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Abstract

The structural and electrical properties of metal nanoparticle (NP) networks and their de-

pendence on the constituent phases have been investigated. Percolation and effective me-

dia theories have been used to describe the physical properties of disordered systems, as

well as providing a link between their structural features and the corresponding electrical

transport properties. Silver and palladium nanoparticulate layers in ethyl cellulose polymer

binder (ETHOCELTM), were fabricated onto paper using the method of screen printing. The

metal-binder ratios were varied in order to observe changes in the microstructure when a

percolating network consisting of the metal NPs is formed through the layer. The electron

microscopy studies revealed the microstructural features of the silver and palladium layers

to be different. The silver NPs aggregate into dense clusters resulting in a tightly packed

layer, whereas the palladium NPs assembled into “chain-like” structures which produced a

more “loosely” packed layer. The electrical conductivity, I-V characteristics and Hall effect

for the metal layers were studied as a function of metal NP concentration. The two exponent

phenomenological percolation equation (TEPPE) was fitted to the conductivity data for the

silver and palladium systems which revealed the percolation threshold (ϕc) to be higher in

the silver layers. For both metal systems the Hall coefficient and Hall mobility showed a

dependence on particle concentration with the largest changes in their magnitude observed

in the region of ϕc. Insight into the microscopic charge transport through the metal layers

was provided by impedance spectroscopy studies. Equivalent circuit models based on the

microstructural features of the layers were proposed. For both metal systems, the printed

layers with particle loadings below ϕc could be described by a R − CPE circuit, whereas

for concentrations above ϕc a RL − C circuit was used. It can be shown that differences

observed in the values of R, L and C for the silver and palladium layers can be related to

the manner in which the metal NPs aggregate to form the final microstructure.
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1. Introduction

Printed electronics technology has attracted interest over the last few years as an alternative

to conventional methods for the fabrication of electronic and optelectronic devices. Print-

ing techniques such as screen and inkjet printing and roll-printing (flexography and gravure

printing) have been used for patterning a wide variety of devices such as sensors, transistors,

radio-frequency identification (RFID) tags, flexible batteries and solar cells [1, 2, 3, 4, 5].

These techniques are advantageous because they are relatively simple, promise low produc-

tion cost and can be adapted for large scale production. Another advantage is the wide

variety of materials such as paper, plastics and ceramics that can be used as substrates

[6, 7, 8]. One of the major challenges is to formulate suitable inks for the different printing

techniques. Functional electronics inks consist of nanoparticles (NPs) with specific proper-

ties, dispersed in a liquid medium [7, 9]. Printing the inks involves the selectively deposition

of the functional materials onto a substrate followed by a curing stage which may involve

a number of processing steps [6, 10]. In order for the proper functioning of these devices,

contacts as well as conductive structures are required [5]. For this reason metallic NPs are of

particular interest due to their applications in forming conductive tracks and films in these

devices [1, 4, 5].

The basic requirement for the printed layer to display metallic behaviour is that the particle

fraction must be above a critical threshold [11]. Above this critical concentration the metal

NPs aggregate to form a connected network that traverses the layer, thus providing paths

along which charge can flow [5, 12, 13]. The printed layers which comprise of a conduc-

tive phase (metal NPs) dispersed in an insulating medium (binder), can be classified as a

percolative material. Percolation theory (PT) has been used to describe the electrical con-

ductivity of disordered media near to the critical threshold where the system undergoes an

abrupt change from insulating to metallic as the amount of the conducting phase is increased

[14, 15]. Other models such as the effective medium theories (EMT) describe the electrical

properties for concentrations further away from the critical threshold. EMT describes the

effective conductivity of a inhomogeneous medium which is determined by averaging over the

different constituent phases [16, 17]. A more recent model known as the two exponent phe-

nomenological percolation equation (TEPPE), which combines aspects from both PT and

EMT, has been used to analyse the conductivity data for a number of percolating systems

[18, 19]. In order for these materials to be used in electronic devices, it is essential to under-

stand how the physical properties are affected by the composition and packing arrangement
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of their components [15, 20, 21].

In this study, the effect of metal NP loading on the electrical properties and morphology of

the layers was determined. Silver (Ag) and palladium (Pd) nanoparticulate inks were pro-

duced with different metal-binder concentrations and deposited onto a substrate using screen

printing. The TEPPE was applied to the dc electrical conductivity data in order to deter-

mine the critical concentration at which the system undergoes a structural phase transition

from insulating to conducting. The I-V characteristics of the layers were used infer changes

in the charge transport mechanism with particle loading. Changes in the microstructure of

the printed layers with different particle loadings was investigated using scanning electron

microscopy (SEM) and high resolution transmission electron microscopy (HRTEM). Hall

effect measurements were performed on the printed layers in order to ascertain information

about the charge carriers as a function of particle loading. In addition to this, impedance

spectroscopy measurements were performed in order to find a suitable model to describe the

conduction mechanism based on the microstructural features of the layer.

This thesis is laid out as follows; chapter 2 provides an overview of the properties of metal

NPs followed by a brief discussion on the various techniques employed to produce the par-

ticles. Chapter 3 gives a review of the theories used to describe the electrical conduction

in disordered systems. This is followed with a discussion on the Hall effect in metals. The

experimental procedure is given in chapter 4 which describes in detail the techniques used

to produce and measure the nanoparticulate samples. This is followed with the analysis of

the data given in chapter 5. The interpretation of the data is presented in chapter 6 and

conclusions from this study as well as recommendations for future work is given in chapter

7.



2. Metallic Nanoparticles

In this section an overview of the physical and chemical properties of metal NPs is given,

with an emphasis on how the reduction in size affects the crystalline and electronic structure

of the metal. The properties of two metals namely, silver (Ag) and palladium (Pd) are

discussed. This is followed with a brief description of the techniques used to produce metal

NPs.

