistive effect is attributed to the changing band structure with strain 

along particular axes, as illustrated in Figure 4.6C. The constant energy surfaces are 

ellipsoids in k-space. As a result, the mobility is direction dependent, when the material 

is strained along a specific axis (in this case the (001) axis). The ellipsoids along that axis 

decrease in size while the 4 ellipsoids perpendicular to the axis, which have a higher 

mobility parallel to the axis of applied strain, increase in size. Hence, the mobility in the 

axis of straining increases, leading to the negative gauge factor observed in n-Si.334  

4.3.2 Piezoresistance in Composite Materials 

Nanomaterials were initially incorporated into polymer composites for mechanical 

reinforcement and to enhance the material’s conductivity.240 However, it was also found 

that they exhibited piezoresistive properties under the application of strain, launching a 

new field of research: piezoresistive nanocomposites. It is understood that conduction 

occurs through connected neighbouring conductive particles which extend a conductive 

pathway between the electrodes in the material,10, 335 in line with the network model 

discussed previously. 

These composite materials exhibit piezoresistive responses which can vary with a range 

of factors including filler overlap area, network morphology, and particle alignment.336 

To explain the piezoresistive mechanism in nanocomposites beyond the geometrical 

response or semiconductor band structure arguments, several mechanisms have been 

proposed. The first is related to a change in the overlap area or junctions between the 

nanoparticles as the material is strained, resulting in an overall change in resistance with 

strain, with the second involving percolation and network structure contributions. These 

suggested mechanisms can broadly be applied to both composite and polymer-free 

networks. 
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Inter-Particle Disconnection and Junctions 

For nanoparticle networks, the piezoresistive mechanism has been widely attributed to 

the change in the junctions between the conductive elements. This has been coined the 

‘disconnection mechanism’ by Souri et al.337 and the effect of junctions has recently been 

reviewed by Boland.338 This mechanism proposes that as the material is strained, 

nanomaterials in the composite move past each other. This movement leads to a reduction 

in the overlap area or an increase in the distance between the conductive filler particles,339 

reducing the inter-particle conduction and increasing the overall resistance of the 

network. This has been reported for a wide range of nanoparticle systems.340-343 Other 

related approaches involve cracking mechanisms344 and destroying conductive pathways. 

Strain dependent tunnelling mechanisms have been proposed for CNT-Ecoflex™ 

nanocomposites.345 It has also been possible to combine composite materials with 

semiconducting fillers to have a piezoresistive response for which the mechanism is a 

combination of device geometry, inter-nanosheet junctions, and intrinsic semiconductor 

nanosheet piezoresistivity.346 

Percolation Effects and Network Structure 

As mentioned, networks of nanomaterials can exhibit percolative conductivity. This 

effect was also observed for piezoresistance in polymer nanocomposites, with rapid 

increases in gauge factor observed as the percolation threshold is approached from 

above,10, 166, 347, 348 as shown in Figure 4.7A. Many research groups attributed this effect 

to inter-nanosheet charge transport effects similar to the disconnection mechanism, 

however Garcia et al.299 developed a simple model describing piezoresistance of 

composite nanomaterials in the percolative regime. This model was derived by 

differentiating the conductivity percolation equation for nanocomposites with respect to 

strain, and substituting the result into Equation 4.10. In this model,   is the filler volume 
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fraction, 
,0C  is the percolation threshold, t  is the percolation exponent, and C  is the 

pre-factor of the electrical conductivity percolation scaling with volume fraction. 
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  (Eq. 4.11) 

In this equation, the inter-particle conduction response and geometric piezoresistance are 

contained within the first square bracket term. The dominant term near the percolation 

threshold is the third square bracketed term, which is related to the effect of applied strain 

on the percolative network structure.299  

 

Figure 4.7: Tuning Piezoresistance. A) Plot of fractional change in resistance vs. applied strain 

for printed networks of graphene-PDMS composites with different volume fractions, reproduced 

from O’Driscoll et al.166 B) Photograph of a polymer-free spray coated graphene network on a 

flexible PET substrate, adapted from Hempel et al.271 C) Stretchable LED display using a mesh 

design for flexible interconnects, adapted from Rogers et al.328 
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Challenges with Nanocomposites 

Unfortunately, when reviewing the literature for composite piezoresistive materials, the 

definition of gauge factor in the low-strain limit of linear piezoresistive response has not 

always been strictly adhered to. This has resulted in several reports of exceptional “gauge 

factors,” reaching several tens of thousands, based on higher strain linear regions.338 To 

this end, Boland produced a review of composite piezoresistive devices, in which the 

gauge factor and linear range were extracted from the raw data available.336 This gave a 

range of reported gauge factors 0.01349 to 2,600.350  

While piezoresistive responses in nanocomposites can be exceptional, offering potential 

to deliver high gauge factor wearable strain sensors,351 it is noteworthy that polymer 

composite materials have challenges when it comes to hysteresis in the piezoresistive 

response, along with frequency dependence of the gauge factors.10, 166 There is also the 

challenge of polymer matrix getting between the sheets, reducing device conductivity and 

inducing undesirable mechanical effects.170 Work has been carried out to minimise this 

effect by printing the composite materials, which has paved the way towards a printed 

composite piezoresistor.166 On closer inspection of the cross sectional imaging of the 

composite, there is clear phase segregation of the nanosheet and polymer in the device.166 

This is one of the key motivations to return to look at piezoresistance in polymer-free 

films, in the hope that these undesirable effects would be further minimised.  

4.3.3 Piezoresistance in Polymer-Free Films 

Carbon microphones were used to convert mechanical deformation to electrical signals 

and were even used as amplifiers. These can still be found today, over 100 years later. In 

a description of the operating principle of the microphone, developed by Edison,352 his 

biographer, Wills, writes: “when pressure is applied, this deformation changes the contact 

area between adjacent carbon granules, and hence the electrical resistance.”353 This 
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mechanism sounds very similar to the proposed disconnection mechanism, where 

junctions between particles contribute to the piezoresistive response of a network.  

Polymer-free nano-networks have been studied for their piezoresistive response, 

particularly as conductive coatings on flexible substrates.354 Examples of conductive 

particles studied include gold nanoparticles,355 CNTs,356, 357 graphene,358-360 TMDs,361 

MXenes,362 gold nanosheets,339 and mixtures of different nanomaterials.170, 363 Such 

nanomaterial films have no polymer matrix to get between the junctions, which typically 

results in increased conductivity for polymer-free films.243 A spray coated graphene film 

on a flexible polyethylene terephthalate (PET) substrate is shown in Figure 4.7B.271 

Nanomaterial films can also be produced by a variety of methods, and the piezoresistive 

responses of polymer-free graphene films prepared by different techniques have been 

tabulated below.  

Table 4.2: Polymer-free graphene piezoresistor gauge factors and linear range reports for a 

variety of film deposition techniques. *Buckled by substrate pre-strain. **Cracking. 

Name Deposition Maximum 

GF 

Linear 

Range (%) 

Year Ref 

Zhao et al. CVD 300 0.3 2012 358 

Casiraghi et al. Inkjet  125 1.25 2018 243 

Wang et al.* Scotch-Tape Method 0.55 20 2011 364 

Zhao et al. PECVD 600 1 2015 365 

Li et al. Self-Assembly 300 0.5 2016 157 

Bae et al. CVD 2.7 1.5 2013 366 

Qiao et al. Laser Scribing 54.7 2 2018 367 

Hempel et al. Spray Coating 170 1.5 2012 271 

Garcia et al. Spray Coating 250 0.9 2023 170 

Neilson et al.** Liquid-Liquid 285 20 2023 368 



74 

 

In reviewing the literature, the highest gauge factor responses for graphene nanosheet 

networks are typically observed for the thinnest networks with the highest resistivity. As 

discussed for composite materials, a range of piezoresistive mechanisms have been 

suggested. These include changes in junction resistances,271 cracking of the network,368 

and percolative considerations.170 It is noted that electrical signal noise varies between 

devices, and so the ultimate resolution of a piezoresistor depends not only on gauge factor 

but also on noise in the electrical resistance.369 However, the magnitude of the noise has 

not been quantified in any of the studies cited in Table 4.2 when investigating polymer-

free graphene piezoresistors, instead focusing on tuning the gauge factor parameter. In 

order to drive progress in this field, it is necessary to define goals with respect to gauge 

factor, cyclability, and linear range that the community should be working towards,336 as 

well as producing physical models of these phenomena in order to better understand the 

processes at play when nanosheet networks are strained. These models and community 

targets would remove the ‘stretch and see’ approach which currently saturates 

piezoresistor device literature. 

4.3.4 Flexible Electronics 

To date, a majority of the work has been conducted on optimising for high gauge factor 

devices to enable strain sensor applications, however of equal importance when 

considering piezoresistance in nanosheet networks is optimising for low gauge factor to 

enable flexible electronic devices370, 371 and flexible LED arrays, as shown in Figure 

4.7C.328 To date, organic conductors have been proposed as flexible interconnect 

materials,372, 373 and it is necessary to refocus the 2D materials field towards flexible 

electronics if ‘all 2D’ flexible devices are to become a reality.374, 375 Some of the lowest 

gauge factor values have been achieved by depositing the networks on pre-strained 

substrates, and releasing the strain post deposition, creating ripples which reduce the 
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effective strain applied to the network during testing.364, 376 Others have focused on device 

geometry324 or have added 1D conductive nanomaterials to bridge gaps in 2D nanosheet 

networks.377  
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“Equipped with his five senses, man explores the universe 

around him and calls the adventure Science.” 

 Edwin Powell Hubble 

 

 

 

 

Chapter 5  

Effect of Network Thickness on Piezoresistive and 

Electrical Properties of LPE Nanosheet Networks 

The work presented in this chapter has been adapted from the confirmation report and 

the published work: “Quantifying the Piezoresistive Mechanism in High-Performance 

Printed Graphene Strain Sensors,” published in ACS Applied Materials and 

Interfaces.378  

5.1 Introduction 

Since the discovery of nanomaterials, and their exciting and superlative properties, 

researchers have tried to utilise them in technologies that can have a positive impact on 

society.379 One area that was initially explored was wearable flexible technologies 

including deformation,380 sweat,381 and chemical sensors.382 These platforms offer the 

potential for personalised health monitoring328 in real time.324 Over the last decade there 

has been a significant uptick in wearable health monitoring devices in daily life, tracking 

exercise recovery, sleep, and even cardiovascular health.325, 326, 382 Networks of liquid 

processed nanomaterials have found applications in piezoresistive devices, which display 

a change in resistance when they are strained. Through understanding and tuning this 

response, strain gauges and flexible, strain invariant interconnects can be developed. The 
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figure of merit for the piezoresistive response is the gauge factor ( G ), 0/( ) /G R R = . 

This is defined strictly in the limit of low strain where the electrical response is linear 

with strain.10, 230 Currently the industry standard metal foil gauges which are produced at 

a large scale230 have a relatively low G  of ~2, as the resistance change is entirely based 

on the geometrical deformation of the foil.332  

Incorporating networks of nanomaterials into piezoresistive devices has led to a wide 

range of reported gauge factors. Reports range from 0.01349 to 2,600,350 with the majority 

of networks found in polymer nanocomposites.10, 383 Gauge factor has been shown to be 

linked to network conductivity by the following equation,332 0 02 (1/ )( / )G dd  = − . 

However, for a piezoresistor to be useful, as well as having high G  they also need to 

have a good linear range, low load/unload hysteresis, and minimal variation of G  with 

frequency, with many teams working to optimise these parameters.166, 336, 337, 384-388 

Nanocomposites tend to have lower conductivities as a result of the polymer coating 

surrounding the conductive filler.389 To avoid such issues, and to increase conductivity, 

the polymer matrix has on occasion been omitted, in favour of a simple polymer-free 

nanomaterial network.354-356, 358, 361-363, 390 These types of films can also be printed, 

enabling different device architectures.166, 243, 271, 354, 391 Traditionally, the piezoresistive 

response in nanomaterial networks has been ascribed to strain modulating junctions 

between conductive particles,10 however a wide range of potential mechanisms have been 

postulated.337 

To date, nanosheet-only piezoresistive films have been fabricated through a range of 

methods including CVD,358, 365, 366, 392, 393 drop casting,157 laser scribing,367, 394 inkjet 

printing,243 and spray coating.271 In these papers, gauge factors up to ~600 were 

reported.365 One disadvantage of such films is that the strain range where the resistance-

strain curve is linear is relatively low, <2%. 
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Nanomaterials, especially graphene, have advantages as printable, scalable, and tuneable 

piezoresistors. However, the piezoresistive and conductive properties of such films, 

particularly in the percolation thickness regime, is not universally reported. A physics-

based model for the gauge factor response to changing the network thickness in the 

percolation regime is needed to inform future device optimisation and to provide 

mechanistic insights into these effects. Current models for network G  do not fully 

consider the network dimension and network conductivity.299, 359 A gap exists in 

considering the effect of strain conductivity beyond junction resistance. Detailed 

characterisation is also lacking on the hysteresis and frequency dependence of the 

piezoresistive response of polymer-free nanosheet networks. 

In this chapter, the effect of network thickness on the electrical and piezoresistive 

properties of nanosheet networks is investigated, particularly in the percolation regime of 

thickness. This was conducted by spray coating LPE nanosheets onto flexible substrates 

to form semi-transparent graphene films. These were characterised electrically and the 

piezoresistive response was measured, by using a tensile tester to strain the networks. As 

the networks were in the percolation regime, theoretical models incorporating percolation 

theory were developed to relate the network thickness, conductivity, and gauge factor of 

nanosheet networks. The polymer-free networks were also studied for cyclic stability and 

hysteresis effects when cycling, as well as frequency dependent responses. It is hoped 

that these results can guide future studies to optimise gauge factor through a mechanistic 

understanding of the piezoresistive effect in these systems. 
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5.2 Experimental Procedure 

Liquid Phase Exfoliation and Size Selection 

Graphene ink was prepared using LPE of graphite flakes (Branwell, graphite grade RFL 

99.5, 20 g) in 1-methyl-2-pyrrolidone (Sigma-Aldrich, 200 mL) by tip sonication (200 

W, 70% amplitude, 72 h, Hielscher UP200S, 200 W, 24 kHz. This dispersion underwent 

centrifugation (Hettich Mikro 220R) at 1,500 RPM for 90 min to remove large nanosheets 

and unexfoliated bulk graphite. The supernatant was vacuum filtered through a 0.45 μm 

nylon membrane (Sterlitech NY4547100), forming a pellet of graphene. This was washed 

by adding methanol (Sigma-Aldrich, 30 mL). The residual membrane was dried in a 

vacuum oven (Fi-Streem Vacuum Oven) at 50 °C overnight. The carbon membrane was 

weighed (Sartorius Balance), ground into a powder using a mortar and pestle, and 

resuspended in chloroform (Sigma-Aldrich) by tip sonication for 1 h at 40% amplitude 

to make a graphene/chloroform dispersion with a concentration of 2 mg/mL. The 

dispersion concentration and nanosheet thickness were estimated using UV-vis 

characterisation (Cary 50) as outlined by Backes et al.195 This dispersion was diluted to 

the required concentrations for spray printing. 

Substrate Preparation 

Polydimethylsiloxane (PDMS) Sylgard 184 Dow Corning substrates were fabricated by 

mixing component A (2.00 mL, silicone oil base) and B (200 μL, curing agent) in a 10:1 

volume ratio in a polytetrafluoroethylene (PTFE) mould. These were cured in an oven (2 

h, 120 °C) after which the cured PDMS was removed from the mould and cut into strips 

of the required size. 

Spray Coating  

Thin films of graphene were deposited by spray coating from a modified airbrush (Harder 

& Steenbeck Infinity Airbrush) which was mounted in a mobile gantry (Janome 
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JR2300N). The gantry was programmed to raster across a 5 cm × 5 cm area where the 

substrates were held in place using Kapton tape. The working distance from nozzle to 

substrates was 10 cm and the nitrogen back pressure was set to 3.5 bar. Films with 

thickness above 100 nm had well-defined thicknesses that could be measured by a stylus 

profilometer. Thinner films tend to display more inhomogeneous morphologies. 

However, the average thicknesses measured for such thin films were reasonably 

repeatable. For example, a batch of six sprayed films typically displayed a thickness 

variation of <15 nm. 

Thickness Characterisation  

Graphene film thickness was characterised using a flatbed scanner (Epson Perfection 

V700 PHOTO) to determine the optical transmission and thereby extinction. The scanner 

was previously calibrated using neutral density filters of known transmission. The film 

extinction was converted to film thickness using the extinction coefficient, which was 

measured using sprayed films of the same graphene dispersion on glass, whose 

thicknesses were measured using profilometry. The extinction coefficient was measured 

for thicker films using between 100 and 250 nm for which the profilometry was more 

reliable. Very thin films can be somewhat inhomogeneous, making the thickness poorly 

defined. Measuring the thickness from the optical transmission is equivalent to measuring 

an average thickness. 

Electromechanical Tensile Testing 

Printed networks were tested using a Zwick Z0.5 ProLine Tensile Tester (100 N Load 

Cell). The films were contacted using silver wires attached (using silver paint, Agar 

Scientific) directly onto the graphene film. Sample dimensions were approximately 5 mm 

× 25 mm with PDMS thickness in the range of 0.7–1.0 mm. Devices were conditioned 

by three cycles of a sawtooth profile up to 1% strain before testing. Conditioning is 
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particularly important as otherwise the initial stretch/release cycle can give an 

unrepresentative, anomalous electrical response, typically with a higher gauge factor. It 

is probable that the as-produced network is in a nonequilibrium state and conditioning 

leads to a slight reorganisation of the network into a more stable state. This final state is 

likely to have improved connectivity as the total resistance tends to decrease over the 

conditioning cycle. The resistance was measured using a Keithley KE2601 Source meter 

controlled by a two-probe LabView program. Electromechanical measurements were 

made using a maximum strain amplitude of 1%. Straining beyond 1% tended to lead to 

irreversible cracking or delamination of electrodes. Cyclic measurements were initially 

performed at 0.6% strain amplitude. However, it was observed that 0.6% strain eventually 

led to damage to the 45 nm film after repeated cycling. Subsequently, all long cycling 

experiments on the 45 nm sample were performed with a 0.4% strain amplitude, which 

could be applied for >3,000 cycles without damage appearing. 

The TEM presented in this chapter was carried out by Dr Domhnall O’Suilleabhain, 

Raman spectroscopy was carried out by Dr Tian Carey and SEM was carried out by Dr 

Cian Gabbett. 
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5.3 Results and Discussion 

 

Figure 5.1: Nanosheet Characterisation. A) Photograph of the graphene/chloroform ink. B) 

Photograph of a printed, semi-transparent graphene film on PDMS substrate. C) Extinction 

spectrum of the nanosheet ink with the chloroform background removed. D) Histogram of 

nanosheet length measured from TEM images. E) TEM image of the nanosheets found in the ink. 

F) Raman spectrum of a nanosheet network produced from ink drop cast onto Si/SiO2. 