2.1 General Properties of Metal Nanoparticles

NP have garnered interest over the last few decades due to their display of unique physical

and chemical properties which differ from that of the bulk form and atomic level [22, 23].

NP in general can be defined as any particle with lateral dimensions less than 100 nm [24],

with a nuclearity ranging from 10 to 1010 or more metal atoms per particle [23]. These

particles can be a single crystallite, an aggregate of a number of crystallites or noncrystalline

[25]. The majority of metal NP will have either hexagonal or cubic close-packed crystal

structures. The metal NP comprises of a central atom that is encompassed by a number

of densely-packed shells [26, 27]. The differences in the metal properties as one moves from

the bulk to the atomic scale can be attributed to two types of size dependent effects. The

first is the scalable effects that are related to the number of surface atoms [22, 28] and the

second being quantum size effects which involves changes to the electronic structure of the

metal nanoparticles [24, 29].

As the size of the metal is reduced from bulk to the nanometre regime the surface-to-volume

ratio increases [26, 30]. As a result the proportion of atoms found on the surface will increase

with decreasing particle size. Assuming that the particles are spherical in shape, the fraction

of atoms at the surface is given by Ps(N) = 4N−1/3, where N known as the nuclearity, is

the number of atoms in the nanocrystal [28, 31]. The atoms located in the interior of the

particle are coordinately saturated and are therefore highly stable [28], unlike the surface

atoms which are coordinately unsaturated and weakly bound [24, 30, 32]. The atoms located

at the corners and on the edges of the particle are more highly reactive compared to the

atoms lying in the surface planes [26, 28]. As a result, there are a number of physiochemical

properties of the metal NPs that are affected by the change in the number of surface atoms

[24]. As the fraction of surface atoms increases so will the number of active sites which will
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Section 2.1. General Properties of Metal Nanoparticles 4

affect the surface bonding and chemical reactivity of the NP [23, 32]. For this reason, metal

NPs are ideal candidates for surface dependent chemical processes (e.g catalysis, corrosion,

oxidation and reduction) [26, 33]. Another property that is affected is the temperature of

the melting point which decreases with decreasing particle size [24, 30]. As the dimensions

of the metal NP is reduced, the surface energy is raised due to an increase in the number

of corner and edge atoms on the surface [30, 34]. The smaller the metal NP size, the more

easily the surface atoms can rearrange which in turn causes the melting process to start at

a lower temperature [26, 30].

All properties of a solid are dependent on the energy gap between the conduction and valence

bands [35]. The band structure determines how the electrons are allowed to execute their

motion in the material [26, 36]. In bulk metals, there is no bandgap and the electrons which

are highly delocalised within the partially filled conduction band can therefore move freely in

the unoccupied bands [26, 36, 37]. With a decrease in the particles dimension, the electron

wavefunction becomes spatially confined [32, 36]. If the particles size is reduced to a point

where it is comparable to that of the electrons wavelength, then the electrons energy becomes

discrete due to quantum confinement [12]. As a result a energy gap (δ) begins to appear

between the valence and conduction bands [28, 36]. This is known as the Kubo gap, and it

is related to the temperature T by,

kBT = δ =
4EF
3N

(2.1)

where kB is the Boltzman constant and EF is the Fermi energy [38]. Metal particles of

finite size will have discrete electronic energy levels unlike in bulk which is continuous [29].

From equation 2.1, it states that the energy gap δ between the conduction and valence

band will increase with decreasing particle size [12]. As the particle diameter D is reduced

to the mesoscopic size, the metallic property of the particles will be maintained provided

that δ < kBT . With a further reduction in the particle size, the system will undergo a

transition from a metallic to insulating state when δ > kBT [31, 38]. When δ becomes

approximately equal to or greater than kBT , then the system undergoes a transition from

a metallic to semiconducting state. Upon further reduction, the energy separation increases

and the system becomes insulating. This size-induced metal-to-insulator transition is shown

in figure 2.1. Table 2.1 gives the relevant values for D, δ and N in the different size regimes.
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Fig. 2.1: Schematic diagram showing the gradual change in the band gap and density of

states (DOS) as the nuclearity of the metal system increases [31].

Table 2.1: The approximate values for the diameter D, nuclearity N and Kubo gap δ in the

different size regimes [29].

Bulk Metal Metal NP Insulating NP Atoms and Molecules

D >> 104 Å D ≈ 104 − 102 Å D ≈ 102 − 10 Å D < 10 Å

N >> 1010 N ≈ 1010 − 104 N ≈ 104 − 10 N < 10

δ << 10−6K δ ≈ 10−6 − 1K δ ≈ 1− 103K δ > 103K

The electron confinement has shown to have a profound effect on the optical properties in

certain metal NPs [27, 38]. When a metal particle interacts with an electromagnetic field, the

free electrons will collectively oscillate in phase with the incoming light [27]. This is known

as surface plasmon resonance (SPR) [39]. Strong scattering and absorption of light by the

metal NPs will occur when the frequency of the incident wave becomes resonant with the

oscillating electrons [30, 36]. This is the reason for the brilliant colours observed in colloidal

solutions containing these metal NPs [36]. Noble metal NPs such as silver (Ag), gold (Au)

and copper (Cu) have shown strong plasmon resonances from the visible to near infrared

spectral range [26, 40]. The properties of the SPR are dependent on the metal NPs size and

shape, interparticle interactions and the surrounding environment [32, 39].
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2.1.1 Silver (Ag)

Ag forms part of the noble metals and has a ground state valence electronic configuration

of [Kr] 5s14d10 [41, 42]. Ag is a monovalent metal in that it has a single electron per atom

in the conduction band. The d-band which is completely filled lies below the Fermi level

[43, 44]. Ag crystallizes in the close-packed face-centred cubic (fcc) structure with a lattice

constant of 4.078 Å[37]. With an increase in particle size, the shape of the Ag NPs transition

from a icosahedron (N < 300) to truncated octahedron (N ≈ 20000) [27]. For monvalent

metals with a fcc crystal structure, the Brillouin zone (BZ) is a polyhedron within which the

Fermi surface, which takes up half the volume, will be contained [37, 43]. The Fermi surface

of Ag is a distorted sphere which makes contact at the centre of the hexagonal faces of the

BZ [41, 44]. Therefore the Fermi surface of Ag is multiply-connected, indicating open orbits

[37, 44]. Ag NPs have been integrated into a wide variety of applications due to its unique

electrical, optical, catalytic and antibacterial properties [45, 46]. Ag NPs are ideal for the

preparation of conductive inks [47, 48] due to its chemical inertness and high conductivity

[2]. As described in the previous section, Ag NPs display increased absorption due to the

presence of the surface plasmons. Therefore, Ag films have been used for various types of

optical sensors, biosensors, as well as surface enhanced Raman scattering [27, 45, 49].

2.1.2 Palladium (Pd)

Palladium is a transition metal that has a atomic electron configuration of [Kr] 5s04d10

[42, 43]. In the metallic form, a broad conduction band is formed with approximately 0.36

electrons per atom and a narrow d-band with the equivalent number of holes. The Fermi

level is positioned at top end of the d-band. [43, 50]. Pd has a close-packed fcc crystal

structure with a lattice constant of 3.89 Å[42]. Similarily to the Ag NPs, the shape of

the Ag NPs transition from a icosahedron (N < 100) to truncated octahedron (N ≈ 6500)

[27]. The Fermi surface of Pd comprises of two hole surfaces and a compensating electron

surface [50]. The electron surface centred at Γ is nearly spherical in shape, with bulges

extending along [111] and [100] directions. This region will contain the 0.36 electrons per

atom. The hole surface forms a sequence of cubic-arranged interconnecting tubes which open

along [100] direction. A second hole surface consisting of a small closed region is located

at X [44, 50]. Pd NPs have been used as a catalyst for many industrial processes, such

as hydrogenation/dehydrogenation reactions, petroleum cracking and catalytic converters
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[27, 51]. Pd NPs have the ability to easily absorb hydrogen at room temperature. This has

lead to an interest in using Pd films as hydrogen gas detectors [52, 53].

2.2 Metal Nanoparticle Production

There is a particular interest in using metal NPs as the building blocks for new functional

materials. The properties of these functional materials are influenced by the interparticle

coupling, spatial arrangement and the characteristics of the constituent components [12, 32].

As previously discussed, the properties of the metal NPs are influenced by a set of physical

parameters namely, the size, shape and crystal structure. Therefore, metal NPs can be

modified in order to possess specific electrical, magnetic, optical and catalytic properties

required for a particular application [27, 45]. There are variety of techniques that have been

employed for the fabrication of metal NPs which fall into one of two categories; the top-down

and bottom-up methods [30, 54]. The decision on which fabrication method should be used

will depend on the difficulty, cost and quality of the final product [55]. In this section a brief

overview of the most common techniques used for synthesizing metal NPs is given.

2.2.1 Top-Down Methods

Top-down methods involve using external energy to break up solid bulk material into smaller

fragments with dimensions in the nanometre range [26, 54, 56]. One way to produce metal

NPs is through high-energy ball milling which involves mechanically crushing coarse particles,

which are usually in a powder form. A typical ball mill consists of a rotating cylinder and

the grinding balls which are either made of a hard steel or ceramic [54, 57]. As the cylinder

rotates about it’s horizontal axis, the particles will undergo repeated shear deformation

due to the crushing and smearing that occurs between the grinding balls and the sides of

the cylinder [55, 57]. The advantage of using this method is that it is applicable to large

scale NP production as well as being reasonably inexpensive [24, 55]. However, the final

product will have a certain amount of surface contamination due to the wearing down of the

cylinder and ball materials through the grinding action. Other disadvantages include large

size distributions and lack of uniformity in the NP structure [55, 57].

Another top-down method used for the synthesis of nanomaterials is pulsed laser ablation

(PLA). In this technique a high powered laser pulse is directed onto the surface of the target
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material which can be placed either in a vacuum, gas or liquid [58, 59]. The interaction

between the high intensity laser and the surface of the material results in the formation

of a luminous ablation plume consisting of the partially ionized material. The system will

subsequently undergo a cooling and recombination process which results in the molecules

colliding with one another to form NPs [55, 58]. The power density needed to produce

the ablation plume will depend on the absorption properties of the sample, laser beam

wavelength and the length of time for each pulse [60]. PLA is a relatively straightforward

technique in that it only requires a single step to produce the final product which can then

be used directly without requiring any further post-processing steps [61]. Another advantage

of using this technique is that it allows for large scale production of NPs without the need

for specific conditions such as high temperatures and/or pressures, or the use of hazardous

chemicals [59, 60]. PLA provides a way to synthesize NPs with high purity and fairly clean

surfaces [55], however a drawback to using this technique is that batches of NPs may have

a broad size distribution [59].

2.2.2 Bottom-Up Methods

Bottom-up methods involve using atoms or molecules, either in solution or in a gaseous state,

as building blocks that assemble to form particles in the nanometre-size range [26, 54, 56].

There is a broad selection of methods used for the bottom up processes which typically fall

into two categories: Gas phase methods (vapour phase deposition, spray pyrolysis, etc.); and

liquid phase methods (chemical precipitation, sol-gel process, microemulsion, hydrothermal

synthesis etc.) [26, 30, 54, 55, 56]. Below a brief discussion will be given on one of the liquid

and gas phase methods.