 

The graphene was exfoliated by LPE in NMP and transferred into chloroform as 

discussed in the experimental procedures. In order to characterise the material and the 

graphene/chloroform ink (Figure 5.1A), which is suitable for spray coating, various 

analyses were carried out including UV-Vis spectroscopy, TEM, and Raman 

spectroscopy. Figure 5.1B shows a thin, spray cast film on a PDMS substrate which has 

been bent back on itself, showing the flexibility and semitransparency of the deposited 

film. An extinction spectrum of the ink is shown in Figure 5.1C, showing the 

characteristic low frequency plateau along with the graphitic * −  transition below 

300 nm.395 From published metrics (
750  = 5,450 L.g-1.m-1),195 the ink concentration was 

estimated to be C = 2 mg/mL. The average nanosheet length was measured using TEM, 
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with the distribution of lengths from 376 measured nanosheets plotted in Figure 5.1D. A 

representative TEM image is also shown (Figure 5.1E). From this distribution, the mean 

nanosheet length was determined to be 330 ± 14 nm. The Raman spectrum shown in 

Figure 5.1F clearly shows the characteristic D, G and 2D graphene peaks. The relatively 

low D peak intensity, with the D to G peak intensity ratio of /D GI I  = 0.15, indicates that 

the graphene nanosheets contain very few defects in the basal plane, while the Lorentzian 

shape of the 2D peak matches the expected shape for few-layer graphene implying 

electronically decoupled sheets.195 

5.3.1 Electrical Characterisation 

From percolation theory, it is known that the conductivity of a thin nanomaterial network 

will follow power law behaviour as given by Eq. 5.1, when below the bulk-like critical 

thickness. 

n

c
Bulk

x c

t t

t t
 

 −
=  

− 
        (Eq. 5.1) 

In this study over 50 films with various thicknesses were fabricated by spray coating and 

their conductivities were measured in the absence of strain, 0 . In this discussion a 

subscript “0” indicates at zero-strain. The effective thickness was characterised using 

optical transmission, by correlating the optical extinction to the measured thickness of 

films sprayed onto glass (see Appendix A.2).  
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Figure 5.2: Electrical Percolation. Plot of nanosheet film conductivity vs. network thickness, 

measured at zero-strain. Inset log–log plot of 0  versus 0 ,0( )ct t−  with overlaid fit using Eq. 5.1 

for 0t  < 110 nm. The data for 0t  > 110 nm are considered bulk-like and plotted in red with the 

average value indicated by the dashed line.  

 

The plot in Figure 5.2 shows conductivity scaling with film thickness, 0t . The 

conductivity rises with increasing thickness, from ~10-3 S/m for films ~ 45 nm thick, 

rising sharply until a plateau of conductivity at ~ 260 S/m above ~120 nm. Note that no 

measurable conductivity was found for networks thinner than 40 nm. Inset is a log-log 

plot of conductivity vs. 0 ,0( )ct t− , used to calculate the fit parameters. This can be 

explained by noting that in bulk-like systems, conductivity is an intrinsic material 

property independent of sample dimensions; however, in thin, disordered networks of 

graphene nanosheets or nanotubes, conductivity is no longer intrinsic.248 This behaviour 

has been seen in very thin films of nanomaterials including nanotubes, nanowires, and 

nanosheets.248, 249, 307 
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Percolation behaviour is largely associated with disorder in the network. The decrease in 

conductivity with decreasing thickness is linked to the reduction in the number of 

conductive pathways through the network, up to a critical limit where there is only one 

conductive pathway, the percolation threshold ct .  

Fitting the data for t   110 nm, which allows for a transition region from bulk to 

percolative, a fit (shown in black) is found with 0n = 3.3, 
,0ct  = 37 nm. For the thick films 

the bulk conductivity, B  = 260 S/m, and the crossover point, ,0xt  = 120 nm, were found. 

The parameters and their errors are summarised in Table 5.1. 

 

Figure 5.3: Piezoresistive Response. Fractional change in resistance vs. strain for three 

representative networks of varying film thickness. The solid lines are linear fits. 

 

To investigate the film thickness dependence on gauge factor, the networks analysed in 

Figure 5.2 were subjected to electromechanical tests, straining from 0% to 1% strain at a 

rate of 1 %/s. Figure 5.3 shows the electromechanical response of three printed graphene 

devices of different thicknesses. Minor oscillations observed are due to imperfect 

application of strain by the tensile tester during testing. From the piezoresistive theory, it 

is known that at low strain the gauge factor, G , is the slope of the 0/R R vs.   plot.  
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As observed for nanocomposite materials, as the conductivity decreases, the gauge factor 

increases, shown by the increase in slope in Figure 5.3 as the network thickness is 

reduced.299 It was not known if G , like conductivity, shows bulk-like and percolative 

behaviour across a range of film thicknesses, so more detailed characterisation was 

required. The linear region in these curves tends to only extend up to the ~0.75-1% strain, 

limiting their utility to low strain measurements. This is consistent with piezoresistive 

devices prepared from nanomaterial films with linear ranges <5% strain.365, 394 A recent 

study of over 200 literature reported strain sensors found a negative correlation between 

the gauge factor and the linear sensing range, suggesting that systems with higher gauge 

factors only have a linear region at low strain.336 

5.3.2 Scanning Electron Microscopy of Networks 

 

Figure 5.4: Network Imaging. SEM images of three nanosheet networks with thicknesses of A) 

200nm, B) 95nm, C) 40nm and D) < 40nm, respectively. The decreasing surface coverage is 

evident as the thickness is decreased, and the few remaining nanosheet pathways can be seen in 

the 40 nm sample and percolative conduction to the silver electrode is visualised in the < 40 nm 

sample. 

 

The ink in Figure 5.1A can be sprayed onto a flexible PDMS substrate to form a thin 

network on polymer surface. Using SEM this network can be imaged below the 
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diffraction limit of light.396 Figure 5.4 shows a selection of SEM images of different 

networks, each with a different thickness, from different regions on the conductivity-

thickness profile (Figure 5.2). From percolation theory, it is expected that for thinner 

networks there should be fewer conductive pathways across the channel. As the network 

thickness goes from 200 nm to 40 nm, the morphology of the network changes drastically.  

Figure 5.4A shows an image of a near-continuous nanosheet network with a thickness of 

200 nm in the bulk-like regime, resulting in very few holes through the network. Figure 

5.4B shows a t  = 95 nm network, which is below the xt  = 120 nm bulk threshold. The 

network is less uniform, and several gaps can be seen in the network, through which the 

PDMS substrate can be seen. Figure 5.4C shows a t  = 40 nm sprayed network, which is 

extremely close to the percolation threshold, ct . This image shows the clear 

nonuniformities in the network, with disconnected nanosheets, the PDMS substrate, and 

very few connected current-carrying nanosheets visible on the surface. The 

nonuniformities are the reason for the percolative conductivity which is observed below 

xt  and are expected to be pivotal to the increased gauge factor in this regime. With fewer 

current carrying pathways to depend on, the nonuniform network resistance is more 

susceptible to strain induced disruption of a few connected pathways, increasing the 

gauge factor. 

Figure 5.4D shows an SEM image of a sprayed network, below percolation, with 

t  < 40 nm. As a result, there is no complete bridging connected pathway between the 

electrodes. However, by imaging near to the silver paint (shaded blue) on the surface, 

which is connected to the earth, a percolating nanosheet pathway can be clearly identified 

as the nanosheets in black. The white region is the PDMS substrate and disconnected 

nanosheets which are unable to join the percolating pathway, and so show a charging 

effect in the SEM image. 
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5.3.3 Modelling Gauge Factor 

A mathematical model can be derived for the relationship between a percolative 

nanosheet network’s thickness and gauge factor by combining both piezoresistance and 

percolation theory. It is known that 0 02 (1/ )( / )G dd  − , however, as Eq. 5.1 was 

verified above to describe the percolation conductivity of the nanosheet network with 

respect to network thickness, it may be possible to derive a model for G  with respect to 

network thickness by differentiating Eq. 5.1 with respect to strain. 

The complete derivation of the following expression is shown in Appendix A.2.  
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  (Eq. 5.2) 

Taking the first three square bracketed terms to be roughly thickness independent, a 

simplified gauge factor to thickness model can be written (Eq. 5.3). In this simplified 

model, TNS stands for “thin network sensor”. However, this simplified model must be 

tested on experimental data to validate the assumptions made and to identify which term 

in the equation is dominant. 

0 ,0

TNS
TNS

c

t
G G

t t
 +

−
        (Eq. 5.3) 

This model can also be rewritten in terms of conductivity, as in Eq. 5.4. This must also 

be fitted to experimental data to confirm its ability to accurately model piezoresistive 

behaviour and to confirm that the fit parameters correspond to the same values as 

calculated from the conductivity vs. thickness plot in Figure 5.2. 
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Eq. 5.3 suggests that G  will increase sharply as the thickness is reduced towards the 

percolation thickness, ct , while Eq. 5.4 predicts and explains the power law relationship 

between G  and 0  which has been noted by previous authors.299 According to these 

equations, the larger the values of the figures of merit, TNSt  and TNS , the higher the 

resulting gauge factor. 

 

Figure 5.5: Gauge Factor Modelling. A) Plot of gauge factor vs. network thickness with an 

overlaid fit from Eq. 5.3. B) Plot of gauge factor vs. network conductivity, with overlaid fit from 

Eq. 5.4. The data for 0t  > 110 nm are considered bulk-like and plotted in red. Fit parameters are 

given in Table 5.1. 

 

In Figure 5.5A, G  is plotted as a function of network thickness, and for thinner networks 

G  is highly thickness dependent. This has been alluded to but not explored in detail in a 

small number of papers.271, 359, 394 The sharp rise in G  as ct  is approached from above is 

similar to the percolative behaviour shown by the conductivity vs. thickness data. 

Additionally, G  appears to be thickness-independent for network thicknesses above 

~120 nm. These results imply that gauge factor has percolative and bulk-like regimes.  

In Figure 5.5B, G  is plotted against unstrained conductivity and a well-defined power-

like decay is observed, as predicted by Eq. 5.4. Similar decays were reported by Hu et 
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al.for epoxy resin/carbon nanotube composites347 and Garcia et al. for Sylgard/graphene 

composites.299 This further supports the derived model, which predicts such behaviour, 

along with providing a link between the behaviour of polymer-free nanosheet networks 

and nanocomposite strain sensors.  

The plots in Figure 5.5 include fits to the model according to Eq. 5.3 and Eq. 5.4, fitting 

where 0t  is less than 110 nm, consistent with the region in which the electrical percolation 

data (Figure 5.2) were fitted. The fit parameters for each of these fits are given in Table 

5.1. 

Table 5.1: Fit parameters from fitting data in Figure 5.2 and Figure 5.5 to the relevant percolation 

models. 

Parameter Value Parameter Value Parameter Value 

From 0  vs. 0t  (Eq. 5.1) From G  vs. 0t  (Eq. 5.3) From G  vs. 0  (Eq. 5.4) 

,0B  260 ± 20 S/m 
TNSG  22 ± 4 TNSG  21 ± 5 

,0ct  37 ± 5 nm 
TNSt  2.3 ± 0.3 m TNS  (3  1) 107 S/m 

,0xt  120  5 nm 
,0ct  27 ± 3 nm 0n  3.7 ± 0.3 

0n  3.3 ± 0.3     

 

Fitting G  vs. 0t , good fit values with relatively low uncertainty were found. Notably, the 

value of ,0ct  is very similar, but not identical to the value found from the 0  vs. 0t  fitting. 

Knowing that 0 0( / )TNS ct n dt d , and taking 0n  = 3.3, the value of the derivative 

0( / )cdt d  is estimated to be 700 nm, meaning that ct  changes by 7 nm for every 

percentage of applied strain. 

Physically, Eq. 5.3 sheds very interesting light on the factors which dictate the 

piezoresistive response. When 0 xt t  for high gauge factor thin networks, the second 

term in Eq. 5.3 dominates, with the magnitude primarily determined by TNSt , which, as 
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discussed above, scales linearly with 0( / )cdt d . As 0( / )cdt d is a measure of the change 

in the percolation threshold with strain, which is essentially a measure of the effect of 

strain on the network structure, it is concluded that the dominant second term in Eq. 5.3 

is linked to network morphology. This is a novel conclusion, as previously it was believed 

that the dominant piezoresistive effect was the effect of strain on the inter-nanosheet 

junctions. This effect is contained in the first term in Eq. 5.3. 

As shown, G  can also be expressed as a function of network conductivity, 0 , as in 

Eq. 5.4. This model is fitted to the experimental data in Figure 5.5B and the coefficients 

are given in Table 5.1. Notably, the values of TNSG  and 0n  are consistent with the values 

estimated from the other fitting equations. The utility of Eq. 5.4 is its prediction of a 

power law dependence between G  and 0  which has been alluded to in previous 

reports.299  
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5.3.4 Cyclability, Hysteresis, and Frequency Dependence  

 

Figure 5.6: Hysteresis and Cyclability Testing. A) Resistance hysteresis profile as a function of 

strain for the 0t = 63 nm film, measured with strain rate of 0.024 %/s. B) Comparison of 

hysteresis as a function of strain rate for three networks of different thicknesses, showing 

reasonable stability of hysteresis across two decades of strain rate and an increase in hysteresis 

at lower thicknesses. C) Cyclic resistance response of 97 nm thick film with 0.05 Hz sawtooth 

cycling profile with an amplitude from 0% to 0.6%. D) Gauge factor vs. cyclic frequency for three 

networks, showing near frequency independence from 0.01 Hz to 1 Hz. The strain amplitudes 

were 0.4% for the 45 nm thick film and 0.6% for the 63 nm and 97 nm films. E) Cyclic testing 

(sawtooth ~1.5 Hz), 0% to 0.4% strain for 45 nm film showing stability over 3,000 cycles. Inset 

magnified regions at the start and end of the cycling profile.  

 

The literature on piezoresistive strain sensors is mostly focused on maximising the gauge 

factor. However, for practical applications, other factors including low hysteresis, 

minimum frequency dependence of G  and good cyclability over thousands of cycles are 

important. These factors were investigated and their results are shown in Figure 5.6.  
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Hysteresis is defined as the area within the hysteresis loop in a resistance vs. strain plot 

as the device is loaded and released, divided by the area under the resistance vs. strain 

curve for loading. An example is shown in Figure 5.6A of a 63 nm thick film with a 

hysteresis of 5% at a strain rate of 0.024 %/s. Hysteresis can be observed when the 

resistance-strain curve for the release curve does not follow the path traced by the loading 

curve, implying that the loading process has altered the network structure, at least 

temporarily.337, 384 Figure 5.6B shows that the hysteresis across 2 orders of magnitude of 

strain rate is roughly strain rate independent for three different film thicknesses, all of 

which show hysteresis less than 10%, with thinner films having a higher hysteresis. 

Contextualising hysteresis is challenging as some papers measure hysteresis,397, 398 but 

very few quote numerical values. However, these results do compare favourably with 

printed polymer/graphene nanocomposites which have a hysteresis of 15%.166 

In practical applications, strain gauges must also be able to monitor cyclic straining across 

a range of frequencies. Hence, frequency invariant gauge factor is imperative across the 

range and over thousands of cycles. To test this a sawtooth cyclic strain profile, Figure 

5.6C (top), was applied to the networks, with the corresponding resistance profile 

(bottom) showing high cycle to cycle stability of gauge factor. Figure 5.6D shows the 

dynamic gauge factor vs. frequency for three different network thicknesses, for which all 

cycles used sawtooth profiles. All three devices show good frequency independence of 

gauge factor over 2 orders of magnitude of frequency, with the thinnest films having a 

dynamic gauge factor of G  ≈ 200. Plots of the fractional change in resistance vs. strain, 

along with stress vs. strain plots for representative samples cyclically deformed across 

the range of frequencies, are included in Appendix A.2. Once more, frequency dependent 

gauge factor measurements are rarely reported, however, this data is consistent with the 

frequency invariant behaviour reported by Li et al.157 and Qiao et al.367 
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Figure 5.6E shows the resistance response of the 45 nm thick nanosheet network, over 

3,000 cycles, showing great stability, and minimal decay. The inset plots show zoomed 

in profiles at the start and end of the 3,000-cycle test, showing good fidelity along with 

stable gauge factors of G  ≈ 187 and G  ≈ 184, respectively. This shows considerable 

potential for using nanosheet network piezoresistors in commercial applications, 

however, some encapsulating system will be necessary given that the films are sensitive 

to scratches and abrasions. It will also be necessary to optimise the resolution of such 

networks, as the increase in gauge factor observed in the percolation regime is likely 

competing with an increase in noise in the measured sample resistance.399 

5.3.5 Literature Comparisons 

 

Figure 5.7: Literature Comparisons. Comparison of results with previous literature plotted as 

gauge factor vs. zero-strain resistance. Papers used in analysis: Zhao et al. (CVD),358 Hempel et 

al. (Spray),271 Casiraghi et al. (Inkjet on paper),243 Chen et al. (EE / EE-small (sonicated after 

exfoliation) / Solvent Exfoliated).360 The dashed line shows power law dependence with an 

exponent of 1/(n0+1) = 1/4.66. 
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To contextualise the results presented in this chapter, Figure 5.7 shows the comparison 

between gauge factor data from this research with literature values for graphene-only 

piezoresistive devices. These include solution processed and CVD grown films. As most 

papers do not provide the film thickness, making the calculation of conductivity 

impossible, gauge factors must first be plotted against the zero-strain resistance. The most 

striking feature of the graph is that the different data sets all show close to power law 

dependence of gauge factor on resistance. To explain this a short modification was made 

to the model. The key steps are as follows. Assuming that the network thickness is well 

above the percolation threshold, ( 0 ,0ct t ), the percolation equation yields the 

dependence 0

00

n
t  . This means that the zero-strain resistance will scale with unstrained 

film thickness as 0( 1)

00

n
R t

− +
 . Making a substitution into Eq. 5.3 returns the relationship 

01/( 1)

0

n

TNSG G R
+

−  . When ,0ct and TNSG  are relatively small, the model predicts the 

relation 01/( 1)

0

n
G R

+
 . This model can be tested on the existing experimental data, as 

shown in Figure 5.7, by plotting a line with exponent 1/ 4.66 , which is consistent with 

the estimated percolation exponent of 3.66. As mentioned previously, this percolation 

exponent can be related back to the dimensionality of the system,299 however, it has been 

shown that the exponent can increase beyond the theoretical values due to distributions 

of inter-nanosheet junctions in the network,300 as is the case in this study. 

The model fits well with data collected in this work as well as data from previous 

nanomaterial-based piezoresistor reports, enabling the percolation exponent of 

percolative graphene networks to be extracted from piezoresistance measurements on a 

set of films with unknown thicknesses. Additionally, the devices reported in this chapter 

are competitive with the best gauge factors for graphene-based strain gauges reported in 

the literature, even CVD-grown films. This is especially true for the low thickness films, 
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which have a gauge factor of ~350, which compares well with previously reported 

graphene networks prepared by drop casting,394 inkjet printing,243 spray casting,271 and 

self-assembly157 with low strain gauge factors of ~10, 125, 170, and ~300 respectively. 

In a 2019 study of 200 nanocomposite strain sensor reports,336 the gauge factors were 

ranked, ranging from 0.01 to 2,600.350 The best graphene thin film device would rank 

fifth on this scale. While higher gauge factors can be achieved with CVD-grown films, 

with G  = 600 for remote plasma-enhanced chemical vapor deposition (PECVD) grown 

films,365 because of the ease of scalable low-cost fabrication and excellent performance, 

these printed LPE graphene networks have potential to be used in practical low cost 

applications. 

5.4 Conclusions 

Based on the results presented in this chapter, many conclusions can be drawn about the 

physical phenomena at work in nanosheet networks. Of note are the dependences reported 

for electrical conductivity and piezoresistance with respect to the changing network 

thickness in the percolation thickness regime. This work demonstrated that the electrical 

conductivity and gauge factor saturate to their intrinsic values above the bulk-like 

network thickness in nanosheet networks. However, below this thickness, strong 

relationships are observed for both conductivity and gauge factor with network thickness. 