Chemical precipitation is a type of liquid phase synthesis method, which consists primarily

of two steps. The first part of this process involves preparing a solution consisting of the

metallic compound (e.g metal salts, metal oxides, organometallic compounds) dissolved in

a solvent [57, 62]. The type of solvent used will depend on the metallic compound, and

can range from being polar (e.g water, ethanol, methanol) to nonpolar (e.g hydrocarbons)

[25, 62]. Reducing agents are added to the solution which react with the metallic compounds

resulting in the formation of metal atoms [56, 57]. The concentration of metal atoms increases

with time until the critical supersaturation point is reached. At this stage nucleation occurs

whereby the metal atoms aggregate to form small clusters (i.e. nuclei) [27, 30, 56]. The

nuclei rapidly increase in size resulting in the reduction of the concentration of metal atoms
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in solution. Nucleation will continue until the concentration of metal atoms falls below the

supersaturation minimum [27, 56]. The nuclei continue to grow, provided there is a continu-

ous supply of metal atoms, eventually reaching sizes in the nanometre range [56]. The NPs

have highly reactive surfaces, and as such functionalized chemical groups are added directly

after nucleation in order to prevent agglomeration [24]. The precipitates are separated from

the solution by centrifugation or filtration, washed in order to remove impurities, and then

dried at elevated temperatures to form a powder. The second part of this process involves a

thermal heat treatment (sintering or annealing) on the metal nanoparticulate powder which

will determine the final phase and crystal structure of the particles [62]. The advantage of

chemical precipitation is that it allows for a greater degree of control over the particle size,

shape and composition [56]. With this method the nanomaterials can be synthesized in a

variety of shapes such as rods, cubes, prisms and wires [30, 57]. It is a relatively simple

method and suitable for large scale production [30, 56].

Vapour phase deposition methods can be categorized into physical vapour deposition (PVD)

and chemical vapour deposition (CVD) [54, 63]. The PVD process involves converting a

solid material into the vapour phase through evaporation, while in the presence of an inert

gas [63]. The types of sources that can be used for evaporating the solid precursor include

sputtering, pulsed laser, thermal energy and electron beams [30, 55]. Through a series of

collisions between the evaporated atoms and inert gas molecules, the metal vapour cools

down and reaches a supersaturated state [54, 63]. Subsequently, the evaporated metal atoms

will undergo homogeneous nucleation and growth thereby forming the metal NPs [30, 55, 63].

The particles are then collected from the walls of the vacuum chamber or substrate [64]. The

advantage of PVD is that it can produce high purity samples with very few contaminates

due the use of a vacuum environment. PVD allows for a good control over the crystalline

structure of the NPs [55, 63]. However, the cost of production can be high due to the intricacy

of the equipment needed to create a vacuum environment [63]. In the CVD process, the

vapour reactants are transported into the CVD reactor where the molecules are absorbed

onto a heated surface. The vapour reactants will undergo thermal decomposition and/or

react with other vapours or gases to form stable crystals. The process of deposition involves

heterogeneous (on the substrate) and/or homogeneous (in the gas phase) chemical reactions

[30, 63]. There are various types of CVD methods such as plasma-assisted CVD, aerosol-

assisted CVD and photo-laser CVD, which employ different heating methods to facilitate the

deposition reactions [55, 63]. The advantage of using CVD is that it doesn’t require as high a

vacuum compared to the PVD method, samples can be produced with relatively high purity,
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high deposition rates and a wide range of materials can be deposited. The disadvantages

of this method is that the precursors need to be volatile near room temperature, and the

by-products produced from the reactions can be hazardous [65].



3. Electrical Properties in Disordered

Systems

3.1 Percolation Theory

Percolation theory deals with the random placement of geometrical objects in a d-dimensional

lattice or continuum [66]. The transport and structural properties of percolation systems de-

pends on these objects forming connections between one another in order to create pathways

that spans the system [67].

3.1.1 Lattice Percolation

Two types of lattice percolation can be defined, namely site and bond percolation [68]. If one

considers a regular lattice of n-dimensionality space, where each site is randomly occupied

with probability p or unoccupied with probability 1 − p. Two occupied sites are connected

if there exists a path consisting of occupied nearest neighbour sites. A cluster of sites is

formed through the occupation of neighbouring sites. This is known as site percolation.

Bond percolation can be defined in a similar manner. In this case all sites are occupied but

the bonds between the sites are randomly occupied with probability q and unoccupied with

probability 1 − q. Similarly, two occupied bonds will belong to the same cluster provided

that a path of occupied bonds exists between them. At low concentrations of p (or q), only

small isolated clusters will be present in the lattice as shown in figure 3.1a. As the value

of p (or q) increases, the clusters will grow in size until a critical concentration is reached.

At this point the smaller clusters merge to form one large cluster, also known as an infinite

cluster, which consists of occupied sites (or bonds) that span the lattice, as shown in figure

3.1b. This critical concentration is known as the site (or bond) percolation threshold pcs (or

pcb). Above pcs (or pcb) smaller isolated clusters will be incorporated into the infinite cluster

thereby increasing its density as shown in figure 3.1c [66, 68, 69, 70].

11
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(a) (b) (c)

Fig. 3.1: Diagram illustrating site percolation on a 2-dimensional square lattice for (a) p <

pcs , (b) p = pcs and (c) p > pcs [71].