These thickness dependences are both closely related and can be described using models 

based on percolation theory. These models show that, in the percolation regime, network 

structure plays a significant part in the piezoresistive response of the network. 

Additionally, the devices in this study exhibit low hysteresis and frequency independent 

gauge factor, while also being stable over thousands of cycles, significant for many 

potential applications. 
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“Success isn’t a result of spontaneous combustion. 

You must set yourself on fire.” 

Arnold H. Glasow 

 

 

 

 

Chapter 6  

Effect of Nanosheet Thickness on Conduction and 

Piezoresistive Response in Nanosheet Networks 

The work presented in this chapter has been adapted from the published work: 

“Quantifying the effect of nanosheet dimensions on the piezoresistive response of printed 

graphene nanosheet networks,” published in Nanoscale Horizons.400 

6.1 Introduction 

As outlined in previous chapters, graphene and the family of 2D materials have attracted 

attention because of their blend of exciting physical properties and potential for 

applications.57, 72, 401, 402 LPE provides a scalable, cost-effective technique to exfoliate 

layered crystals into nanosheets in liquid mediums and could yield printable inks after 

necessary solvent exchange or solvent modification steps.5, 87 These nanosheets can form 

printed networks from which a range of electronic devices including transistors,124 solar 

cells,403 and diodes256 can be fabricated. The printability enables the use of flexible 

substrates, unlocking potential for flexible electronics.152, 331 However, it is imperative to 

understand the effect of deformation on such a network to prevent unwanted secondary 

effects when the devices are in operation. 
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The response of a film’s resistance ( R ) to strain ( ) is known as the gauge factor (G ), 

as defined in Eq. 6.1.332 This resistance change is almost always attributed to the effect 

of strain on the junction resistance,337, 340, 341, 385 although network morphology effects378 

(Chapter 5), as well as geometrical Poisson effects have been discussed.385 As these 

flexible technologies mature, understanding the impact of strain on this resistance will be 

important to guide new technologies. 

0

0

/
lim
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        (Eq. 6.1) 

To date, significant research has been conducted to optimise the gauge factor in networks 

of various materials.10, 166, 336, 338 Combining theoretical models with experimental data 

has enabled the identification of the key optimisation factors for gauge factor, with links 

between network resistivity or conductivity and network gauge factor observed readily. 

Recently, the conductivity of the network has been modulated through a variety of 

approaches including varying nanosheet loading in nanocomposites,299 varying ratios of 

conducting and semiconducting nanosheets in a network,170 and, as shown in Chapter 5, 

controlling network thickness in the percolation regime.378 These are understood 

theoretically and tested experimentally, linking G  and conductivity in each case, casting 

light on conduction and piezoresistance in each of the systems. 

To date a gap in the literature exists regarding a nanosheet parameter that should alter the 

piezoresistive response in networks. FIB-SEM nanotomography has shown that the size 

and thickness of the nanosheets can alter the morphology of the networks,146 while 

various papers have shown that nanosheet dimensions can significantly impact network 

resitivity.145, 146, 258 Additionally, a recent paper has reported a theoretical model which 

describes the relationship between nanosheet dimensions and network resistivity, as 

shown in Eq. 4.3.147 This report also investigates parameters linked to network 

morphology including junction resistance, tortuosity, and porosity.147 
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In this chapter, the effect of nanosheet dimensions, specifically thickness, on the 

conduction and piezoresistive properties of printed graphene nanosheet networks is 

investigated. This was conducted by spray coating size selected nanosheets into networks 

with thicknesses of a micron or more, ensuring that they display bulk-like resistivity 

without any percolative effects.378 This was followed by electrical resistivity and the 

piezoresistive response measurements on samples from each nanosheet size fraction. 

Combining these experiments with simple theoretical models, the key limiting factors in 

network resistivity and piezoresistive response can be identified and quantified for the 

LPE graphene system, thus providing novel insights into these processes in nano-

networks. 

6.2 Experimental Procedure 

Graphene Exfoliation 

Graphite flakes (Asbury, 4 g) were sonicated for 1h in 80 mL n-methyl-2-pyrollidone 

(Sigma) at 65% power with a horn probe. The suspension was centrifuged (Hettich, 10 

cm radius) for 1 h at 6 kRPM. The sediment was resuspended in 80 mL of fresh NMP 

and sonicated for 9 h at 60 % power, pulsing 4s on 4s off.  

Liquid Cascade Centrifugation 

To size select the nanosheets, the suspension was centrifuged at 0.5 kRPM for 2 h at 5 °C. 

The sediment was discarded, and the supernatant was centrifuged at 1 kRPM for 2 h at 

5 °C. The sediment was kept and labelled as the “0.5 to 1 kRPM” sample (with the speeds 

indicating the lower and upper spin speeds used to sediment the nanosheets). The 

supernatant was then centrifuged at 1.5 kRPM for 2 h at 5 °C. The cycle was repeated at 

2, 3, 4, and 6 kRPM, keeping the sediment each time and centrifuging the supernatant at 

successively higher speeds. The sediments were resuspended in fresh isopropanol (IPA) 
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and centrifuged at 6 kRPM for 1h at 5 °C. Each sample was finally resuspended in fresh 

IPA. A schematic of this process is shown in Figure 2.7B. 

Characterisation  

The nanosheet based inks were characterised using UV-Vis spectroscopy (Cary 50), the 

nanosheets were spray coated on glass and characterised using Raman spectroscopy 

(Renishaw inVia Quantor, 532 nm). AFM was used to further characterise the flake 

thicknesses and lateral size (Digital Instruments Multimode IIIa in tapping mode AFM). 

The measured thickness was converted to layer number by subtracting 1.0 nm to allow 

for trapped solvents from the measured thickness and dividing the remainder by 0.95 nm. 

This layer number was then multiplied by 0.35 nm per layer to get the real thickness, in 

line with the report by Paton et al.87 SEM of the top surface of the films was conducted 

using the Zeiss Ultra SEM operating at a potential of 3 keV, and imaging using the 

secondary electron detector with a working distance of 5 mm. 

Film Deposition 

Kapton substrates (DuPont Kapton HN, 125 µm) were cleaned using IPA. Compressed 

N2 was used to dry the samples before spray coating. The films were spray coated using 

a Harder & Steenbeck Infinity Airbrush, mounted in a Janome (JR2300N) mobile gantry. 

The gantry was rastered across a 2 cm × 4 cm area in a serpentine repeating pattern. the 

N2 back pressure was set to 40 PSI. The ink concentration was 0.1 mg/mL, 50 mL of ink 

was sprayed for each device. Ink flow was kept constant at 50 mL/h. The working 

distance from the airbrush nozzle to substrate was 10 cm. 

Thickness Characterisation 

Film thickness was measured by scanning an area of each sprayed film using an Optical 

Profiler (Filmetrics, Profilm3D®) with a 50× Nikon objective lens operating in the white 

light interferometry mode. This produced a 380 µm × 340 µm image of the film. 
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Thickness was determined by measuring a scratched region and determining the step 

height from the substrate to the film surface, across the entire image using the ‘Histogram’ 

step height measurement on Profilm Online.  

Electromechanical Testing 

Devices were tested by contacting the networks with silver paint contacts and silver wires 

connected to an electrical source meter (Keithley KE2601) in a two-probe electrical test. 

The resistance was measured as the substrates were strained using a Zwick Z0.5 ProLine 

Tensile Tester with a 100 N load cell.  

The AFM presented in this chapter was carried out by Dr Jose Munuera, Raman 

spectroscopy was carried out by Dr Tian Carey. 

6.3 Results and Discussion 

6.3.1 Material Characterisation 

 

Figure 6.1: Ink Characterisation. A) Photograph of size selected graphene dispersions in IPA. B) 

UV-Vis spectra of graphene dispersions in different size selection bands. 

 

Dispersions of graphene nanosheets were produced by LPE5, 86, 104 of graphite powder in 

NMP. The resultant dispersions were then size selected into various fractions using liquid 

cascade centrifugation,136 a process based on repeated centrifugation and separation steps 

which is shown schematically in Figure 2.7B. Figure 6.1A shows a photograph of the 
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resulting size selected fractions following a solvent exchange into IPA. An ink 

concentration of 0.1 mg/mL was chosen for spray coating. Although all inks looked to be 

identical black liquids, differences between them are observed by measuring their 

extinction spectra in the UV-visible region as shown in Figure 6.1B. Here, the 

characteristic π-π* transition peak at ~267 nm is observed as well as the long wavelength 

plateau.395 Notably, as the centrifugation speed used to sediment the nanosheets increases, 

and the nanosheets in the ink become smaller and thinner, the amplitude of the peak 

relative to the plateau value increases. This observation is in line with observations by 

Backes et al.195  

 

Figure 6.2: Nanosheet Size Characterisation. A) Representative AFM image of graphene 

nanosheets on a Si/SiO2 substrate. B) Plot of nanosheet length as a function of nanosheet 

thickness, where each data point is an individual nanosheet. C) Plot of nanosheet thickness vs. 

rotation speed. D) Plot of nanosheet length vs. rotation speed. Uncertainty values shown are 

standard deviations from the AFM distributions. 
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To enable proper analysis, it is important to measure the lateral size and thickness of the 

nanosheets in each fraction. To this end, the nanosheet length and thickness distributions 

were quantified using AFM for all samples, with a representative AFM image shown in 

Figure 6.2A. When performing AFM of solution processed nanosheets, it is always 

important to convert the apparent nanosheet thickness to the real thickness.87, 136, 404, 405 

The resultant nanosheet length ( NSl ) was plotted against nanosheet thickness ( NSt ) on a 

flake by flake basis in Figure 6.2B for three of the six fractions studied. The mean values 

of NSl  and NSt  were plotted versus the upper RPM used to sediment the fraction of 

nanosheets in Figure 6.2C&D. These results verify that as the centrifugation speed 

increases the nanosheets in each fraction become smaller and thinner, decaying as a 

power law with RPM, as reported previously.6, 102, 136, 195  

 

Figure 6.3: Printed Film Characterisation. A) Photograph of a printed graphene film, coated 

onto a Kapton substrate, bent between two fingers. B) White light interferometry image of a 

scratch in a printed graphene film, with the top surface showing the top of the film and the bottom 

showing the substrate. C) Raman spectra of the graphene films prepared with different sizes of 

nanosheet. 
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These inks can be used to prepare thin films by a range of solution-deposition methods.6, 

57, 406 Here, films were produced by spray coating onto flexible Kapton substrates (Figure 

6.3A), yielding grey opaque films with thickness in the range 1 to 3 µm, as measured by 

optical profilometry, with a representative 3D profile shown in Figure 6.3B. Such 

relatively thick films were produced to avoid percolation effects often found in thinner 

films and to achieve thickness-independent film resistivity.307 This means that the 

piezoresistive response will be largely free from effects associated with the influence of 

strain on the network structure.378 Raman spectra of the films (Figure 6.3C) showed the 

characteristic D, G and 2D peaks as well as some evidence of the D + D’’ peak,200 

consistent with other reports for liquid phase exfoliated graphene materials.407  

 

Figure 6.4: Network Imaging. SEM images of the top surfaces of sprayed networks of nanosheets 

prepared from inks with nanosheet thicknesses of A)20 nm, B) 12 nm, and C) 5 nm. 

 

In order to investigate the microstructure of the spray coated nanosheet films across the 

range of sizes, SEM images of the top surfaces were taken, as shown in Figure 6.4A-C. 

No substrate is visible through the network in the images, indicating that a relatively thick 

film has neem produced. Across each of the sprayed films, considerable disorder with 

relatively poor flake alignment and significant surface roughness can be observed. These 

observations are consistent with previously reported spray coated LPE nanosheet 

networks, which have been shown to yield jammed networks of nanosheets.146 
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6.3.2 Electrical Resistivity of Thick Nanosheet Networks 

 

Figure 6.5: Electrical Characterisation. Plot of network resistivity vs. nanosheet thickness 

showing the increase in resistivity with nanosheet thickness. Linear fit using Equation 6.2. 

 

For electrical measurements, silver electrodes were hand painted to give channel lengths 

ranging from 0.8-1.0 cm and channel widths in the range of 4–6 mm. When measuring 

the thin film resistivity at zero strain, values in the range 2-7 10-4 m were observed, 

depending on the dimensions of the nanosheets making up the film. The measured 

network resistivity, NS , is plotted vs. mean nanosheet thickness, NSt , in Fig 6.5 and 

shows a well-defined linear trend. For networks of conductive 2D materials which are 

thick enough to display bulklike conduction, the network resistivity can be modelled 

using Eq. 6.2.147  

 2
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        (Eq. 6.2) 

Here, NS  is the nanosheet resistivity, JR  is the mean junction resistance and NetP  is the 

network porosity. This model fits the data in Figure 6.5 very well. It was necessary to 

assume the nanosheet network porosity to be NetP =0.5, consistent with reports for sprayed 
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networks of various LPE nanosheets.146, 172 This assumption enabled the extraction of the 

nanosheet resistivity and the junction resistance from this plot. These are found to be: 

NS  = (2.9±1.3) ×10-5 .m and JR  = 8.9 ± 1.0 k. These are in line with the previously 

reported values of NS  = 1.7 ×10-5 .m and JR  = 3.3 k for LPE graphene, which was 

exfoliated in a water-surfactant suspension.147  

In general, resistivity measurements are limited by accurate knowledge of film thickness. 

Additionally, these systematic errors in film thickness would lead to errors in both the 

slope and intercept associated with linear fitting to Equation 6.2. For nano-networks, 

imperfect knowledge of the network porosity and effects of tortuosity can also lead to 

systematic errors. For this study using Eq. 6.2, tortuosity was assumed to be unimportant, 

but it can be accounted for in more detailed models.147 However, taking the ratio of slope 

to intercept for a Net  vs. NSt  graph yields a value of 2 /J NSR   which is free from such 

errors. Here, from the fit to Figure 6.5, 2 /J NSR  = 6.13×108 m-1. 

6.3.3 Piezoresistive Properties of Thick Nanosheet Networks 

Using a specially modified tensile tester to measure resistance as a function of applied 

strain (and stress), the piezoresistive responses of the spray coated films were measured. 

The gauge factor of the network, NetG , was calculated using Equation 6.1. It was 

necessary to work at low strain magnitudes, as the gauge factor is defined as the linear 

response in the limit of low strain. Preliminary results showed the resistance versus strain 

curves to be linear to almost 1% strain but to preserve the linearity requirement, 

subsequent measurements were limited to a strain range between 0% and 0.5%. Figure 

6.6A shows a plot of fractional resistance change with applied strain for the films made 

from various nanosheet sizes. These show the expected linearity. It is clear from the figure 

that, as the thickness of the nanosheet decreases, the slope of the plot ( NetG ) decreases.  
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Figure 6.6: Piezoresistive Characterisation. A) Plot of the fractional change in resistance vs. 

strain for networks prepared with nanosheets of different thicknesses, showing a variation in 

slope as a function of thickness. Measured with a linear strain rate of 0.2 %/s. B) Plot of 

normalised resistance vs. time for sawtooth cyclic strain applied to the nanosheet films with an 

amplitude range from 0% to 0.5% for 200 cycles at a strain rate of 0.2 %/s. 

 

To validate this trend, cyclic testing was performed for the networks produced using 

nanosheets of each size. The strain was oscillated between 0% and 0.5% in a sawtooth 

profile for 200 cycles. A representative stress vs. strain plot for a device under cyclic 

testing is shown in Appendix A.3. Figure 6.6B shows the normalised resistance response 

for each of the devices. This was an in-phase sawtooth response with minimal hysteresis 

and good stability, allowing the extraction of a large set of gauge factor values, one for 

each cycle, which could be treated statistically.  

6.3.4 Model Derivation 

A theoretical model linking the resistivity of a nanosheet network (in the bulk-like 

regime) to the nanosheet resistivity, nanosheet thickness and length, network porosity, 

junction resistance, and the charge carrier density in the nanosheet has been developed, 

Eq. 6.2. This model also fits well to the experimental data. It is proposed that this model 
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can be used to derive an expression for the gauge factor of a nanosheet network with 

bulk-like resistivity. 

For any piezoresistive material, the gauge factor can be shown to be related to the rate of 

change of resistivity with strain.299 Written such as to apply to a nanosheet network, as 

presented in Chapter 4, this relationship is given by Equation 6.3: 

1
2 Net

Net

Net

d
G

d



 
= +         (Eq. 6.3) 

Equation 6.3 has previously been successfully used to propose expressions for the gauge 

factor of polymer nanocomposites,299 nano-nano composites170 and thin graphene 

networks.378 Differentiating Equation 6.2 with respect to strain, the strain derivative of 

network resistivity is given by Equation 6.4: 
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Substituting this result into Equation 6.3, leaves us with the final expression, which 

should describe the gauge factor of a network of conductive nanosheets in the bulklike 

regime. 
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  (Eq. 6.5) 

This equation can be used to fit data for the gauge factor, G , as a function of nanosheet 

thickness, with ( / ) /NS NSd d    and ( / ) /J JdR d R  being output as fit parameters. 

These parameters are of interest as they are linked to the gauge factors associated with 

the individual nanosheets and junctions (analogous to Equation 6.4). 
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6.3.5 Model Fitting  

 

Figure 6.7: Modelling Piezoresistance. A) Histogram showing the distribution in measured gauge 

factors from the cycling data for each film. B) Plot of gauge factor vs. nanosheet thickness, solid 

line is the fit to the derived model, dashed line allows for porosity scaling with NSt . 

 

The histograms of extracted gauge factor values from the cyclic testing for each fraction 

are shown in Figure 6.7A. These histograms are very narrow and allow the mean gauge 

factor to be determined for each fraction. This is then plotted against nanosheet thickness 

in Figure 6.7B. This graph clearly shows the network gauge factor to increase with 

increasing nanosheet thickness.  

An effort was made to fit the data in Figure 6.7B using the derived model from Eq. 6.5. 

This equation has four fit parameters which is too many for accurate fitting, due to our 

limited data set, restricted by the number of fractions. The number of fit parameters was 

reduced by one by fixing 2 /J NSR  =6.13×108 m-1 as extracted from the fit in Figure 6.5. 

However, even with only three fit parameters, fitting yielded outputs with large associated 

uncertainty. To remedy this, fitting was attempted whilst fixing the ln(1 ) /Netd P d−  term 
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at various values between -2 and 2. This process dramatically reduced errors while having 

limited impact of the other fit parameters (deviation of <25%). The fit parameters are 

tabulated in Appendix A.3. Thus, ln(1 ) /Netd P d− was fixed at 0 for the remainder of the 

fitting process. This fitting process yielded a reasonable trend and outputted the following 

fit parameters ( / ) /NS NSd d   = -13.6 ± 2.8 and ( / ) /J JdR d R = 8.7 ± 1.1. 

This fit works well for thinner nanosheets, however there are deviations from the trend 

for nanosheet fractions above 10 nm. This is likely as a result of a slight variation with 

thickness in one of the parameters in Equation 6.5, namely ( ) //NS NSd d   , 

( ) //J JdR d R  or ln(1 ) /Netd P d− . The fact that the plot in Figure 6.5 is linear implies 

that the ratio 2 /J NSR   does not depend on NSt . The electronic properties of graphene 

nanosheets greater than a few layers tend to be independent of thickness,408 implying that 

in the nanosheets under investigation, NS  is thickness independent. Additionally, based 

on the assumptions of the model in Eq. 6.2, which fits the data well, JR  and as a result,

( ) //J JdR d R appear to be independent of NSt . 