The values for pcs and pcb have been determined for various 2-dimensional (e.g honeycomb,

square and triangular) and 3-dimensional lattices (e.g diamond, simple cubic, BCC and

FCC) [72, 73]. From these calculations it has been observed that the percolation threshold

is dependant upon the microscopic features of the lattice i.e. the particular kind of lattice

selected and the type of percolation (site or bond) [66, 67, 70]. The occupied and unoc-

cupied sites (or bonds) can represent different objects with specific physical properties (e.g

conductivity, elasticity, permeability) [67, 70, 74]. For instance, when modelling the fluid

permeability in porous materials, the occupied sites will be open to flow while the unoccupied

sites are closed to flow [69]. There are a number of properties X of two-phase disordered

media that follow a fundamental power law near the percolation threshold. A generalized

equation for this power law is given in 3.1 [66, 75],

X = S∗ (p− pc)j , (3.1)

where p is the occupation probability, pc the percolation threshold, S∗ is the proportionality

constant for a particular property, and j the critical exponent which controls the behaviour

of the properties in the region near to the critical concentration. The critical exponent is

universal and depends only on the dimensionality of the system and not on the microstruc-

tural detail [15, 67]. The property of universality implies that the critical exponents have

the same value for all lattices of the same dimensionality [72].

Random resistor network (RRN) models have been used to describe the electrical conductiv-

ity of percolation systems in the region of pc [76]. If one considers a two-component system

where the occupied bonds p represent conductors (e.g resistors) with a finite conductivity
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σ1, and unoccupied bonds represents insulators with conductivities equalling to zero. Below

pc, the conductivity of the system σm is zero [68, 72]. As p is increased, small clusters of

the conducting phase will form throughout the system. The average size of the individual

clusters sav increases as more of the conducting phase is added . As the value of p increases

above pc, the system transitions from insulating to conducting. At pc the infinite cluster

forms, at which point the current is able to transverse the system. For values of p just above

the critical point, the conductivity will increase gradually. At values of p >> pc the conduc-

tivity will rise sharply until a maximum value is reached at p = 1 [20, 72]. The electrical

conductivity follows a power law dependence given by [68, 77],

σm = σ1 (p− pc)t , for p > pc, (3.2)

where t is the critical exponent, p is the fraction of occupied bonds and σm, σ1 and pc are

defined as stated earlier. The value of the critical exponent t for the electrical conductivity

σm has values ranging between 1.1 − 1.3 for 2-dimensions, and 1.6 − 2.0 for 3-dimensions

[75, 78]. Equation 3.2 describes the conductivity of the conductor-insulator system for p > pc.

For the case where the insulator is replaced with a highly conducting material such as a

superconductor, the conductivity of the system will diverge as pc is approached from below.

The conductivity of the superconductor-normal conductor mixture is determined by the

properties of the normal conductor [74, 78]. This is described by,

σm = σ2 (pc − p)−s , for p < pc, (3.3)

where σ2 is the conductivity of the normal conductor. The value of the critical exponent

s = t for 2-dimensions and 0.76 for 3-dimensions [72, 77, 78].

3.1.2 Topological Properties of Percolation Structures

It is of interest to know how many objects are needed to form a cluster and at what point

these clusters become infinite. Consider the 2D regular lattice described in figure 3.1a, where

the fraction of occupied sites p are well below pc. In this low concentration regime the filled

sites form isolated clusters of finite size [72]. The average size of the clusters sav will increase

with increasing concentration. sav will remain finite until the concentration approaches pc,

at which point it sharply increases (sav →∞) [66, 72]. At this point the infinite percolation
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cluster forms, thereby transforming the connectivity of the system from short-range to long-

range [72, 79]. For concentrations below pc, sav follows the power law given by equation 3.4,

where γ is the critical exponent [15].

sav ∼ |pc − p|−γ . (3.4)

The correlation length ξ is a quantity that characterises the average size of large isolated

clusters, both above and below pc [70, 79]. ξ follows a similar critical behaviour to that of

sav, which can be described by,

ξ ∼ |p− pc|−υ , (3.5)

where the critical exponent is given by υ. ξ will rapidly diverge as p approaches pc. When

p, at low concentrations, is increased toward pc, neighbouring clusters will coalesce to form

larger ones which in turn causes the value of ξ to increase. Above pc the remaining finite

clusters occupy the hole regions inside the infinite cluster. For concentration values where

p > pc, the cluster size is reduced and ξ is shown to decrease exponentially in this region.

This is due to the remaining isolated clusters being incorporated into the infinite cluster as

p → 1 [20, 67, 79]. For any characteristic length scale L > ξ, the system will be effectively

homogeneous [69, 79]. When L < ξ the percolation system is inhomogeneous and the

topological properties depend on L. In this regime both the infinite cluster and the isolated

clusters are self-similar [69, 70, 79]. Self-similarity is when sections of the infinite cluster

have similar structures at a number of length scales [67, 79].

Above the critical concentration, the system will comprise of a infinite cluster, smaller iso-

lated clusters and unoccupied sites (holes). The probability that a fraction of occupied sites

will belong to the infinite cluster is given by the percolation probability P . Therefore, P

gives an indication of the change in the volume of the infinite cluster above pc [15, 66, 72]. P

is zero for concentrations below pc. The behaviour of P just above pc shows a rapidly rising

curve with an infinite slope. P continues to rise sharply as p approaches p = 1. This rapid

increase in P is due to the formation of the infinite cluster at p = pc, and the incorporation

of neighbouring isolated clusters for p > pc. P follows the scaling law,

P ∼ |p− pc|β , (3.6)
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where β is the critical exponent [72]. The formation of the infinite cluster causes dramatic

changes to the transport properties (e.g σm) of the system. For concentrations where p > pc,

only a certain proportion of the occupied sites (or bonds) that are connected to the infinite

cluster will carry an electric current when a voltage is applied across the system. This is

known as the backbone of the infinite cluster [67, 69]. The remaining sites (or bonds) that do

not not carry any current are dangling clusters known as “dead-ends” which only add to the

density of the infinite cluster [79]. Consider the 2D RRN network described in section 3.1.1,

and shown in figure 3.2, that has been placed between two electrode plates. The backbone,

i.e the current-carrying bonds of the infinite cluster is represented by the dark lines, while

the dangling clusters are given by the finer lines.