The network porosity has been observed to depend on NSt ,144, 146 this implies that there 

may be a thickness dependence of ln(1 ) /Netd P d− , which would explain the 

aforementioned discrepancy. To demonstrate this effect, ln(1 ) /Netd P d−  is assumed to 

scale linearly with nanosheet thickness, as – 7 ×107 NSt , while keeping the original fit 

parameters. This gives the trend shown in Figure 6.7B as a dashed line, in agreement with 

the data set. This analysis is consistent with the strain independent porosity of thin 

nanosheets, which was initially assumed, however for larger nanosheets, NSt ~ 20 nm, the 

network porosity changes by ~1% for every percentage of applied strain. It is 

hypothesised that this mechanical process occurs by changing the alignment of the 
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nanosheets which has been shown to alter the porosity of nanosheet networks,146 however 

this was not directly measured in this study. 

By analogy with Equations 6.1 and 6.3, replacing Net and NetR with NS  and JR  

respectively, these fit parameters can be understood to be closely related to the gauge 

factors of individual nanosheets ( NSG ) and junctions ( JG ): 2 ( / ) /NS NS NSG d d  − =  

and ( / ) /J J JG dR d R= . Hence, it can be written that NSG = -11.6. ± 2.8 and JG  = 8.7 ± 

1.1. It is important to note that these values are with respect to applied strain in the 

network, not the strain experienced by the nanosheet or the junction. 

The reasonably high junction gauge factor is relatively straightforward to understand. 

Inter-nanosheet junctions are expected to change as strain is applied, perhaps altering the 

charge carriers travel distance between sheets or by reducing the overlap area of the 

nanosheets. This has traditionally been accepted as the dominant source of 

piezoresistance in these networks,340, 341, 385 unless the networks are very thin.378. 

However, detecting the effect of strain on nanosheet resistivity is even more unexpected. 

To have a measurable nanosheet resistivity change with network strain of the nanosheets 

is surprising; sheets were expected to slide past one another in response to external stress, 

without the nanosheets being deformed by the deformation of the network.213, 409 While 

there are reports on the effect of applied strain on the individual nanosheet resistances, 

these reports are for polymeric nanocomposites where stress transfer is mediated by the 

strong matrix-nanosheet interaction.346 

Additionally, the negative nanosheet gauge factor is surprising. It has been reported that 

graphene nanosheets tend to have an intrinsic gauge factor of <10, which is relatively low 

but positive.410-413 However, negative gauge factors have been observed for some carbon-

based nanostructures, including a negative piezoresistive effect reported by Blazewicz et 

al. when straining graphite fibres.414 In addition, non-carbon nanosheets such as MoS2 
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display strongly negative gauge factors, with NSG  = −50.415 This negative nanosheet 

gauge factor in graphene is an unusual observation and it would be desirable to be able 

to directly measure the electrical response of the nanosheets to strain for a single network 

in the future.  

Several possible sources of this effect were postulated. It is possible that there is some 

built in strain in the nanosheets resulting from the network formation. In low strain limit, 

these residual stresses may be released, returning the nanosheets towards a lower strain 

state with increasing network strain. Alternatively, it is possible that point contacts 

between sheets could behave like scattering sites, where one sheet edge presses into the 

basal plane of another nanosheet. When the network is strained, the sheets are effectively 

separated, removing the impediment, and hence the nanosheet resistivity decreases.  

6.4 Conclusions 

The nanosheet thickness dependent electrical and piezoresistive properties of spray 

coated LPE graphene nanosheet networks were investigated in this chapter. Inks with 

different nanosheet thicknesses, ranging from ~ 3 nm to ~20 nm, were extracted from a 

polydisperse LPE exfoliation dispersion through iterative steps of LCC. These inks were 

characterised spectroscopically, and spray coated films of the inks were studied using 

SEM. Using a theoretical model, it was possible to extract the nanosheet resistivity and 

the junction resistance from the plot of network resistivity vs. nanosheet thickness. These 

parameters were determined to be NS  = (2.9 ± 1.3) ×10-5 .m and JR  = 8.9 ± 1.0 k 

respectively. It was noted that the piezoresistive response of the networks varied 

significantly with nanosheet thickness, resulting in the development of a physical model. 

From this model the nanosheet and junction gauge factors, with respect to strain applied 

to the network, were extracted to be NSG = -11.6. ± 2.8 and JG =8.7 ± 1.1 respectively. 

The tunability of the gauge factor unlocks potential for nanosheet networks to be 



113 

 

incorporated into devices as flexible interconnects or strain gauges. This study also 

highlights the significant impact that size selection of nanosheets can have in device 

optimisation.  
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“Do not go where the path may lead, go instead 

where there is no path and leave a trail.” 

Ralph Waldo Emerson 

 

 

 

 

Chapter 7  

Effect of Nanosheet Aspect Ratio on Conduction and 

Piezoresistive Response in Nanosheet Networks 

7.1 Introduction 

To this point, nanosheet networks have been shown to have electrical and piezoresistive 

properties that vary with network thickness (Chapter 5) and nanosheet thickness (Chapter 

6). However, an extensive study is yet to be performed on the effect of changing the 

aspect ratio of the nanosheets by varying the nanosheet production method. Thus far, LPE 

nanosheets were used as a model system owing to the ease of scalable production in the 

laboratory. However, larger, thinner nanosheets, produced by EE methods, have recently 

been shown to have more conformal and overlapping contacts between the sheets, 

enabling enhanced electronic device performances compared to LPE nanosheets.124 It is 

now imperative to investigate the differences between such systems, from a 

morphological, electrical, and piezoresistive perspective.  

Advances in network characterisation using FIB-SEM nanotomography have enabled 

more detailed 3D structural characterisation of nanosheet networks.146 Simultaneously, 

researchers have been developing techniques to produce and deposit larger, thinner 
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nanosheets with the objective of reducing inter-nanosheet junction resistances by forming 

large conformal junctions.6, 120, 124, 245 

Recent reports suggest that electrical percolation in nanosheets can be modelled across 

the percolation and bulk regimes,312 using the following equation shown in Chapter 4: 
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       (Eq. 7.1) 

This enables key network parameters, including the bulk conductivity and percolation 

thickness, to be extracted, without needing to prepare and characterise as many samples 

in the percolation regime, which is challenging and time consuming. An advantage of 2D 

nanosheet inks is their compatibility with flexible substrates, opening up potential for 

flexible devices.375 However, it is important to understand the piezoresistive response of 

such materials to guide choice of material, as network structure has been found to play a 

significant part in the piezoresistive response of nanosheet networks.299 

In this chapter, the morphological, electrical, and piezoresistive properties of printed 

networks of LPE and EE graphene nanosheets were investigated. The nanosheets were 

exfoliated and spray coated onto flexible PET substrates. The nanosheets were 

characterised spectroscopically and microscopically. The structural morphology of the 

nanosheet and pore networks of both were studied using FIB-SEM nanotomography, 

yielding quantitative measures of porosity, tortuosity, and alignment. Networks of 

varying thickness were deposited in order to study the percolative conductivity of 

networks deposited from inks of different nanosheet aspect ratios. These films were also 

linearly strained to evaluate the piezoresistive response of the networks. From these 

analyses, the universality and applicability of the percolation models of nanosheet 

networks with different nanosheet aspect ratios and network morphologies can be 

assessed, alongside providing a detailed assessment of the morphological effects of 
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changing the aspect ratio of nanosheets in printed films. This will provide insights to 

guide researchers in producing nanosheet devices optimised for morphological, 

electrical, and piezoresistive properties. 

7.2 Experimental Procedure 

LPE Graphene Exfoliation 

Graphite flakes (Asbury, 4 g) were sonicated in 80 mL n-methyl-2-pyrollidone (Sigma) 

for 1 h at 65% power. The resulting suspension was centrifuged (Hettich) at 6,000 RPM 

for 1 h and the sediment was resuspended in 80 mL of n-methyl-2-pyrollidone. This was 

horn sonicated for 9 h at 60 % power. The suspension was centrifuged for 90 mins at 

2,000 RPM to sediment the unexfoliated graphite and the supernatant was centrifuged for 

90 mins at 4,000 RPM. The sediment was resuspended in fresh IPA (Sigma) and 

centrifuged for 60 mins at 6,000 RPM. This washing step was repeated twice. The final 

sediment was resuspended in IPA and the concentration of the dispersion was determined 

from UV-Vis measurements with metrics from Backes et al.195 

EE Graphene Exfoliation 

Two pieces of graphite foil (Alfa Aesar, 50 × 30 × 0.254 mm3) were used as anode and 

cathode for the EE process. Both electrodes were immersed in 100 mL of 0.1 M aqueous 

(NH4)2SO4 with a constant separation of 2 cm, and a 10 V DC voltage was applied for 30 

mins. The current rises steadily during the process, from ∼1.1-1.5 A to ∼2-2.5 A. The 

process is repeated using a fresh graphite foil anode, and the expanded material is 

collected via filtration and repeatedly washed with deionized water (2 L). The expanded 

material is then transferred to a bottle containing 200 mL of DMF and sonicated for 10 

mins (Fisherbrand FB11205, 37 kHz, 100% power). To remove non-exfoliated graphite, 

the dispersion was centrifuged for 20 mins at 3,000 RPM (Hettich, 10 cm rotor radius) 

and the supernatant was decanted without redispersion of the sediment. The resulting 
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dispersion was centrifuged for 90 mins at 6,000 RPM, the supernatant was discarded, and 

the sediment was redispersed in 20 mL of fresh DMF via brief sonication. The 

concentration of this ink (∼1.5 mg/mL) was determined via UV-Vis measurement.416 The 

ink was solvent exchanged to IPA, via 2 cycles of centrifugation (90 mins, 6,000 RPM) 

and redispersed via brief bath sonication immediately before use. 

Nanosheet Characterisation (UV-Vis, Raman, TEM, AFM) 

The nanosheet based inks were characterised using UV-Vis spectroscopy (Cary 50). 

Raman spectra were acquired (using a Renishaw inVia Qontor Raman spectrometer, 

illuminated by a 532 nm wavelength laser) and averaged over 3 accumulations with a 

100× objective of a sample of each ink deposited on glass. An incident power of ∼1 mW 

was used to minimise possible thermal damage. TEM images of the sheets were collected 

using a JEOL 2100, with an accelerating voltage of 200 kV, in bright field mode. AFM 

was conducted, using Digital Instruments Multimode IIIa in tapping mode. Inks were 

drop cast onto Si/SiO2 substrates coated with (3-aminopropyl)triethoxysilane (APTS) as 

reported by Karger et al.417 10 × 10 µm2 images were recorded. 

Substrate Preparation 

Glass substrates (Epredia) were cleaned by a 2-step bath sonication in acetone and IPA 

(5 mins in each solvent). The substrates were subsequently dried with compressed N2. 

PET Substrates were cleaned using IPA and dried with compressed N2. 

Film Deposition 

Graphene films were spray coated onto the glass substrates using a modified airbrush 

(Harder & Steenbeck Infinity Airbrush), mounted in a Janome (JR2300N) mobile gantry. 

The gantry was programmed to raster across the area of the mask (2 cm × 4 cm), with the 

serpentine pattern mask attached to the substrate with Kapton tape. The nozzle top 

substrate working distance was 10 cm and the N2 back pressure was set to 3.5 bar. The 
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ink concentration was 0.1 mg/mL for LPE graphene and 0.05 mg/mL for EE graphene, 

and ink flow was kept constant at 60 mL/h. 

Thickness Characterisation 

Film thicknesses were determined using a stylus profiler (Veeco Dektak 6m). This had a 

stylus radius of 12.5 µm, using the force setting at 1 mg, and sampled every 0.2 µm along 

the profile. For thinner films where stylus profilometry was not suitable, optical 

profilometry using the Filmetrics Profilm3D® with a 50x Nikon objective lens418 and 

flatbed transmission scanning methods378 (Epson Perfection V700 PHOTO) were used.  

Thermal Annealing 

To remove residual solvents and increase electrical conductivity, graphene films on glass 

were thermally annealed in a vacuum chamber (VC2509A) at 350 ºC for 1 h. 

Electrical Testing 

Four probe DC electrical characterisation was conducted in ambient conditions by 

contacting silver paint electrodes with probes connected to an electrical source meter 

(Keithley KE2612A) operating in a four-probe sense mode. 

Electromechanical Testing 

The nanosheet networks were contacted with silver paint contacts and silver wires 

connected to an electrical source meter (Keithley KE2601) in a two-probe electrical 

configuration. The resistance was measured simultaneously with the tensile test carried 

out with a Zwick Z0.5 ProLine Tensile Tester with a 100 N load cell. Devices were tested 

between 0% and 0.5% strain with a strain rate of 0.2 %/s. 

 TEM presented in this chapter was carried out by Dr Mark McCrystall, AFM and EE 

graphene production and deposition were carried out by Dr Jose Munuera, Raman 

spectroscopy was carried out by Dr Tian Carey. Cross sectional SEM and FIB-SEM 

nanotomography were carried out by Dr Cian Gabbett and Luke Doolan. 
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7.3 Results and Discussion 

7.3.1 Ink Characterisation 

 

Figure 7.1: Ink Characterisation. A) Photograph of LPE and EE graphene ink dispersions in IPA. 

B) UV- Vis extinction spectra of LPE and EE nanosheet dispersions. 

 

Inks composed of EE and LPE graphene nanosheets suspended in IPA are shown in 

Figure 7.1A. These inks are colloidally stable for ~2 weeks, particularly at relatively low 

concentrations (<0.1 g/L), and are suitable for spray coating to form a thin film on a range 

of substrates. The extinction spectra of both inks were measured (Fig 7.1B) and they show 

the characteristic * −  transition peak observed for graphene, along with the plateau at 

higher wavelengths.395 These spectra were normalised at 750 nm, in order to compare the 

relative amplitude of the peaks. The EE material has a significantly increased amplitude, 

as expected given that the flakes are expected to be thinner and larger than the LPE 

flakes.195 This is as a result of the weakened interlaminar bonds in expanded graphite and 

the gentler bath sonication used to for the EE production process. Transmission electron 

micrographs in Figure 7.2A&B show that the flakes in both inks are thin and sheet like, 

as expected for 2D materials. Here the difference in the size of the nanosheets is clearly 
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seen, with the LPE material having significantly reduced lateral dimensions compared to 

the EE nanosheets.  

 

Figure 7.2: Nanosheet Characterisation. Representative TEM images of A) LPE and B) EE 

nanosheets, scale bar: 250 nm. Representative AFM Images of C) LPE and D) EE nanosheets, 

scale bar: 5 µm. E) Plot of nanosheet length vs. nanosheet thickness, each data point is an 

individual nanosheet measured using AFM. 

 

The lateral dimensions of the nanosheets were further characterised using AFM. This 

enabled the measurement of the nanosheet thickness as well as the nanosheet length. For 

solution processed nanosheet networks, it is important to account for the difference 

between the measured thickness and the true thickness of the nanosheets by determining 

the layer number from AFM metrics. For graphene, each layer has a step height of 0.95 

nm, with 1 nm of solvent trapped between the nanosheet and substrate which must also 

be subtracted. From the layer number, the true nanosheet thickness can be calculated, as 

each layer has a true thickness of 0.35 nm.87 

Representative AFM images are shown in Figure 7.2C&D, showing the difference in size 

and thickness of LPE and EE nanosheets. The plot of nanosheet length vs. layer number 

in Figure 7.2E shows the differences in nanosheet length and thickness for both 



121 

 

production methods. From this it can be seen that there is no significant overlap between 

the two nanosheet distributions in the inks. This indicated that the two preparation 

methods yield nanosheets with significant differences in length and thickness. From these 

distributions it was possible to extract the mean nanosheet length and thickness for both 

materials. These are tabulated in Table 7.1. Of note is the significant difference, greater 

than an order of magnitude, in aspect ratio between the two materials. This is expected to 

have a significant effect on the conformality of the inter-nanosheet junctions as the larger, 

thinner nanosheets are more flexible.6, 419 

Table 7.1: Mean Nanosheet Dimensions from AFM. Reported uncertainty is standard error. 

 EE Graphene LPE Graphene 

Nanosheet Thickness 1.08 ± 0.05 nm 7.0 ± 0.3 nm 

Nanosheet Length 1,880 ± 80 nm 660 ± 30 nm 

Nanosheet Aspect Ratio ~1,740 ~95 

 

7.3.2 Film Characterisation 

Figure 7.3A shows representative cross sectional SEM images of the LPE and EE films 

spray coated on glass. From these images it is clear that there are significant 

morphological differences between the two networks, with increased alignment and 

reduced porosity in the EE network compared to the LPE network. This is in line with 

expectation as reduced porosity is seen in larger thinner nanosheets,120, 124, 245 compared 

to LPE material.172 
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Figure 7.3: Film Characterisation. Cross sectional SEM images of spray coated A) EE and B) 

LPE nanosheet networks, showing film morphology. C) Raman spectra of LPE and EE films, with 

an input wavelength of 532 nm, showing the characteristic peaks. 

 

Raman spectra of the nanosheets reveal that there are differences in the local crystallinity 

of the EE and LPE nanosheets. Most notable is the increased amplitude of the D peak 

with respect to the G peak in the EE graphene nanosheets compared to the LPE material. 

The /D GI I ratio been linked to increased defectivity in the nanosheets200 and has been 

measured to be 1.19 and 0.187 for EE and LPE graphene produced in this study, 

respectively. This increase in defectivity with respect to the LPE nanosheets has been 

reported on previously for graphene exfoliated electrochemically using SO4
2- 

intercalation.420 This likely arises as a result of oxygen covalently bonding to the carbon 

atoms during exfoliation.114 
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Figure 7.4: Nanosheet and Pore 3D Reconstruction. 3D reconstructions of the nanosheet network 

and the pore network in both LPE and EE films. Reconstructed from a stack of FIB-SEM 

nanotomography images. 

 

Using trainable Weka segmentation421, 422 it was possible to classify individual cross 

sectional images such as those shown in Figure 7.3A into nanosheet and pore pixels as 

outlined in Gabbett & Doolan et al.146 These segmented images were stitched together to 

produce 3D reconstructions of the nanosheet and pore networks of the region of interest 

for the LPE and EE nanosheet networks, as shown in Figure 7.4. From these 

representations, the monolithic nature of the EE nanosheet network compared to the 

highly porous jammed network of LPE nanosheets is evident. Based on these 

morphological differences, one would expect significant differences in the electrical 

conductivity of the network, which has been shown to influence the piezoresistance of 

networks. 
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The 3D representations enable the quantification of the alignment, porosity, and tortuosity 

of the networks. This is a significant help in appreciating the differences between these 

two systems, and the effect nanosheet aspect ratio has on the final deposited film 

morphology. For the LPE network, the network porosity was measured to be 42.6%, with 

an in-plane tortuosity factor,  , of 1.38. For the EE nanosheet network, the highly 

aligned conformal network had a significantly reduced porosity of 2.2% and a much 

lower tortuosity factor of 1.05, which is approaching the lower limit of 1. These values 

compare well to the previously reported values for LPE and EE graphene.146 These 

morphological parameters suggest that the networks of EE materials should have a less 

tortuous path, through a network with fewer pores, increasing the network conductivity. 

The notable reduction in porosity of EE networks suggests that the nanosheets are in more 

intimate contact, likely leading to large area conformal junctions between the sheets. 

This raises the question of the percolation behaviour of such a network: will the network 

build up in a percolative manner, as observed for LPE nanosheets in Chapter 5? This was 

initially characterised by taking top-down SEM of networks of different thicknesses. 