The internal structure of the backbone can be conceptualized using the nodes-links-blobs

(NLB) model [78, 80]. According to this model the backbone comprises of several parts;

nodes, links and blobs (see figure 3.2). Nodes are particular sites located on the backbone

which are linked to at least three different paths. The nodes of the backbone form an

irregular superlattice, where the average distance between two neighbouring nodes is ξ [79,

80]. Blobs are regions on the backbone that have multiple connections [69, 78]. Links

are singly connected bonds between neighbouring nodes. Links are known as “red bonds”

because they will carry the current when a voltage is applied at opposite ends of the infinite

cluster. If the red bonds are broken, current will cease to flow through the system. On the

other hand, if a bond is broken on a blob the resistance of the system will increase [78, 79, 80].

This model can be used to determine the conductivity and critical exponents of the network

[78, 81].
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Fig. 3.2: Illustration of the infinite cluster on a 2D square lattice placed between two electrode

plates [78].

The conductivity σm of the system does not increase rapidly for concentrations just above

pc. Initially when p is increased, the isolated clusters will merge with the infinite cluster.

These connections with the infinite cluster may or may not result in forming part of the

backbone. If the connection produces a dangling cluster then the overall conductivity of the

system is unaffected. If they do form part of the backbone, then new pathways are created

for the current to flow which adds to the conductivity of the system [72, 79].

3.1.3 Continuum Percolation

In almost all natural disordered systems, the constituents forming the system are randomly

distributed and do not form a regular repeated lattice structure [67, 79]. The critical ex-

ponents for various transport properties (e.g conductivity, elastic constants) of continuum

systems have shown a deviation from the universally accepted values of the discrete lattice

models [82, 83]. Due to the complexity of two-phase disordered systems, the critical be-

haviour is better suited to be described by random continuum models. Scher and Zallen

(1970) were able to show a connection between site percolation and the properties of con-

tinuum systems [84]. They randomly assigned a volume (or area in 2-dimensions) to each

site on the lattice, in this case a sphere with a radius equalling to half the distance between

neighbouring sites. The arrangement is such that the neighbouring spheres will touch but
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not overlap. The fraction of space taken up by the occupied spheres is given by ϕcs = pcf ,

where p is the fraction of occupied spheres and f is the filling factor for the lattice. The

critical volume fraction is then given by ϕc = fpcs . They found that the value of ϕc was

independent of the lattice of the same dimensionality [72, 84]. This model only applies if

the constituents of the continuum system fill the media at random, are both spherical, and

of similar size [74].

The RRN model mentioned in section 3.1.1 has two states, occupied and unoccupied, with

each occupied bond having the same bond “strength” [78, 85]. The non-universal behaviour

of the conductivity exponent was shown when the percolating resistor network had a distri-

bution of low-conductance (g) bonds [74, 86]. The distribution of low-conductance bonds

of the resistor lattice network is given by the distribution function h(g), where h(g) ∼ g−α

as g → 0. α lies in the range of 0 < α < 1 [85]. The non-universal exponent t̄ for the

conductivity above pc is given by [74],

t̄ =

t if α < 0

t+ α
1−α if 0 < α < 1.

(3.7)

Similarly for a superconductor-normal conductor resistor network the non-universal exponent

s̄ is given by,

s̄ =

s if β < 0

s+ 2−β
β−1

if 1 < β < 2.
(3.8)

The value of t in 2-dimensions is the same as in the discrete lattice model [82]. This distribu-

tion of conductances, leading to the non-universal value for the critical exponent is known to

occur in the “Swiss-cheese” model (SCM) [81, 86]. The SCM involves placing equally-sized

spherical voids at random positions in a homogeneous conducting medium. The spherical

voids can overlap with one another. As the concentration of the conductor decreases towards

the critical volume fraction, the current is forced to flow through these narrow conducting

necks each of which are bounded by three neighbouring voids [74, 78, 85]. The regions with

the narrow conducting necks can be represented by a discrete network of resistors [78, 79].

The values of the resistors are dependent on the conducting necks which have a broad dis-

tribution of widths δN . The value of g corresponding to the width of the necks scales as

g ∼ δy+1
N , where y = α/(1−α) [74, 85]. At a critical volume fraction of the voids, the infinite
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cluster of the conducting medium will no longer exist and the system is unable to transport

current [67, 85]. The conductivity of the percolation continuum system is given by [82, 85],

σm ∼ |p− pc|t̄ , p ≥ pc. (3.9)

The SCM can be useful for describing elastic and transport properties of porous media [67].

An extension to the model described above is the inverted SCM. In this case the property

of the medium and the voids is rearranged so that the spheres support charge transport

but the homogeneous medium in the space between the spheres does not [82]. In a similar

manner to the SCM, a discrete lattice network with a distribution of bond “strengths” can

be mapped to this system. In this model the centre of the spheres represent the sites while

the distance between two neighbouring sites characterize the bonds [85]. There is no change

to the critical exponent, t, for the conductivity in the 2- and 3-dimensional cases [82].

Another system that has been suggested to show non-universal behaviour is that of a com-

posite which has a similar arrangement to that of the inverted SCM, where the conducting

spheres are embedded in an insulating medium [74, 86]. In this case the conduction mecha-

nism between the conducting particles is controlled by tunnelling. The value of g is given by

g ∼ e−r/l where r is the radius of the particles. The critical exponent for the conductivity is

given by,

t̄ = t+
(a
l

)(
1− l

a

)
, (3.10)

where a is the average nearest distance between two particles and l is the tunnelling distance

coefficient [86].