7.3.3 Percolation Effects 

As nanosheet networks are deposited onto a substrate the film thickness increases. As the 

thickness of the film increases, the electrical conduction through the network undergoes 

a percolative transition from insulating, when there are no connected pathways, to a bulk-

like conduction state above a critical transition thickness unique to each network. These 

processes can be observed using SEM to image the networks at different thicknesses in 

the region of this transition, as shown in Figure 7.5.  
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Figure 7.5: Network Imaging. SEM images of the top surface of the nanosheet network above and 

below the percolation threshold thickness. A) EE nanosheets below percolation. B) EE nanosheets 

above bulk-like thickness. C) LPE nanosheets below percolation. D) LPE nanosheets above bulk-

like thickness. 

 

When the film is very thin and below the percolation threshold for conduction there is no 

connected pathway between the electrodes and so the substrate is visible, with nanosheets 

scattered on the surface in isolation or in clusters smaller than the inter-electrode 

separation. This is observed for both EE and LPE films (Figure 7.5A&C) when the film 

thickness is less than the percolation threshold. As the film thickness increases the gaps 

between the nanosheets are filled in with additional material and the network becomes 

more conductive and no substrate is observed in the top-down SEM images of the 
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networks (Figure 7.5B&D). These films are significantly above the bulk-like transition 

thickness. 

Interestingly, in comparing both materials, similar fill-in processes occur as the film 

thickness is increased. However, the EE nanosheets form more conformal, overlapping 

contacts, with ripples seen on the top surface of the bulk-like sample (Figure 7.5B). The 

LPE nanosheets retain their discrete nature, forming point-like contacts in a jammed 

network, without any conformal contacts or rippling observed. This is likely a result of 

the rigidity increase arising from thicker nanosheets with a smaller aspect ratio.6, 419 These 

images and observations are in line with what is expected, based on the 3D 

reconstructions of the bulk-like networks, where the porosity of the networks is observed 

to vary greatly depending on the aspect ratio of the initial material. 

 

Figure 7.6: Electrical Percolation. Plot of network conductivity vs. network thickness for EE and 

LPE nanosheet films, with a fit to the percolation model given in Equation 7.1. Fit parameters 

are shown in Table 7.2. 
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This percolation scaling with film thickness is well known for LPE networks248, 307, 378 

and nanoparticle thin films.168, 305, 311, 423 In order to quantify this transition, it is necessary 

to prepare several samples with different thickness ranging from below the percolation 

thickness (these should be electrically insulating), through the extrinsic electrical 

conductivity percolation region where conductivity scales with thickness, and up to a 

bulk-like thickness where the network conductivity reaches the intrinsic plateau. This 

requires the careful preparation of many films in order to identify the correct thickness 

ranges for each material. To enhance the conductivities, samples were post processed by 

annealing in a vacuum chamber at 350 °C for 1 h in an effort to remove any residual 

solvents or contaminants between the sheets.6 Once sufficient data has been collected, 

the percolation scaling model (Equation 7.1) was applied to extract the key network 

parameters, as shown in Table 7.2.  

Table 7.2: Fit parameters for fitting of data in Figure 7.6 with Equation 7.1. 

 EE Networks LPE Networks 

,0B  84,000 ± 6,000 S/m 7,700 ± 600 S/m 

,0ct  1.9 ± 0.8 nm 24 ± 21 nm 

,0xt  17 ± 5 nm 310 ± 70 nm 

0n  1.17 ± 0.19 1.78 ± 0.20 

 

It should be noted that the n  parameter had to be fixed for fitting. In order to identify the 

optimal n  parameter, a range of n  values between 1 and 2 were fixed and the data fitted 

with Equation 7.1. The adjusted R2 values for each fit was plotted as a function of n , as 

shown in Appendix A.4. Fitting this data with a quadratic curve enabled the optimal n  
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value to be determined for both materials along with the associated uncertainty. The 

fitting in Figure 7.6 was then completed using the optimised n  values. 

Above the bulk transition thickness, the bulk-like conductivity of LPE and EE nanosheet 

networks is estimated to be 7,700 ± 600 S/m and 84,000 ± 6,000 S/m respectively. Similar 

conductivity values were reported for LPE graphene networks by Gabbett & Doolan et 

al.146 and for EE graphene networks by Marković et al.424 This disparity in bulk 

conductivities of EE and LPE nanosheets has previously been linked to the differences in 

the nanosheet thicknesses rather than being an effect of the nanosheet junction resistance 

decreasing.146 However the EE network in question had a porosity of 28% compared to 

2.2% in this case, with a factor of two difference in the network conductivity. This 

suggests that decreasing porosity has a non-negligible effect which improves 

conductivity in nanosheet networks. 

From this fitting and the extracted transition thicknesses, it is observed that the thinner, 

more conformal EE nanosheets form conductive pathways at reduced network 

thicknesses compared to the LPE nanosheets where the nanosheets are not as aligned in 

the plane of the substrate. The LPE nanosheets are also thicker and will require a thicker 

film before all of the gaps in the network are filled in.168 Similar observations can be 

made regarding the bulk-like transition point, xt , in both cases. 

In Chapter 5 for LPE nanosheets, the percolation exponent was reported to be > 3. This 

increased exponent can be attributed to a broader variation of junctions in the network, 

as a result of a more polydisperse nanosheet size distribution.300 In this study, a small 

range of nanosheet sizes were selected by LCC, narrowing the distribution of junctions. 

As a result, the extracted exponent for the jammed LPE network approaches the 

theoretical 3D percolation exponent value of 2, while for the monolithic EE graphene 

network the percolation exponent approaches the theoretical 2D value of 4/3. The 
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percolation exponent has shown a capability to differentiate the morphological 

dimensional character of printed nanosheet networks.  

7.3.4 Piezoresistive Response 

 

Figure 7.7: Piezoresistive Responses. Photograph of printed films of A) LPE and B) EE 

nanosheets on PET, bent between two fingers, scale bar: 1 cm. C) Plot of the fractional change 

in resistance vs. strain for bulk networks prepared with LPE and EE nanosheets. Measured for 

samples in the bulk thickness regime with a strain rate of 0.2 %/s. D) Plot of gauge factor vs. 

network thickness, with the solid lines representing the fits to data in the percolation regime, fitted 

using Equation 7.2, and the extracted TNSG  values illustrated using dashed lines. 

 

As the bulk conductivity of the networks varies by an order of magnitude depending on 

the nanosheet aspect ratio, it was expected that this could lead to differences in the 

piezoresistive response of the networks, as observed in Chapter 5 and Chapter 6. Previous 

reports showed that gauge factors of nanosheet networks decreased as the network 

conductivity increased. Sample networks were spray coated onto PET polymer strips, as 

shown in Figure 7.7A&B, producing networks on a flexible substrate suitable for tensile 

testing to measure the piezoresistive response of the networks. 

Figure 7.7C shows the fractional change in resistance with strain for a LPE and EE 

nanosheet network, both of which are above the bulk percolation thickness to avoid any 

effect percolation may have on the piezoresistive responses. Special care was taken to 
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avoid the onset of cracking in the networks, which has been shown to significantly 

increase the piezoresistive response in graphene nanosheet networks.368 LPE materials 

have given a linear response up to 1% strain, but to avoid any nonlinearities a strain range 

of 0% to 0.5% was chosen.  

Notably, the LPE network shows considerably increased piezoresistive response ( G ~7) 

compared with the EE network ( G ~0.6) at the xt bulk-like thickness. This is consistent 

with the prediction of increased G  for decreased conductivity. It is proposed that this is 

a result of the nanosheets in the EE networks sliding past one another more freely, while 

maintaining the conformal contact between the sheets with large overlapping junctions. 

The LPE nanosheets are expected to show a larger piezoresistive effect, due to the point-

like contacts between the nanosheets in the network, which, when strained, will start to 

separate, increasing the resistance in the network. Note that the bulk gauge factor for the 

LPE nanosheet network is consistent with the nanosheet thickness scaling of gauge factor 

presented in Chapter 6. 

In Chapter 5, it was demonstrated that the piezoresistive response of a LPE network can 

be significantly impacted by the network thickness when xt t , and that the gauge factor 

follows a model which can be simplified to the below equation. 

 
,0

TNS
TNS

c

t
G G

t t
 +

−
        (Eq. 7.2) 

Taking samples of films with thicknesses below the percolation transition for both EE 

and LPE networks and straining them to 0.5%, it was possible to extract the gauge factor 

as a function of network thickness below percolation, with the data plotted in Figure 7.7D. 

Fits to data in the percolation regime are shown as solid lines, while the extracted TNSG  

values are illustrated as dashed lines. As expected, the LPE material followed the model, 

with an increase in gauge factor as ct  is approached from above. Interestingly, the EE 
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networks also followed this percolation model, which validates this model for both point-

like and conformal junctions in nanosheet networks, in the percolation regime. However 

there is some scatter for xt t , potentially due to substrate effects. This demonstrates that 

when thicknesses are below xt for both EE and LPE networks, the network structure is 

the dominant contributing factor to the increase in piezoresistive response. The fitting 

parameters are shown in Table 7.3. 

Table 7.3: Fit parameters for data shown in Figure 7.7D, using Equation 7.2.  

 EE Networks LPE Networks 

TNSG  0.68 ± 0.04  6.5 ± 0.5  

TNSt  163 ± 18 nm 2.33 ± 0.22 nm 

,0ct  Fixed at 1.9 nm Fixed at 24 nm 

 

From this data, it can be observed that the fitting yields a value of ct consistent with the 

electrical conductivity fitting, further validating the percolation model for piezoresistance 

presented in Chapter 5. Note that a similar model, capable of fitting the entire thickness 

range, was derived using Equation 7.1. This model is presented in Appendix A.4; 

however, it is unwieldy and the simple model previously presented yields a good fit to 

the data. 

The EE nanosheet network has a bulk gauge factor of 0.68, which is below the gauge 

factor minimum fixed by the geometric condition 1 2G = + . Note that gauge factors of 

0.55 and -2 have been reported for graphene nanoribbons on pre-strained substrates.364 

Furthermore, in Chapter 6, the results demonstrate that the nanosheets can have a negative 

contribution to the gauge factor of the network. An additional option could be that the EE 
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graphene network is an auxetic material with a negative Poisson ratio, however the 

Poisson ratio is predicted to be close to zero for highly aligned nanosheets. 

Studying the TNSt  values and knowing from Chapter 5 that 0( )TNS ct n dt d , it is 

possible to compare the changes in percolation thickness as a function of strain for the 

two networks. For EE materials 0( )cdt d  = 2 nm, while for the LPE networks 

0( )cdt d  = 92 nm. These correspond to a 0.02 nm and 0.92 nm change in the percolation 

thickness for each percent of applied strain. This accounts for a factor of five difference 

in fractional change in percolation thickness with strain. Considering the highly aligned 

EE nanosheets observed in the 3D reconstructions, this would suggest that, as the network 

is being strained, the EE nanosheets are sliding past each other, without greatly reducing 

the critical network thickness. 

7.4 Conclusions 

In this chapter, nanosheets of different aspect ratios were produced using LPE in NMP 

and EE with SO4
2- ions. These nanosheets were size selected using LCC and transferred 

into IPA to produce inks suitable for spray coating, which were characterised 

spectroscopically and using AFM. These inks were spray coated to form nanosheet 

networks on glass and PET substrates. The network structure and morphology of both 

materials was studied using FIB-SEM nanotomography, yielding 3D reconstructions of 

the nanosheet and pore networks which could be quantitatively analysed for porosity and 

tortuosity. Significant differences in bulk conductivities were observed between the LPE 

and EE networks, in line with previous reports. The networks were also investigated in 

the percolation thickness regime using SEM and by measuring the electrical conductivity, 

which enabled the percolation exponent to be extracted, matching the theoretical 2D and 

3D exponent for EE and LPE networks respectively. Piezoresistance of the networks was 

analysed in an attempt to understand the effect of nanosheet network morphology on 
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piezoresistive response. This showed that the nanosheets exhibited significantly different 

piezoresistive responses, however both materials showed an increase in gauge factor as 

the percolation threshold was approached from above. This study indicates that the aspect 

ratio of the nanosheets making up a network can have a significant impact on the 

morphological, electrical, and piezoresistive properties of the network, allowing these 

parameters to be engineered for applications in nanosheet network devices.   
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“The important thing is not to stop questioning. 

Curiosity has its own reason for existing.” 

Albert Einstein 

 

 

 

 

Chapter 8  

Impedance Spectroscopy as a Tool to Characterise 

Junction Resistance and Nanosheet Resistance in 

Piezoresistive Networks 

The work presented in this chapter has been adapted from the published work: “Using 

Electrical Impedance Spectroscopy to Separately Quantify the Effect of Strain on 

Nanosheet and Junction Resistance in Printed Nanosheet Networks,” published in 

Small.425  

8.1 Introduction 

As previously outlined, nanosheet networks are composed of nanosheets and junctions 

and, under the application of strain, piezoresistive effects are observed at a network level. 

This results in challenges in converting nanosheet networks into mechanically flexible 

technologies. These low-cost, printable networks could enable ‘Internet-of-Things’ 

connected sensors, flexible displays, and even wearable, real-time health monitoring 

electronic devices. Enabling further understanding of these technologies has the potential 

to significantly improve the quality of life of patients, as well as improving diagnostic 

capabilities for medical professionals.  
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To date, the piezoresistive effect has been observed in many materials including metal 

foils,230 semiconductors,333 nanocomposites,10, 166, 335, 346, 426 and nanosheet networks.271, 

360 In these systems, gauge factor has been engineered to enable strain gauge technologies 

and flexible electrodes, with gauge factors ranging from 0.01 to 2,600.336, 349, 350 However, 

the underlying mechanisms behind such devices are broad and varied, ranging from 

geometric changes to changes in mobility, inter-particle conduction, and even network 

structure effects in the percolation regime. For nanosheet networks, these mechanistic 

determinations have been based on using simple physical models to understand the 

change in network gauge factor as a function of the network volume fraction, thickness, 

and conductivity. From these analyses, in certain conditions the inter-nanosheet junctions 

have been theorised to play a significant role in contributing to the piezoresistive response 

of the network. Such junctions are also proving to be a barrier in achieving theoretical 

conductivities and mobilities in nanosheet network devices,257 therefore research has 

been conducted to measure these directly.  

Even without strain, measuring these mean junction resistances has proven to be 

challenging. Researchers have locally deposited electrodes to measure the junction 

resistance in crossing pairs of nanotubes427 and nanowires.428 However, this approach is 

not feasible for networks with a vast array of junctions connected in series and in parallel. 

Conductive AFM can be used to measure junction resistances in networks, however these 

measurements are limited to sparse networks and the technique is very technically 

challenging.264 Recently, an electrical impedance spectroscopy technique capable of 

measuring the mean nanosheet resistance and mean junction resistance in a nanosheet 

network has been developed.147  

In this chapter, the application of this impedance technique to a network of 

electrochemically exfoliated MoS2 nanosheets on a flexible substrate, under the 
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application of mechanical strain, is demonstrated. The networks are deposited from a 

liquid-liquid interface, creating a thin film of highly aligned nanosheets. These networks 

were firstly characterised using standard DC piezoresistance analyses including linear 

and cyclic mechanical deformation. The sample was then analysed using impedance 

spectroscopy at different applied strains to extract the junction and nanosheet resistance 

as well as junction capacitance as a function of strain. From this the key components 

within the network contributing to the piezoresistive effect in this system can be 

identified. This opens new potential in characterising this effect in nanomaterial systems.  

8.2 Experimental Procedure 

MoS2 Exfoliation 

EE of the layered MoS2 crystal used an electrochemical setup consisting of a platinum 

foil (Alfa Aesar) anode and the bulk crystal as the cathode. The electrolyte consisted of 

50 mL propylene carbonate with tetrapropylammonium (TPA) bromide (Sigma-Aldrich) 

at a concentration of 5 mg/mL. A potential difference of 8 V was applied for 30 mins to 

expand the layered crystal by ion intercalation. The expanded crystals were washed with 

DMF to remove any residual bromine and propylene carbonate before bath sonication in 

DMF with poly(vinylpyrrolidone) (PVP) (MW ~ 40,000, 1 mg/mL) for 5 mins. The 

dispersion was then centrifuged (Hettich Mikro 220) at 500 RPM for 20 mins to remove 

unexfoliated materials.  

Size Selection 

The dispersion was then size selected by centrifuging the supernatant (top 90% of liquid) 

at 1,000 RPM for 1 h. The sediment, which contains the size selected nanosheets, was 

resuspended in 2 mL DMF and centrifuged at 10,000 RPM for 1 h. This step was repeated 

twice to remove the residual PVP. The sediment was then resuspended in 0.5 mL IPA and 

centrifuged at 10,000 RPM to remove the residual DMF. Following this, the sediment 
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was redispersed in ~ 0.5 mL of IPA, yielding an MoS2 dispersion with a concentration of 

~ 2.5 mg/mL, which was used to deposit films. 

Nanosheet Characterisation  

UV-Vis spectroscopy (Perkin Elmer, Lambda 1050) was used to characterise the 

nanosheet based ink. Drop cast films of MoS2 ink on Si/SiO2, annealed at 120 °C for 30 

mins, were analysed using Raman spectroscopy (WITec Raman Spectrometer, 523 nm). 

Electron microscope imagery of the film was carried out with the Zeiss Ultra SEM, with 

a 3 keV potential (working distance 5 mm), with the secondary electron detector. 

Substrate Preparation 

Kapton substrates (DuPont brand) were cleaned using IPA. Compressed N2 was used to 

dry the samples. Evaporated electrodes (Ti/Au (5 nm/95 nm)) were then deposited using 

a Temescal evaporator (FC-2000). A shadow mask was used to define the electrode 

dimensions of ChL = 100 µm and ChW = 19.55 mm, with contact pads to facilitate electrical 

contact after film deposition. Immediately before film deposition, substrates were treated 

for 3 mins using a UV Ozone Cleaner (Ossila). 

Film Deposition 

To deposit films using the Langmuir-Schaefer method, a custom setup was used, as 

described in recent publications.124, 429 The custom substrate holder, with substrate 

mounted, was placed in a glass beaker (250 mL) which was filled with DI water until the 

holder was submerged. Distilled n-Hexane (2 mL) was added to the top of the water, 

forming a liquid-liquid interface, as shown in Figure 8.1C. The nanosheet ink was 

injected into the interface using a Pasteur pipette, until uniform coverage was observed 

by eye. The substrate was lifted through the liquid-liquid interface, transferring the 

nanosheet film onto the substrate. The substrate was dried at room temperature, before 

annealing in an Argon atmosphere at 120 °C for 2 h. 
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Thickness Characterisation 

The film thickness of the network was determined using a Filmetrics Profilm3D® optical 

profiler in phase shift interferometry mode and a 50X Nikon objective lens. Thickness 

was calculated by taking the step height from the top of the film and a scratch in the film 

to the Si/SiO2 substrate below using the histogram measurement protocol on Profilm 

Online. Si/SiO2 was used as a substrate as it is more planar for accurately measuring 

optical interference, as the technique is sensitive to bending of the substrate. 

Electromechanical Testing 

The samples were mounted in the clamps of a Zwick Z0.5 ProLine Tensile Tester (100 N 

Load Cell). The tester applied tensile stress to the mounted device. DC electrical 

characterisation was carried out by connecting the sample to a Keithley (KE2601) 

electrical source meter in a two-probe setup to measure resistance.  

Impedance Spectroscopy Measurements 

Impedance spectra were measured using the Keysight E4990E Analyser (max frequency: 

30 MHz), with the attached 16047E connector, to connect the sample’s wires to the 

analyser. Short (<5 cm) wires were attached to the gold contact pads on the substrate with 

conductive silver paint (Ted Pella) to avoid high frequency inductive artifacts. The 

analyser was calibrated in the open circuit, short circuit, and fixed load (100 Ω standard 

resistor) conditions.  Spectra were collected using the precision setting “speed 3” 

(instrument setting related to the integration time) and an amplitude of 500 mV.  