In conclusion, from the few models discussed here, it can be deduced that both universal

and non-universal behaviour exists in continuum systems. In these systems the critical

transport exponents are related to the parameters of the geometric structure [74], unlike the

lattice network models which only depend on the dimensionality of the system. Continuum

percolation theory mainly focuses on the connectivity of randomly distributed objects while

omitting the more complex behaviour in real continuum systems such as the interparticle

charge transport mechanisms and the interaction between the two phases [79].
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3.2 Effective Media Theories

Effective media theories (EMT) have been applied to a wide range of inhomogeneous systems

to describe the physical properties such as the thermal and electrical conductivity [16] in

composites and metal films [87, 88], fluid flow in porous rocks [69] and magnetic permeabil-

ity in disordered alloys [16]. The Effective medium approximation (EMA) was developed

by Bruggeman (1935) and later reinterpreted by Landauer (1952) [14]. Typically an inho-

mogeneous material (e.g composite) will comprise of different constituent phases which can

vary in their shape, size and relative orientation which contributes to the randomness of the

system. When an external electric field is applied to the material, the properties such as

the conductivity, elastic modulus or dielectric function fluctuate within the space [78, 89].

In order to deal with the randomness in the properties, the effective medium model replaces

the inhomogeneous medium with an effective uniform medium with properties which closely

match those of the inhomogeneous system [69, 90]. Therefore, the effective medium model

uses parameters based on the properties of the constituent phases [90].

The EMA can be described by imagining a composite system consisting of a random mixture

of metallic and insulating particles with conductivities σc and σi and volume fraction ϕ and

1 − ϕ, respectively. The EMA assumes that each particle will be embedded in the uniform

effective medium of conductivity σm [78, 89]. When an external field E0 is applied to the

effective medium, the field inside the homogeneous medium is uniform [69], but the electric

field formed inside each of the constituent particles will in turn cause a deviation in E0 [14].

In order for the average electric field inside the composite to equal E0, the total polarization

of the two types of particles must equal zero [14, 16]. Assuming the constituent particles are

spherical, this will lead to the Bruggeman symmetric effective medium equation [16, 78] for

a two-component composite given by,

(1− ϕ)
σi − σm
σi + 2σm

+ ϕ
σc − σm
σc + 2σm

= 0. (3.11)

The Bruggeman symmetric medium for a two-component composite is illustrated in figure

3.3. In this case the two constituent phases consist of irregularly-shaped grains or particles

which have an infinite size range, that are randomly distributed in such a way that the entire

medium is filled [87, 91]. Each constituent particle will be in contact with other particles of

both phases [92].
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(a) (b) (c)

Fig. 3.3: Visualization of the media showing distributions of two phases with different con-

ductivities: (a) for which the Bruggemans symmetric effective medium, and (b) the Brugge-

mans asymmetric effective medium theories apply. The distribution shown in (c) is used to

describe the GEM (TEPPE) equation [16].

The Bruggeman symmetric medium approximation has two limiting cases [87, 89]. In the

first case, which corresponds to a conductor-insulator system, σi = 0 resulting in,

σm =
3

2
σc (ϕ− ϕc) , for ϕ > ϕc. (3.12)

The second case is for a system comprising of a normal metal and superconductor, where

σc →∞, which leads to,

σm =
1

3
σi (ϕc − ϕ)−1 , for ϕ < ϕc. (3.13)

The Bruggeman EMA predicts a “percolation threshold” of 1/3 indicating a transition from

a insulating to conducting phase [68, 78, 93]. The Bruggeman asymmetric medium is illus-

trated in figure 3.3b. Similarly to Bruggeman symmetric medium, the constituent particles

comprising of the two phases will fill the whole composite medium. The difference from the

symmetric case is that the constituent particles, of infinite size range, are arranged such that

the particles of the one phase will be uniformly surrounded/coated with the other phase

[16, 91]. The volume ratio of the uniform coating to the inner core is the same for every

particle. In this arrangement there is no conductor-insulator transition as only the phase

that coats the particles will be able to percolate [17, 87]. The Bruggeman’s asymmetric
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equation for a two-component composite is given by [14],

(σm − σc)3

σm
= (1− ϕ)3 (σi − σc)3

σi
. (3.14)

The Bruggeman EMT can be extended to other shaped particles e.g ellipsoidal [14, 16].

EMT works well for concentrations far from the percolation threshold [68].

3.3 Two-Exponent Phenomenological Percolation Equa-

tion (TEPPE)

McLachlan (1987a) has proposed a general effective-media (GEM) equation to describe the

conductivity of two-phase media [17, 87]. The GEM equation combines certain aspects from

both the Bruggeman effective medium theories and percolation theory in order to describe

the conductive behaviour for all volume fractions, including the region near ϕc [87, 88]. The

representative medium for which the GEM equation is assumed to be valid is shown in figure

3.3c. In this case the constituent particles are either in contact with the particles of both

phases or are completely coated by one phase. This particular scenario is the intermediate

between the Bruggeman symmetric and asymmetric media [16, 87]. The GEM equation for

a two component system, in terms of the conductivity, is given by,

(1− ϕ)
σ

1/t
i − σ

1/t
m

σ
1/t
i + Aσ

1/t
m

+ ϕ
σ

1/t
c − σ1/t

m

σ
1/t
c + Aσ

1/t
m

= 0, (3.15)

where ϕ is the volume fraction of the conducting phase, σi and σc are the conductivities

of the insulating and conducting phases and t is the critical exponent. The constant A in

equation 3.15 is given by,

A =
1− ϕc
ϕc

, (3.16)

where ϕc is the critical fraction at which the conducting phase forms an infinite cluster

[87]. The critical exponent t is related to both ϕc and the shape, orientation and spatial

distribution of the constituent particles [16, 17]. The equation given in 3.15 is the general

case for an isotropic medium composed of irregularly-shaped particles. The GEM equation
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is not derived from any of the models mentioned, but rather a interpolation formula between

these equations [87, 94]. The parameters can only be obtained through fitting the GEM

equation to experimental data and observing how well it models the system [87].