The UV- Vis spectroscopy presented in this chapter was carried out by Anthony Dawson. 

Nanosheet exfoliation, film deposition and Raman spectroscopy were carried out by Dr 

Tian Carey. 
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8.3 Results and Discussion 

8.3.1 Material Characterisation  

 

Figure 8.1: Ink Characterisation. A) Photograph of MoS2 nanosheets dispersed in IPA. B) UV-

Vis absorbance spectrum the nanomaterial ink, normalised at 400 nm. C) Photograph of the film 

deposition setup, with a layer of MoS2 assembled at the liquid-liquid interface between water and 

hexane. 

 

In this study, MoS2 nanosheet networks prepared by EE were used as a model system to 

characterise network piezoresistance using impedance spectroscopy. The choice of this 

model system instead of LPE graphene is a result of recent successes in characterising 

both junction and nanosheet resistance of unstrained networks of MoS2 nanosheets 

prepared in a similar manner by Gabbett & Kelly et al.147 Measurable values have not yet 

been reported from network impedance analysis of LPE nanosheets in the literature. The 

initial step was to prepare and characterise the nanosheet dispersions used to deposit the 

networks. EE of bulk layered crystals of MoS2 was carried out using TPA+ ions, in line 

with previous reports of EE MoS2.
124, 147 The resulting nanosheets were dispersed in IPA 

to form an ink, with a characteristic green tint from MoS2, as shown in Figure 8.1A. The 

dispersion was confirmed to be MoS2 using the absorbance spectrum, shown in Figure 
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8.1B, which showed the A and B excitonic absorbance peaks, characteristic of a MoS2 

nanosheet dispersion.430  

Using the modified interfacial assembly of films at liquid-liquid interfaces, inspired by 

the Langmuir-Schaeffer deposition method,124, 147 aligned thin films of nanosheets were 

deposited on Kapton substrates. This process requires the ink to be injected into a water-

hexane interface, where the difference in surface energy promotes the formation of a 

highly aligned, thin nanosheet network at the interface of the immiscible liquids. The film 

formed at the interface is shown in Figure 8.1C. This thin network is then deposited onto 

the substrate by lifting the substrate through the interface. Thicker films can be prepared 

by repeating the process to build up successive layers. The nanosheet lengths and 

thicknesses for this standardised preparation of MoS2 inks are reported in Appendix A.5, 

extracted from the report of Gabbett & Kelly et al.147 

 

Figure 8.2: Film Characterisation. A) Raman spectrum of the nanosheet film showing 

characteristic modes. B) SEM of the nanosheet film. C) Histogram showing the measured junction 

areas for >180 junctions in the film from SEM images. 

 

A Raman spectrum (Figure 8.2A) of the MoS2 nanosheets deposited onto a Si/SiO2 by 

drop casting shows the characteristic A1g and E1
2g Raman active modes of MoS2.

431, 432 

Using SEM, the top surface of the nanosheet network can be imaged and studied, with a 

representative image showing the as deposited MoS2 nanosheets on the Kapton substrate 
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in Figure 8.2B. This SEM image shows large area junctions, where the highly aligned 

nanosheets conformally overlap with neighbouring nanosheets. This low porosity, 

aligned, and conformal network morphology is typical of networks of nanosheets 

exfoliated electrochemically.124, 147 The formation of such conformal junctions with EE 

nanosheets, in contrast with LPE nanosheets, is as a result of increased flexibility, due to 

the reduction in nanosheet thickness, and the ability to form stronger vdW bonds with 

neighbouring sheets because of their larger nanosheet area.6 Large conformal junctions 

exhibit significantly lower junction resistance147 resulting in increases in network 

mobilities120, 245 when compared to LPE nanosheet networks. A recent study by Carey et 

al. demonstrated network mobilities in excess of 10 cm2/Vs for electrochemically 

exfoliated TMD nanosheets deposited using the Langmuir-Schaefer inspired method.124 

It is possible to quantitatively analyse the nanosheet junctions using the top-down SEM 

images. By identifying the conformal inter-nanosheet junctions and measuring the 

overlap areas of over 180 such junctions in ImageJ, a distribution of junction areas can 

be measured. This histogram is plotted in Figure 8.2C, showing a roughly log-normal 

distribution. The mean junction area, AJ,0, was determined to be 0.33 ± 0.03 µm2. This 

mean junction overlap area is consistent with the area reported by Gabbett & Kelly et al. 

in their study.147 Measuring this area will enable deeper analysis of the role of the 

junctions between the nanosheets in the MoS2 networks. 

8.3.2 Basic Electromechanical Properties (Linear Strain and 

Cycling) 

To evaluate the piezoresistive response of the EE MoS2 network, the evaporated gold 

(5 nm/95 nm Ti/Au) bottom contact electrodes were electrically contacted. These defined 

the channel length, ChL , and channel width, ChW , to be 100 µm and 19.55 mm 

respectively. The network thickness, Nett , was determined to be 19.6 ± 1.2 nm. The zero-
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strain resistance was measured to be 1.38 kΩ, yielding a network conductivity, Net , of 

189.6 S/m. This is roughly in line with the report of Gabbett & Kelly et al. who reported 

41 S/m on an Si/SiO2 substrate.147 

 

Figure 8.3: DC Piezoresistance. A) Plot of the fractional change in resistance vs. strain. The 

strain was applied with a strain rate of 0.05 %/s. Inset: a photograph the device. B) Cycling data 

showing the applied sawtooth strain and the resistance response from the of the film, with an 

applied strain rate of 0.2 %/s and a strain amplitude of 0% to 0.5%. C) Histogram of measured 

gauge factors from the cycling measurements. 

 

The first task when measuring piezoresistance of any system is to identify the strain range 

where the electrical response is linear with strain.230, 336 This was conducted by mounting 

the network into the tensile tester and straining the substrate from 0% to 1.6% strain with 

a strain rate of 0.05 %/s, while using a source meter to measure the resistance. This 

enabled the plotting of the fractional change in resistance vs. strain as shown in Figure 

8.3A. The gauge factor is the slope of this plot in the linear low strain regime and, for this 

network, NetG  was measured to be 2.25, showing a linear range up to 1.2%. 

Assessing how this compares to previous reports, similar large aspect ratio EE graphene 

nanosheets report linear ranges up to 1.5%, with NetG  of 6.360 These gauge factors are 

lower than those reported with LPE nanosheets,378 consistent with the results of Chapter 
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7. Comparing with MoS2 nanosheets, Chu et al. investigated MoS2 nanosheets coated 

onto carbon fibres, reporting a linear range of 0.8%, however they did not report on the 

network gauge factor.426 

In any piezoresistive system, a key consideration is the reliability and cyclability of the 

material while maintaining a similar responsiveness to strain. To characterise this cyclic 

response, repeated sawtooth strain cycles were applied to the network while measuring 

the DC resistance of the film. In order to ensure that all of the response was within the 

linear piezoresistive regime, the strain amplitude was set between 0% and 0.5% strain, 

with a strain rate of 0.2 %/s. The strain profile and resistive response are shown in Figure 

8.3B. The electrical response of the network matches the strain input, as it also displays 

a sawtooth profile and is in phase with the strain profile. This cyclic measurement 

technique also allows for the effects of random signal noise to be minimised when 

measuring the gauge factor as the gauge factor is averaged across several cycles. 

The minimum and maximum measured resistance values ( ,0nR and , MaxnR  respectively) for 

each strain cycle number, denoted by n , can be extracted from the resistance vs. time 

plot. These correspond to the unstrained and maximally strained resistances of the 

network. As the cycling amplitude was carefully chosen to be in the linear regime, the 

gauge factor of each cycle can be calculated using the following expression:  
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,0 max
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n

n

R R
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R
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

−



        (Eq. 8.1) 

The gauge factor was calculated from the profile for more than 50 cycles, and the 

distribution of gauge factors, ranging from 2 to 3, was plotted as a histogram, as shown 

in Figure 8.3C. From this distribution the average gauge factor was determined to be 2.43 

± 0.19. This value is consistent with the value extracted from the slope of the plot in 

Figure 8.3A. 
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These are relatively low gauge factors, in line with previous observations for highly 

aligned nanosheets. In order to develop a complete understanding of the system, it is 

necessary to consider the models of conduction in nanosheet networks presented by 

Gabbett & Kelly et al. They state that for low porosity, doped nanosheets the network 

resistivity can be approximated by Equation 8.2, as shown in Appendix A.5.  

 2Net NS NS Jt R R  +         (Eq. 8.2) 

By substituting this equation into Equation 4.10, it is possible to relate the gauge factor 

response to the nanosheet resistances and junction resistances. Note that nanosheet 

networks are mechanically anisotropic, hence the in-plane ( y ) and out-of-plane ( z ) 

Poisson ratios are expected to be different. This will have an impact on the first term, 

which must be considered when the gauge factor is low. This yields Equation 8.3, for 

which the full derivation has been included in Appendix A.5. 
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+
= + + +

+
     (Eq. 8.3) 

This equation can be thought of as two distinct parts. The first term is related to the 

piezoresistive response arising from dimensional changes with deformation ( DimensionalG ). 

The second term describes the piezoresistive response intrinsic to the network ( IntrinsicG ).  

This model suggests that nanosheet networks, in the absence of any intrinsic network 

contribution, will exhibit a piezoresistive response of )(1Net y zG  = + +  purely due to 

the geometric effects. It is unclear whether the gauge factor of the MoS2 network under 

investigation is purely due to these geometric effects or if there is an intrinsic 

piezoresistance in the system. Hence, it is necessary to measure NSR  and JR , along with 

their strain derivatives for the network, to understand the role of IntrinsicG . 
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8.3.3 Impedance Spectroscopy of a Network at Different Strain 

Magnitudes 

 

Figure 8.4: AC Characterisation. A) Plot of the real component of network impedance vs. angular 

frequency. Inset: plot for different applied strains. B) Plot of the imaginary component of network 

impedance vs. angular frequency. Inset: plot for different applied strains. C) Plot of fractional 

change of the low frequency impedance vs. applied strain, the AC equivalent to Figure 8.3A. 

 

The impedance spectroscopy technique measures the electrical response of a material 

across a range of applied AC voltages. In this way, it is able to increase the range of data 

collected about the sample compared to DC resistance measurements, opening up 

opportunities to extract more information about the sample. Knowing that the AC 

impedance takes a complex value, it is possible to extract both the real ( Re NetZ ) and 

imaginary ( Im NetZ− ) impedance values. In Figure 8.4A and 8.4B, these impedance 

values are plotted against the AC angular frequency,  . The spectrum of Re NetZ  has a 

low frequency plateau, which falls off rapidly at higher frequencies, and the Im NetZ−  

spectrum has a peak with a maximum at relatively high frequency, close to the fall off 

point of the Re NetZ  plateau. These impedance spectra were measured for the nanosheet 

network at different strain magnitudes, ranging from 0% strain to 0.9%. In practice, the 

spectral profiles at different strain values were broadly similar to those measured in the 
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unstrained state. The only significant differences were the plateau region of the Re NetZ  

spectra and near to the peak of the Im NetZ−  spectra. These regions have been scaled in 

for the plots inset in Figure 8.4A and 8.4B. 

Prior to completing detailed analysis and fitting of the spectra, the real impedance at low 

frequencies was extracted for each strain magnitude, as these are roughly equivalent to 

the DC resistance.147 From qualitative observations of the inset in Figure 8.4A the plateau 

resistance in Re NetZ  steadily increases with strain. Formalising this analysis, the 

fractional change in resistance can be determined using the following equation. 

( ) 00
[Re ( ) Re ( 0)] / Re ( 0) /Net Net NetZ Z Z R R


  

→
− = = =  . These values are plotted 

against the strain, as shown in Figure 8.4C. From this plot, a gauge factor of 3.4 ± 0.2 

was found, which is reasonably consistent with the values extracted from the DC analysis. 

Equivalent circuit models are generally used to fit impedance spectra, with the shape of 

the spectrum guiding the choice of suitable equivalent circuit. Based on the shapes of the 

measured spectra, the equivalent circuit model chosen for the system is composed of a 

resistor, SR , which is in series with a combination of a resistor and a capacitor in parallel, 

PR  and PC ,147, 433 as shown in Figure 8.5A. This type of circuit has previously been used 

to model nanosheet networks, where these individual circuit elements have been ascribed 

to physical phenomena in the network.434 In such networks, SR  represents the 

contributions of nanosheets to the total film resistance, PR  represents the inter-nanosheet 

junction contribution to the total film resistance, and PC  represents the capacitance of all 

the junctions in the network.147 

As the values of PR  and PC  are based on behaviours of a collection of microscopic 

elements which take a range of values, this can broaden the real and imaginary impedance 
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spectra.435 As a result, the impedance spectra must be fitted using the following equations 

(8.4 A&B), where the capacitor is replaced with a constant phase element, introducing 

the parameter n .147, 435 In these equations, n  can be related to the distribution of the 

junction resistance and junction capacitance of the network.435 When n = 1, the system 

behaves as a simples Randles circuit, however a decrease in n  is related to a larger 

distribution of PR  and PC .147 
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By fitting the impedance spectra with these equations, it is possible to extract SR , PR , 

and PC  with n ~ 0.83 from the real impedance spectrum, along with PR  and PC  with n

~ 0.84 from the imaginary impedance spectrum. However, the parameters of real interest 

are the microscopic counterparts to these parameters, NSR , JR , and JC , which represent 

the mean values of the resistance of individual nanosheets and junctions as well as the 

mean capacitance associated with individual junctions respectively. This transformation 

can be carried out using the conversions shown in Equation 8.5A-C, which have been 

shown by Gabbett & Kelly et al.147 These equations assume that the nanosheet carrier 

density is sufficiently high, in order to use the simplified model of network resistivity, 

which has been validated for EE MoS2 by previous reports.124, 147 
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For these conversions, the terms and their associated values are as follows: Nett = (19.6 ± 

1.2) nm is the network thickness, ChL =100 µm and ChW =19.55 mm are the channel length 

and width, NSt =3.3 nm is the mean nanosheet thickness, and NetP represents the network 

porosity (approximated to be zero for EE networks). It was noted that as the substrate 

was strained, the Poisson effect would lead to changes in ChW  with applied strain, in 

addition to the expected changes in ChL . Changes in channel width were accounted for 

by taking a Poisson ratio of 0.39 for the Kapton substrate,276 while the out-of-plane 

Poisson ratio of the aligned nanosheet network is assumed to be negligible ( 0)Z  . As a 

result, Nett  is constant. 

 

Figure 8.5: Extracted Electrical Parameters. A) Diagram of the equivalent circuits for the overall 

network and the nanosheet-junction pair. B) Plot of nanosheet resistance vs. strain extracted from 

fitting real impedance spectra. C) Plot of junction resistance vs. strain extracted from fitting real 

and imaginary impedance spectra. D) Plot of junction capacitance vs. strain extracted from 

fitting real and imaginary impedance spectra. 

 

The extracted and converted values of NSR , JR , and JC  with respect to the applied strain 

were plotted in Figure 8.5 B-D respectively. Notably, as JR  and JC  could be extracted 

from both the Re NetZ  and the Im NetZ−  spectra, they are shown in black for data extracted 

from fitting Re NetZ  and red for data extracted from fitting the Im NetZ− . The unstrained 
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nanosheet resistance value of 138 ± 3 kΩ gives a nanosheet conductivity of 1,000 S/m, 

slightly higher than that reported by Gabbett & Kelly et al.147 

From Figure 8.5B, it is observed that there is no significant change in the nanosheet 

resistance as a function of applied strain in the low strain linear regime, up to 0.9%. Thus, 

it can be stated that ( )
0

0NSdR d  . It is known that individual MoS2 nanosheets display 

an intrinsic gauge factor of NSG = -50.346 As the nanosheet resistance is unchanging, the 

additional strain applied to the individual nanosheets as the network is strained is believed 

to be very small. This implies that there is little to no stress transfer to the nanosheets in 

this particular network. From this result, it is hypothesised that the nanosheets must slide 

with respect to one another when strain is applied to the network. 

The junction resistance values were extracted from fitting of both the real and imaginary 

spectra, and JR  vs. strain was plotted for both data sets as shown in Figure 8.5C. Note 

that the JR values did differ slightly, however the data sets follow the same trend and each 

data set differs by only ~1% from the common mean of both data sets. The mean 

unstrained JR was determined to be 432 ± 3 kΩ. This is slightly lower than previous 

reports of ~2 MΩ for similar networks.147 Both data sets display a linear increase in JR  

with applied strain in the linear regime, with almost identical slopes of 1,000 ± 170 kΩ 

and 1,120 ± 160 kΩ, per unit strain. These give an average value of /JdR d  1,060 ± 

170 kΩ, which can be divided by the unstrained junction resistance, to give the junction 

gauge factor, JG , of 2.5±0.4. This value is in line with the network gauge factor measured 

from the DC cyclic strain measurement. Thus, in this system it is concluded that the 

junctions are modulating the piezoresistive response more significantly than the 

nanosheets when the network is strained.  
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As stated previously, it was possible to extract JC  values from the real and imaginary 

spectra, and so both data sets have been plotted vs. strain in Figure 8.5D. Note that both 

data sets show very little strain dependence and the measured JC  values are broadly 

similar, within a few percent of their common mean value. 

8.3.4 Sliding Model 

With these AC measurements, it is possible to calculate the dimensional and intrinsic 

contributions to the gauge factor. The dimensional contribution can be written as

(1 )Dimensional y zG  = + + . y  is the Poisson ratio of the Kapton substrate, reported to be 

0.39.276 z  is the out-of-plane Poisson ratio of the aligned MoS2 network, which can be 

as small as -0.1 to 0.1 in nanomaterial networks280-282 and could approach zero in a highly 

aligned network.283-286 This gives DimensionalG 1.4. Substituting the measured values for 

NSR  and JR , along with their strain derivatives, into the second term in Equation 8.3 

yields IntrinsicG  = 1.9 ± 0.3. This gives a network gauge factor of NetG  3.3 ± 0.3, in line 

with the value extracted from Figure 8.4C. 

These results are interesting, however having a physical model to help fully understand 

the process would be desirable. The first key element observed was that the nanosheet 

resistance remained unchanged with applied strain to the network. Knowing that MoS2 

nanosheets have a significant negative intrinsic piezoresistive response, this indicates that 

the nanosheets slide past each other instead of deforming in response to the network being 

strained. 

In Appendix A.5, a simple model is derived, which shows that in an aligned nanosheet 

network where nanosheets can slide past each other, under the application of strain, the 

average junction area, JA , can be expressed by Equation 8.6 below. 
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In this equation, the key terms are as follows: ,0JA  is the average unstrained junction area 

and 
2

,0 ,0 /J J NSf A l= . The junction resistance can then be expressed as ( ) /J J JR RA A= . In 

nanosheet networks, ( )JRA  is a fundamental property of the junctions. As a result of 

substitution and using the approximation for small values of x , 
1(1 ) 1 ,x x−−  +  the 

following model for JR  can be derived: 
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Looking at the dependences in this model, there is a clear linear dependence of junction 

resistance with strain, as observed in Figure 8.5C. This model also predicts that the ratio 

of slope to intercept for JR  vs. strain should be equivalent to ,0 ,0(1 ) /J Jf f−  which has 

been determined experimentally to be 2.45 ± 0.4, giving ,0Jf = 0.29 ± 0.05. Note that 

2

,0 ,0 / SJ J Nf A l= , which can be calculated from the previously measured nanosheet length 

(1 ± 0.03 µm) and junction area (0.33 ± 0.03 µm2). This yields a second measurement of 

,0Jf = 0.33 ± 0.04, in excellent agreement with the impedance derived parameters, 

implying that the simple model can be used to model this system. 

Considering the junction capacitance can be written in a similar form, by starting from 

0 /J r J JC A l = , where Jl  is the spacing between nanosheets at the junction, substitution 

for JA  yields Equation 8.8.  
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Plotting this equation using the negative of the slope/intercept ratio found above (Figure 

8.5D), it is observed that very little change in capacitance is expected by the model, with 

the trend falling within the uncertainty of the measured JC values. However, the expected 

trend of decreasing 
JC  with increasing strain predicted by the sliding model is not clearly 

observed in the measured 
JC  data. The data potentially shows a plateau or an increasing 

trend. 

It is postulated that there are other effects relevant to the capacitance of the junctions 

including charge traps at vacancies in the nanosheets,262, 436 at interfaces,437, 438 or 

potentially in surrounding oxides,439, 440 if present. These will each act as capacitive 

elements with wide ranges of time constants, introducing a frequency-dependent 

component to the model circuit system.   

This imperfect data shows that the simple model initially proposed for the junction 

capacitance is not perfect and that, in future, alternative circuit elements must be 

considered in order to fully describe the nature of the transport across the junctions. This 

opens exciting research questions for future researchers. 

8.4 Conclusions 

The piezoresistive properties of highly aligned nanosheet networks prepared from 

electrochemically exfoliated MoS2 sheets were investigated in this chapter. These were 

prepared by assembling nanosheets at a water-hexane interface and depositing them onto 

a flexible Kapton substrate. These nanosheets were characterised spectroscopically and 

microscopically. Electromechanical characterisation of the networks measured the 

resistance change as the networks were strained linearly and with a sawtooth strain 

profile. Impedance spectroscopy was combined with tensile straining of the network to 

give insights into the phenomenon of piezoresistance in nanosheet networks. From this 

analysis, the mean values of nanosheet resistance, junction resistance, and junction 
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capacitance of the network were directly measured as a function of applied strain. For the 

MoS2 network under investigation, it was observed that strain had a significant impact on 

the inter-nanosheet resistance, while there was no measurable change in the nanosheet 

resistance. This suggests that the nanosheets slide past one another rather than 

experiencing the applied strain. This sliding mechanism was verified using a simple 

physical model of aligned nanosheets sliding past each other.   
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“The science of today is the technology of tomorrow.” 

Edward Teller 

 

 

 

 

 

Chapter 9  

Conclusions and Future Work 

9.1 Conclusions 

In this thesis, nanomaterials and, in particular, networks of 2D nanosheets were discussed. 

These systems have proven to be useful in a broad array of applications from electronics 

to catalysts and beyond. The results presented in this work provide insight into methods 

of tuning the piezoresistance and conductivity of such networks, along with models to 

predict these behaviours and techniques to directly measure the nanosheet and junction 

resistances in these systems.  

While graphene nanosheet nanocomposite piezoresistors were being investigated, it was 

observed that despite the high gauge factor values, the conductivities were low and there 

were challenges with frequency dependent responses and hysteresis effects in the 

electromechanical response. This motivated the investigation of spray coated polymer-

free networks of graphene nanosheets in an effort to mitigate these negative trends, while 

using learnings from nanocomposite systems. By modulating the thickness of the 

network, it was possible to prepare films in the percolation regime. Varying the thickness 

had a measurable effect on the electrical conductivity and piezoresistive response of the 

nanosheet network, with bulk conductivities of ~260 S/m and maximum gauge factors of 
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~350. Simple models were developed to relate gauge factor to network thickness and 

conductivity in the percolation regime. By fitting these models, it was observed that the 

significant contributing factor augmenting the piezoresistive response in nanosheet 

networks close to the percolation threshold is the effect of strain on the network structure, 

and, as a result, the percolation threshold. These devices also displayed cyclic stability 

over 1,000’s of cycles, less than 10% electromechanical hysteresis, and no significant 

strain rate dependence of gauge factor. These results offer insight into nanosheet networks 

in the percolation regime, as well as models to study piezoresistance and conduction in 

networks where polymer components are minimised, removing their associated 

complications. 

Nanosheet networks have found application beyond conductors and piezoresistors and 

recent reports have observed that network properties can be significantly impacted by the 

size of the nanosheets making up the network. By way of investigating the effect of 

nanosheet thickness on conduction and piezoresistance, six different graphene nanosheet 

inks, with thicknesses ranging from 3 nm to 20 nm, were prepared from a stock LPE 

dispersion using LCC. Bulk-like films of each size were spray coated onto flexible 

substrate and the electrical resistivity and piezoresistive response were investigated as a 

function of nanosheet thickness. The electrical resistivity increased with increasing 

nanosheet thickness and, using a recently reported model, the nanosheet resistivity and 

junction resistance were determined to be 2.9 ×10-5 Ωm and 8.9 kΩ respectively. The 

piezoresistive response also displayed an increase in gauge factor with increasing 

nanosheet thickness. In order to understand this effect, a new model was developed which 

could be applied to the data, from which the contribution of the inter-nanosheet junctions 

and the effect of strain on the nanosheets themselves could be extracted. Interestingly, it 

was observed that the nanosheets displayed a negative gauge factor. This shows that for 
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bulk-like nanosheet networks, it is necessary to consider both the inter-nanosheet 

junctions and the nanosheets themselves when modelling physical phenomena. This also 

demonstrates another method to tune the conductivity and piezoresistive response of 

nanosheet networks.  

By producing graphene inks from LPE and EE methods, nanosheets of significantly 

different aspect ratios were produced and spray coated to form networks. Using FIB-SEM 

nanotomography, the network structures were investigated showing a significantly 

greater porosity of 42.6% for the LPE network compared to 2.2% for the EE nanosheet 

network. This representation showed the monolithic EE network structure, while the 

jammed LPE network had significant porosity and nanosheets were not highly aligned. 

The bulk EE networks displayed an order of magnitude increase in bulk conductivity 

compared to the LPE network. This difference has been attributed to a difference in 

nanosheet thickness, but also to the changes in network porosity. Investigating these 

networks near their percolation thresholds enabled the percolation exponent, which is 

linked to the dimensionality of the system, to be extracted. This was in line with the 

theoretical exponents for 2D and 3D networks for EE and LPE films respectively. Lower 

gauge factors were observed for the EE networks, which is believed to be a result of the 

nanosheets sliding past each other in the aligned EE network under the application of 

external strain. Both systems displayed increases in gauge factor as the percolation 

threshold was approached from above. 

For networks of nanosheets, both the junction and nanosheet resistance must be 

considered when optimising device performance. Unfortunately, conducting a careful 

size-selection of nanosheets to extract the resistances of nanosheets and junctions is slow 

and requires the careful production of many samples. Recent reports of a technique to 

directly measure the mean nanosheet resistance and junction resistance in a network 
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inspired this study, enabling the effect of strain on each component of a nanosheet 

network to be extracted and analysed. The optimal system for this report is a network of 

electrochemically exfoliated MoS2 nanosheets deposited from a liquid-liquid interface 

assembly. Despite the low piezoresistive response of such an aligned nanosheet network, 

the technique was capable of measuring the junction and nanosheet resistances across a 

range of strains. No significant effect of strain on the nanosheet resistance was observed, 

while the inter-nanosheet junctions increased in resistance, with a normalised rate of 

change of junction resistance with strain of ~2.5. A simple model showed that the 

measured NSR  and JR  data was consistent with highly aligned nanosheets sliding past 

each other, without transferring stress between the sheets. No two networks of nanosheets 

are the same, with effects of production method, processing parameters, substrate effects, 

and environmental factors varying the network electrical and piezoresistive properties. In 

order to optimise nanosheet network devices, fast, low-cost techniques capable of making 

direct measurements of the NSR  and JR  parameters will be required. 

9.2 Future Work 

New scientific developments typically unearth many new lines of investigation for 

curious minds in the scientific community. Based on the outcomes of these projects, it 

has become clear that there are several projects outstanding which will further the 

understanding of piezoresistance and conduction in nanosheet networks. 

Firstly, repeating some of the studies presented with different 2D material systems to 

investigate the universality of the models would be a good starting point. This would 

include varying nanosheet preparation conditions, size distributions of nanosheets, and 

deposition techniques, and testing the models with semiconducting and perhaps silver 

nanosheets. In completing these studies, materials systems which display strong 

dependences on network structure, inter-sheet junctions, or the electronics of the 
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nanosheets themselves can be explored and reported. This will likely broaden the range 

of gauge factor values available at a given resistance or thickness value, allowing for 

materials to be chosen to fit a specific problem or need. Care should be taken that the 

parameters used to tune piezoresistance do not adversely affect the electrical noise in the 

system, which could substantially alter the performances of devices. 

Secondly, a challenge with polymer-free nanosheet films is their susceptibility to damage 

from scratches441 or exposure to environmental conditions including rain or sweat if 

mounted on a human. In order to mitigate these effects, it would be desirable to develop 

an encapsulation technique which maintains the film-like properties, while protecting the 

network from damage. It is important that the encapsulant chosen should maintain the 

performance advantages of utilising polymer-free networks of nanosheets such as 

reduced hysteresis and frequency independent piezoresistive response. 

Finally, as it is now possible to directly measure the nanosheet and junction resistance of 

a nanosheet network under the application of strain to gain mechanistic information about 

the system, opportunities have emerged to explore a wide range of nanomaterial systems. 

This has been further enhanced with the recent libraries of 2D nanosheets,442 particularly 

high aspect ratio nanosheets which have been shown to perform well with impedance 

spectroscopy.146 It is worth noting that this technique and  the circuit model applied to 

nanosheet networks are both still under development, and so extensions to the model may 

be needed in future to fully describe transport across a nanosheet network. In order to 

tune piezoresistive response, the nanosheets could be functionalised, crosslinked,213 or 

doped. Using the impedance technique, the effect of these alterations on the junctions and 

the nanosheets can be directly quantified. 
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9.3 Final words 

This thesis set out to explore piezoresistance and conduction in nanosheet networks. It 

has been concluded that nanosheet networks come in a wide variety of network 

thicknesses, nanosheet sizes, and network morphologies, each of which displays unique 

responses to strain. Through this research, techniques have been developed to test devices 

using cyclic testing to probe the gauge factor over several cycles and to directly measure 

nanosheet and junction resistance variations with strain. Physical models of the effect of 

network thickness, nanosheet thickness, and network conductivity on the network 

piezoresistance have been developed and tested. It is hoped that the work in this thesis 

has a positive impact on the field and opens potential avenues to help further our scientific 

understanding of such systems. 
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Appendix 

A.1 Literature and Theory 

A.1.1 Table of Graphene Film Conductivities 

Table A.1: Table of solution processed graphene film conductivities.  

Author Nanosheet 

Production  

Deposition 

Technique 

Year Conductivity 

(S/m) 

Ref 

Parvez et al. EE Vacuum Filtration 2013 1.6 ×104 117 

Clifford et al. Shear 

Exfoliation 

Spray 2024 1.2 ×105 144 

Cassidy & 

Synnatschke et 

al. 

EE Liquid-Liquid 

Assembly 

2024 1.3 ×105 312 

Barwich et al. Shear 

Exfoliation 

Vacuum Filtration 

and Calendaring 

2021 2.2 ×105 172 

Calabrese et al. LPE Inkjet  6.25 ×104 443 

Gabbett & 

Doolan et al. 

EE Spray Coating 2024 4.7 ×104 146 

Gabbett & 

Doolan et al. 

LPE Spray Coating 2024 8 ×103 146 

Marković et al. EE Vacuum Filtration 2016 8.6 ×104 424 

Majee et al. LPE Inkjet 2017 2.5 ×104 444 

Torrisi et al. LPE Inkjet 2012 1 ×102 149 
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A.1.2 Derivation of Network Resistivity Model 

Adapted from SI of Ref147. 

Expressing the length of the tortuous pathway of the chain of conductive nanosheets 

through the network ( L ) in terms of the channel length ( ChL ) and network tortuosity 

factor ( Net ), yields the following: 

Ch NetL L =  

In traversing a nanosheet network, the charge carrier must cross pairs of junctions and 

nanosheets. Hence the number of nanosheet-junction pairs, N , can be expressed in terms 

of the distance the charge carrier travels through the nanoparticle, NPd  and through the 

junction, Jd . Note junctions are assumed to be smaller than the nanoparticles. 

, NP J

NP J

L
N d d

d d
=

+
 

Assuming that each nanosheet-junction pair has equivalent resistance, the potential 

applied across the network, V , can be divided evenly across each pair of resistors, 

yielding the potential across each pair, PV : 

/ NP J
P

d d
V V N V

L

+ 
= =  

 
 

Dividing the potentials into the junction and nanoparticle components, JV  and NPV  

respectively, by introducing the junction resistance ( JR ) and the nanoparticle resistance 

( NPR ): 

J J NP J
J P

J NP J NP

R R d d
V V V

R R R R L

+ 
= =  

+ +  
 

P

NP NP J

J N

NP

R d d
V V

R R L

+ 
=  

+  
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The next step is to calculate the time taken to cross the network, Net . This can be 

calculated by dividing the channel length by the effective carrier speed. Note the applied 

field /A ChE V L=  and network mobility, Net , are introduced. 

Ch Ch Ch
Net

Net A Net

L L L

E V


 
= =  

The time can also be calculated as the time taken to cross a nanoparticle ( NP ) added to 

the time taken to cross a junction ( J ), multiplied by the number of nanoparticle-junction 

pairs in the pathway.  

( ) ( )Net NP J NP J

NP J

L
N

d d
     + = +

+
 

The time to cross a nanoparticle can be related to the nanoparticle mobility, NP , and the 

applied field across the particle, NPE . 

2 2

( )

NP J NP
NP

NP NP NP P

NP P

N NP NP NP

N

J

d d d R R L

E V R d d V


  

 +
= = =  

+ 
 

The time to cross the junction can be determined from the current flowing across the 

junction, JI , where e  is the elementary charge. 

( )
( )

J
J J NP

J J NP J

eRe L
e R R

I V d d V
 = = = +

+
 

Combining these times, the time to cross a network can be written in terms of nanoparticle 

and junction parameters. 

2 2

( )
( ) ( )N

Ch N J NP
Net J NP

Net NP J NP NP P J NP J

PL d R RL L L
e R R

V d d R d d V d d V


 

  +
  + +   + + +  

 

Recalling the definition of network tortuosity: 

2( / )Net ChL L =  
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The equation can be simplified as follows: 

2

2

1

( )

J NP
Net

Ne

N

t NP J NP NP

PR R d
e

d d R


 

 +
= + 

+  
 

2

2

2( ) / /

1 1

NP J NP Net
Net

J N

N

NP

N

P

P

P N

P

d d d

R eR

R d

 




+
=

   
+ +   

   

 

In order to relate the mobility of the network to the network conductivity, Net , the 

network mobility is multiplied by the network carrier density, Netn and the elementary 

charge. 

Net Net Netn e =  

At this point, the universality of the system is suspended, and the nanoparticles are 

restricted to being nanosheets. The distance travelled through a nanosheet is taken to be 

one half the length of a nanosheet, NSl . Hence the resistance of a nanosheet can also be 

expressed in terms of the nanosheet resistivity, NS , and the nanosheet thickness, NSt . 

The nanosheet mobility, NS , and nanosheet carrier density, NSn , must also be introduced 

at this stage. Note that the network carrier density is related to the nanosheet carrier 

density by the porosity of the network, P . 

1/ 2, / (2 ), ( ) , (1 )NP NS NP NS NS NS NP NS NS NS Net NSd l R R t n e n n P    −= = = = = = −  

Making the required substitutions: 

( ) ( )2

1 1 1
(1 )

1 2 / ( ) 1 2 /
Net NS

NS J NS NS NS Net NS NS NS

n P e
t R n e n t l


  

    
  −   

+ +     

 

This expression can be rewritten in terms of network resistivity, 1/Net Net = . 

2

( 2 ) 2
1

(1 )

NS NS

N N

J
Net Net

NS S S

t R

P n t l


 

 +
 + 

−  
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In this thesis, for electrical characterisation, the network tortuosity is assumed to be ~1. 

If NSn is sufficiently large the second term in square brackets is negated 

( 2 )

(1 )

NS NS J
Net

t R

P




+


−
 

If the network porosity is further assumed to be zero, and knowing 2NS NS NSt R = , the 

network resistivity can be written as: 

2 ( )Net NS NS Jt R R  +  

A.1.3 Derivation of Gauge Factor 

This derivation is adapted from the SI of Ref378. 

Typically, the gauge factor ( G ) is defined in terms of resistance ( R ) and strain ( ), 

where subscript zero indicates at zero strain.  

0

G
R

R



=   

Hence, at low strain, this can be rewritten as:  

0

1 dR
G

R d
= . 

Expressing the resistance in terms of the sample length ( L ), cross sectional area ( A ) and 

the conductivity ( ). 

R
A

L


=   

At low strain, it is assumed that the volume remains constant. 

0 0AL A L=   

Hence resistance can be written as follows: 

2

0 0

L
R

A L
=    
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Differentiating with respect to strain: 

2

2

0 0

1 2dR L dL L d

d A L d d



    

 
= − 

 
   

Dividing both sides through by 0
0

0 0

L
R

A
=  : 

2

0

2 2

0 0

1 2dR L dL L d

R d L d d

 

    

 
= − 

 
  

In the limit of low strain, 0L L  and 0  . 

2

0 0 0

2 2

0 0 0 0 0 0

21 2 1L LdR dL d dL d

R d L d d L d d

  

       

 
 − = − 

 
   

Knowing that strain is defined as 0

0

L L

L


−
=  : 

00 0

1 1
2

dR d
G

R d d



  

 
=  −  

 
   

This derivation assumes a Poisson ratio of 0.5, however without this assumption, the 

equation can be written as follows, from Fiorillo et al.332 

00

(1 )
1

2
d

G
d




 

 
 + −  

 
 

A.1.4 Conductivity Percolation with Physical Parameters 

0 ( )n

ct t  −=  

At the bulk transition thickness, xt , the conductivity reaches the bulk conductivity of the 

network, B . 

0 )( ) ( n

x B x ctt t  = = −  

Rearranging this expression: 

0 ( ) n

B x ct t  −= −  
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Substituting back into the original equation: 

n

c
B

x c

t t

t t
 

 −



= 
− 

 

A.1.5 Conductivity Percolation Across the Full Thickness Range 

Previous reports for thin film conductivities and resistivities integrated surface roughness 

and scattering phenomena when fitting data across the complete thickness range. 

Typically, these equations consist of two terms, the first describing the bulk material and 

the second describing a modification due to these phenomena. Cassidy and Synnatschke 

et al. proposed the following equation for resistivity, where the denominator of the second 

term incorporates percolation scaling.  

0

( )
B n

ct t


  +=

−
 

In specific limiting cases the film thickness dependence matches the Fuchs-Sondheimer 

model445 along with recent models proposed by Zhou et al.446  

At xt , the conductivity is 80% of B : 

) 0.8( x Bt =  

0) 5 / 4
( )

( x B B n

x ct t
t


  = = +

−
 

0 ( ) / 4n

B x ct t = −  

( ) 1
1

4( ) 4

n
n

B x c x c
B Bn

c c

t t t t

t t t t


  

  − −
 +  +  

− −  




 

1

1
1

4

n

x c
B

c

t t

t t
 

−

  −
 +  

−  




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A.2 Experimental 1 

A.2.1 Model Derivation 

This derivation is adapted from the SI of Ref378.  

The thickness dependence of conductivity in the percolation regime ( ) can be expressed 

in terms of network thickness ( t ), percolation thickness ( ct ), the percolation exponent 

( )n , and a proportionality constant ( c ): 

( )n

c ct t  −=   

It has been observed that conductivity can saturate above a critical thickness ( xt ) and a 

more complete form of the expression is given below, where Bulk  is the bulk conductivity 

of the network above the bulk-like transition thickness ( xt ).  

n

c
Bulk

x c

t t

t t
 

 −
= 

−


 
  

It is known that: 

00

1
2

d
G

d



 

 
−  

 
  

Differentiating  with respect to strain gives: 

Bulk x c

Bulk x c

d dt dtd dn dt

d d n d t d t d t d

      

       

     
= + + + + +
     

 

Writing out each partial derivative: 

0





=


  

n

c

Bulk x c

t t

t t





 −
=  

 − 
 

ln

n

c c
Bulk

x c x c

t t

n t

t t

t t t



    −
 =    
   

−

  
− −
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n

c
Bulk

x c x cx

t tn

t t t t t



  −
 = −  
  − −  

 

n

c
Bulk

c x c

t tn

t t t tt



  −
 =  
  

− −



 

n

c
Bulk

c x c c x c

t tn n

t t t t t tt



  −
 −  
 

 

− − − 

=  
 

 
 

Substituting each of these derivatives into the previous equation gives: 

ln

n n n

c Bulk c c c
Bulk Bulk

x c x c x c x c x c

n n

c c
Bulk Bulk

c x c x c c x c

xt t d t t t t dd tdn n

t t d t t t d t t

t

t t d

t tdt n n

t d t t

t

t

t

d t

t tn

tt t tt


 

   

 


    − − −
 = + −   
 − − − − −    





−
+ + −  

− −

   −
    
     

    −
    
 −     −

− 

cdt

d

 
 
 
 

 

This equation is simplified by dividing through by 

n

c
Bulk

x c

t t

t t
 

 −
= 

−


 
: 

1
ln

1 Bulk c c

Bulk x c x c c x

x

c c

d t t dt dtdn n dt n n

d t t d t t d d t t

d n

d t t t t d



       

   
=   + 

−
+ − + −

−


−  − − −
  

As G  is only defined in the limit of low strain, all derivatives are taken in the limit of 

low strain and let 0   and as a result ,0Bulk Bulk  , 0n n , ,0x xt t , 0t t  and ,0.c ct t  

0 ,0 0

0 00 00 ,0 ,0 ,0 ,0 ,0

0 0 0

0 00 ,0 ,0 ,0 0 ,0

1
l

1
n

cBulk

Bulk x c x c

c

c x c c

x
t td n dtdn

d t t d t t d

n n d

t

d

d

n

t

tdt

tt d t t d



     

 

    
=

− 
+ −  

− −  

+ + −
− −


 

            

   
     −     

 

This yields the following expression for G : 

0 ,0 0 0

0 00 0,0 ,0 ,0 ,0 ,0 0 ,0

0 0

0,0 ,0 0 ,0

n
1

2 l
cBulk

Bulk x c x c c

c

x c

x

c

t td n dtdn dt
G

d t t d t t d d

n n dt

t t t t d

n

t t



    



−  
−  +

      
       −      

  
  

− − 
−



−  


− −

− −
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Applying the following relation, and by grouping the like terms, G  is shown to depend 

on four terms, each in square brackets: 

ln( )1 Bulk Bulk

Bulk

d d

d d

 

  
 

,0 ,0 0

00 0 00 ,0 ,0 ,0

0

000 ,0

ln( )
2 ln

x cBulk x c

c x c

c

c

t td n dt dtdn
G

d t t d t t d d

dt dt

d d

n

t t



   

 

 − 
− + −  

− −    

  
+ −  

  

           
+                           

  
  

−   

  

The first three terms can be approximated as thickness independent and can be written in 

a simplified form as TNSG . Note that the second term does have some thickness 

dependence, however, this dependence is weak compared to the final term. 

,0 ,0 0

00 0 00 ,0 ,0 ,0

ln( )
2 ln

x cBulk x c
TNS

c x c

t td n dt dtdn
G

d t t d t t d d



   

 − 
− + −  

− −   

            
+                            

  

The fourth term contains the following difference of derivatives, 
00

cdt dt

d d  

 
−

  
   

  
 

Defining Poisson’s ratio as /tL td d  =  , where t  is the transverse (perpendicular to 

straining axis) strain, it is straightforward to show that 0 0( / ) tLdt d t = − . For porous 

nanostructured films, as previously discussed, the Poisson ratio can be very small (often 

-0.1 < tL  ,0.1).280-282 Network thicknesses are also small. This allows the 0( )/dt d  term 

to be neglected. 

00

cdt dt

d d 

   
  
  

  

Hence, TNSt  can be defined as: 

0

0

c
TNS

dt
t n

d

 
  

 
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 This substitution leads to the much simpler expression: 

0 ,0

TNS
TNS

c

t
G G

t t
 +

−
  

This expression for G  can also be re-expressed in terms of 0 : 

0

0 ,0

0 ,0

,0 ,0

n

c

Bulk

x c

t t

t t
 

 −
=   

 −
  

Which can be rewritten as follows: 

01/

,0

0 ,0 ,0 ,0 0

1 1
n

Bulk

c x ct t t t





 
=  

− −  
 

Making the substitution to reintroduce conductivity back into the model: 

0

,0 ,0

1/

,0

0

TNS
TN

u

S

c

n

B lk

x

t
G G

t t





 
 +  

−  
  

Defining TNS  simplifies the expression: 

0

,0

,0 ,0

n

TNS
TNS Bulk

x c

t

t t
 

 
=   − 

   

This yields a model relating 0  to G . 

01/

0

n

TNS
TNSG G





 
 +  

 
   

A.2.2 Relating Gauge Factor to Resistance 

From the percolation conductivity equation: 

n

c
Bulk

x c

t t

t t
 

 −
= 

−


 
 

Assuming ct t , the simple proportionality can be drawn: 

nt   



171 

 

Resistance can be expressed as follows: 

R
w

L

t
=  

Which gives the following proportionality: 

1

1 1 1
n n

R
t t t t +

    

Rearranging for t : 

1

1nt R
−

+  

Substituting this relation into the Gauge factor, network thickness model, maintaining the 

ct t assumption: 

1TNS
TNS

c

t
G G

t t t
 + 

−
 

Yielding 
1

1nG R +  

A.2.3 Transmission Scanning 

 

 Figure A2.1: Plot of film extinction vs. measured network thickness for LPE graphene sprayed 

films on glass substrates showing a linear correlation with a slope of (54.5  1.1)10-4 nm-1. 

Extinction was determined using optical transmission measurements, film thickness was 

measured by stylus profilometry.  
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A.2.4 Cyclic Testing 

 

Figure A2.2: A) Plot of applied stress vs. strain, for a PDMS substrate cycled between 0% and 

0.6% at a strain rate of across a broad range of cycling frequencies from 0.01 Hz to 2 Hz. B) Plot 

of the fractional change in resistance vs. strain for a 45 nm thick film, at different cycling 

frequencies from 0.01 Hz to 1 Hz. 
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A.3 Experimental 2 

A.3.1 AFM Sizes 

 

Figure A3.1: Representative AFM images of graphene nanosheets from across the range of size 

selected fractions. A) 0.5 to 1 kRPM, B) 1 to 1.5 kRPM, C) 2 to 3 kRPM, D) 3 to 4 kRPM. 

 

Figure A3.2: Measured apparent thickness distribution histograms for graphene nanosheets 

measured using AFM from all six size fractions. A) 0.5 to 1 kRPM, B) 1 to 1.5 kRPM, C) 1.5 to 2 

kRPM, D) 2 to 3 kRPM, E) 3 to 4 kRPM, F) 4 to 6 kRPM. 
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Figure A3.3: Converted nanosheet thickness distribution histograms, converted from the 

measured thicknesses (Figure A3.2) for all six size fractions. A) 0.5 to 1 kRPM, B) 1 to 1.5 kRPM, 

C) 1.5 to 2 kRPM, D) 2 to 3 kRPM, E) 3 to 4 kRPM, F) 4 to 6 kRPM. 

 

Table A3.1: Nanosheet sizes determined from AFM for each size fraction. 

Centrifugation 

Trapping Speeds 

NSl  (µm) Thickness 

before 

correction (nm) 

NSt  (nm) 

0.5 to 1 kRPM 1.50 54.6 19.7 

1 to 1.5 kRPM 1.30 32.4 11.6 

1.5 to 2 kRPM 0.83 27.0 9.6 

2 to 3 kRPM 0.76 17.9 6.2 

3 to 4 kRPM 0.50 14.4 4.9 

4 to 6 kRPM 0.45 9.8 3.2 
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A.3.2 Substrate Cycling Mechanics 

 

Figure A3.4: Plot of applied stress vs. strain, for a Kapton substrate cycled between 0% and 0.5% 

at a strain rate of 0.2 %/s for 200 cycles. 

A.3.3 Model Derivation 

For a bulk-like nanosheet network ( xt t ), network resistivity can be modelled as: 

 
2

2 2
1

(1 )

NS NS J

Net

Net NS NS NS

t R

P n t l




+  
 + 

−  
 

For graphene, the nanosheet carrier density, NSn  is large and the above expression can 

be simplified: 

 2

(1 )

NS NS J

Net

Net

t R

P




+


−
 

For a piezoresistive network, the network gauge factor can be written as: 

1
2 Net

N

Net

et

d
G

d



 
= +   

The strain derivative of network resistivity can be linked to piezoresistance, hence 

/Netd d   is calculated: 
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 

   

 

   

1

1 1

2 1

2

2 (1 )

2 (1 ) (1 ) 2

2 (1 ) (1 ) 2

2 / 2 /

(1 ) (1 )

Net NS NS J Net

Net
NS NS J Net Net NS NS J

Net NS J
NS NS J Net Net NS

NS NS J NS NS JNet

Net Net

t R P

d d d
t R P P t R

d d d

dP d dR
t R P P t

d d d

t R d d t dR ddP

P d P

 


 

  




  

   



−

− −

− −

 + −

 + − + − +

 
= + − + − + 

 

+ +
= +

− −
 

Substituting this derivative into the above expression for NetG  yields: 

   

 

   

 

2

2 / 2 /

(1 ) (1 )
2

2

(1 )

2 (1 ) / 2 /

2
(1 ) 2

NS NS J NS NS JNet

Net Net

NS NS J

Net

Net
NS NS J Net NS NS J

Net NS NS J

t R d d t dR ddP

P d P
G

t R

P

dP
t R P d d t dR d

dG
P t R

   





   




+ +
+

− −
= +

+

−

+ + − +

= +
− +

 

Simplifying leaves a three term expression for network gauge factor: 

 
 

/ 2 /
2

(1 ) 2

Net

NS NS J

Net NS NS J

dP
d d t dR ddG

P t R

  


+
= + +

− +
 

Modifying the second term using the relation: 

)ln(1

(1 )

Net

Net

Net

d
d

P d

P

d P


−
 −

−
 

And dividing through the third term by NS  gives the model: 

21 1

ln(1 )
2

2
1

NS J J
NS

NS J NSNet
Net

J
NS

NS

d dR R
t

d R dd P
G

d R
t



   





   
+   

−    = − +
  
+  
  

 

For fitting of the model, the 
2 J

NS

R



 
 
 

 term can be extracted from the thickness dependent 

resistivity fit, reducing the required number of fit parameters. 
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A.3.4 Varying Parameters 

Table A3.2: Table of fit parameters for fitting Figure 6.7B, where ln(1 ) /Netd P d− takes fixed 

values between -2 and 2. 

(2 / )J NSR   ln(1 ) /Netd P d−  ( / ) /NS NSd d    ( / ) /J JdR d R  

6.13 ×108 -2 -11.6 ± 2.8 10.7 ± 1.1 

6.13 ×108 -1 -12.6 ± 2.8 9.7 ± 1.1 

6.13 ×108 0 -13.6 ± 2.8 8.7 ± 1.1 

6.13 ×108 1 -14.6 ± 2.8 7.7 ± 1.1 

6.13 ×108 2 -15.6 ± 2.8 6.7 ± 1.1 

 

A.3.5 Positive Nanosheet Gauge Factor 

 

Figure A3.5: Plot of network gauge factor vs. nanosheet thickness, fit where the nanosheet 

resistivity change with strain is restricted to be positive, showing the poor fit to the model. 
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A.4 Experimental 3 

A.4.1 Optical Profilometry 

 

Figure A4.1: Optical Profilometry. 3D top-surface reconstruction A) EE and B) LPE graphene 

nanosheet spray coated film with a scratch to the substrate, using phase shift interferometry. 

 

A.4.2 Aspect Ratio Histograms 

 

Figure A4.2: Plots of aspect ratio distributions from AFM Measurements of A) EE and B) LPE 

nanosheet dispersions. 
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A.4.3 Fitting R2 

 

Figure A4.3: Plots of the adjusted R2 of percolation plots in Figure 7.6 at different values of n

for A) EE and B) LPE nanosheet networks. 

 

A.4.4 The Extended GF Model 

For a network with an intrinsic piezoresistive response: 

0 0,0 ,0

1 1
) )(1 2 (1 2Net Net

Net

Net Net

G
d d

d d

 
 

   

   
− +   

  
 +


 +  

The network conductivity and resistivity can be approximated across the entire thickness 

regime by the following equation: 

1

1
1

4

n

x c
Net B

c

t t

t t
 

−


  −
 +  

−   

 

1
1

4

n

x c
Net B

c

t t

t t
 

  −
  +  

−   
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Partially differentiating Net  with respect to strain: 

1

00 0

1

0

2

1
1

4 4( )

( )
ln

4( ) 4

n n

Net x c x c xB B

c c c

n n

B x c x c x c x cB

c c c c

t td t t dtd
n

t t d t t t t d

t t t t t t t tdt
n

t t t t d t t t t

d

  

  

 



−

−

      − −
   = + +   

− − −         

       − − − −
  − +     

− − − −    

   
    





 


 

   



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1

0

2

( ( ))

4( )

n

B x x c c

c c

dn

d

n t t t t dt

t t t t d







−




 

  − −





 



 +  
− −  








 



 

Substituting into the equation for the network gauge factor: 
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 
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A.5 Experimental 4 

A.5.1 Conversion Parameters 

Conversion Parameters 

Table A5.1: MoS2 nanosheet and network parameters extracted from Gabbett & Kelly et al.147. 

 

Nanosheet and Structural Parameters  

Nanosheet Thickness, NSt  (nm) 3.3 

Nanosheet Length, NSl  (µm) 1 

Nanosheet Carrier Density, NSn (m-3) 6 ×1023 

Network Porosity, P  0 

Network Tortuosity,   1 

 

A.5.2 Optical Profilometry  

 

Figure A5.1: Network thickness characterisation. A) 3D top-surface reconstruction of MoS2 film 

with a scratch to the substrate, using phase shift interferometry. B) Distribution of pixel height, 

showing two peaks, lower (green) peak is the substrate, higher (yellow) peak is the surface of the 

film. 
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A.5.3 Derivation of Sliding Nanosheets Model 

 

Figure A5.2: Nanosheet overlap schematic, showing top view and side view of two square 

overlapping nanosheets. 

 

For two partially overlapping square nanosheets of length NSl , as shown in Figure A5.2, 

where the overlap area is the inter-nanosheet junction, the junction area is defined as 

NSA al= , where a  is the length of the overlapping region. The left-hand edges of the 

nanosheets are located at the 1X  and 2X  positions respectively. Hence the distance 

between the left-hand edges can be described as: 

2 1( ) NSX X aX l=− = −  

Applying strain along the x-axis of the system, will move the edges of the nanosheets 

further apart: 

0( 1)( )X X = +   

The subscript zero denotes the unstrained condition. 

Assuming that the nanosheets do not change length, but simply slide past each other upon 

straining, these two expressions can be combined: 

0 1)( NS aX l + = −  
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In the absence of strain, where 0a  is the unstrained value of a : 

0 0NSl aX = −  

Hence 0( )( )1NS NSl a l a =+− − . 

Multiplying across by NSl , and recalling J NSA al= : 

2 2

0( )( 1) NSNS NS NSl a l l al− + = −  

2 2

,0( )( 1)NS J NS Jl A l A− + = −  

Here, ,0JA  is the unstrained junction resistance.  

Rewriting to get an expression for JA : 

2

,0

,0

,0

( )
1

NS J

J J

J

l A
A A

A


 −
= − 

  
 

Expressing this in terms of the fractional nanosheet area taken up by the junction,

2

,0 ,0 /J J NSf A l= , yields: 

,0

,0

,0

(1 )
1

J

J J

J

f
A A

f


 −
= − 

  
 

JR  can be expressed in terms of JA , where ( )JRA is a fundamental junction property: 

( )J
J

J

RA
R

A
=  

,

1

,,0

0

0

(1 )( )
1

JJ
J

J J

fRA
R

A f


−

 −
= − 

  
 

For small values of x , such expressions can be rewritten as 
1(1 ) 1x x−−  + : 

0

,0

,

,0

(1 )( )
1

J

J

J
J

J

fRA
R

A f


 −
 + 

  
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The junction capacitance, JC , can be similarly derived, starting with the following 

expression: 

0 /J r J JC A l =  

Here r  represents the relative permittivity and 0  represents the permittivity of free 

space. 

,0 ,0

,0 ,0

0 ,0

,0

(1 ) (1 )
1 1

r JJ J

J

J J

J J

A f f
C C

l f f
 

     − −
= − = −   

      
 

A.5.4 Geometric Gauge Factor in Anisotropic Materials 

It has been shown that for isotropic materials without an intrinsic piezoresistance, the 

gauge factor can be expressed as 1 2G = + .332 However, for anisotropic materials, this 

equation must be slightly modified. Considering an anisotropic sample with sample 

dimensions xL , yw , and zt  in the x, y, and z directions respectively, extension along the 

x-axis will result in a strain of ,0 ,0( ) /x x x xL L L = − , which rearranges to give 

,0( 1)x x xL L = + . Note the subscript zero denotes the unstrained condition. By analogy, 

the strain dependent values in the y and z directions can be expressed as ,0( 1)y y yw w = +

and ,0( 1)z z zt t = +  respectively. 

The strain in the y and z directions depend on the Poisson ratios, such that, y y x  = −  

and z z x  = − .  

Hence, each dimension can be written in terms of x : 

,0(1 )y y y xw w  = −  and ,0(1 )z z z xt t  = − . 

The resistance along the x-axis can be written as: 

x
x

y z

L

tw
R =  
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And the gauge factor can be written as: 

,0 ,0

,0 ,0 ,0

/1 1
1

( / )( / )

x x x x

x x x y y z y

R R L L
G

R w w t t 

  −
= = −  

      

 

Rewriting in terms of the applied strain: 

( 1)1
1

(1 )(1 )

x

x y x z x

G


    

 +
= − 

− −  

 

Simplifying the denominator using the observation below for y, and similar for z: 

11
(1 ) (1 )

(1 )
y x y x

y x

   
 

−= −  +
−

  

Yields: 

 
1

( 1)(1 )(1 ) 1x y x z x

x

G     


 = + + + −   

Expanding out the product in square brackets, neglecting terms which include 2

x  or 

higher powers yields: 

1 y zG  = + +  

For isotropic materials, this equation simplifies to 1 2G = + as expected. 
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