A limitation to the GEM equation is that it assumes only one critical exponent to describe

the scaling behaviour both above and below ϕc, whereas the percolation equations given in

3.2 and 3.3 have distinct exponents for the two regions. As stated in section 3.1.1, s = t for

the 2-dimensional case, but for 3-dimensions s 6= t. In order for the GEM equation to give

an accurate description of the scaling behaviour of the system, it would need to be fitted

separately for the two regions [88]. A modified form of the GEM equation has been proposed

which introduces a second critical exponent s. This equation, known as the two exponent

phenomenological percolation equation (TEPPE) is given by [88, 95],

(1− ϕ)
σ

1/s
i − σ

1/s
m

σ
1/s
i + Aσ

1/s
m

+ ϕ
σ

1/t
c − σ1/t

m

σ
1/t
c + Aσ

1/t
m

= 0. (3.17)

When the critical exponents s and t are equated to 1 and ϕc = 1/3, equation 3.17 reduces to

the Bruggeman symmetric medium equation (equation 3.11). TEPPE takes on the mathe-

matical form of the Bruggeman asymmetric medium equation (equation 3.14) when σc →∞
and ϕc = 1 [93, 95]. Equation 3.17 reduces to the percolation equations given by 3.18 and

3.19 when σc →∞, σi → 0 and 0 < ϕc < 1 [18, 19, 95]:

σm = σi

(
ϕc

ϕc − ϕ

)s
, for ϕ < ϕc, (3.18)

σm = σc

(
ϕ− ϕc
1− ϕc

)t
, for ϕ > ϕc. (3.19)

The TEPPE is a smooth interpolation between equation 3.18 and 3.19 when both σi and

σc are finite [81]. The values for the critical exponents in 3-dimensions that have been

determined experimentally range between 0.37 < s < 1.28 and 1 < t < 6.27 [19], which vary

from the widely accepted universal values of s = 0.87 and t = 2 [81, 83].
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3.4 Magneto-transport Properties of Metals

3.4.1 Hall Effect and Magnetoresistance in Bulk Metals

The Hall effect belongs to a group of phenomena known as the galvanomagnetic effects [96]. It

was discovered by E.H. Hall in 1879 [97]. The theory of the Hall effect involves describing the

motion of a electric charge with a particular velocity, moving under the combined influences

of the periodic potential due to the ionic lattice and the force of an externally applied

magnetic field [98, 99, 100]. The principle of the Hall effect in metals is shown in figure 3.4.

Bz

y

z

x

jx

Ex

Ey

Fig. 3.4: Diagram illustrating the Hall Effect.

The underlying idea of the Hall effect experiment is to measure the steady-state deflection of

a current passing through a material when a uniform magnetic field is applied perpendicular

to the current flow [101]. Consider the isotropic metal slab shown in figure 3.4 across which an

electric field Ex is applied resulting in a electric current density jx to flow along the specimen

in the x-direction. The current density is given by equation 3.20, where n is the concentration

of electrons, m is the mass of the electron, e is the electric charge (−1.6×10−19C) carried by

a single electron and vx is the electrons drift velocity [44, 102]. The parameter τ known as

the relaxation time, is the average time for which an electron can travel before it is scattered
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through interactions with phonons and/or impurities [42, 103].

jx = nevx =
ne2τEx
m

(3.20)

When a magnetic field Bz is placed perpendicular to the direction of the current flow, the

conduction electrons will experience a Lorentz force FB given by [44, 102],

FB = −evxBz. (3.21)

A moving electron that experiences the Lorentz force will follow a path along the Fermi

surface defined by the intersection of a plane perpendicular to Bz [43, 98]. The electron

will complete a circular orbit provided that no scattering occurs through the interaction

with ion cores and other conduction electrons [44, 98]. Therefore the electrons are deflected

towards the y-direction along their constant energy orbits, with no net displacement in the

x-direction [43, 98]. The frequency of the electrons motion around its orbit is known as the

cyclotron frequency ωc which is given by [99, 100],

ωc =
eBz

mc
, (3.22)

where c is the speed of light. Initially, the electrons are deflected in the negative y-direction

resulting in a build-up of charge on one side of the sample while at the same time a positive ion

surplus is formed on the opposite side [37, 42]. As the positive and negative charges continues

to build up on opposite sides of the sample, a transverse electric field Ey is produced across

the sample such that it is perpendicular to the direction of jx and Bz. This is known as the

Hall field and is given by [42, 103],

Ey = −ωcτEx = −eBzτ

m
Ex. (3.23)

Charge will continue to accumulate on opposite sides of the sample until the force due to Ey

is large enough to counteract the Lorentz force on each conduction electron [43, 44],

eEy = −evxBz. (3.24)
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At this point the steady-state is established and any further drift of the electrons in the

y-direction is prevented. Therefore the current will again flow in the x-direction without

interference from Bz and Ey [44, 98, 103]. By combinding equations 3.20 and 3.24 a relation

for vx in terms of jx and n is given by,

Ey = − 1

ne
Bzjx. (3.25)

The Hall coefficient given by equation 3.26, is a material parameter that characterises the

efficiency of generating an electric field that is perpendicular to both the magnetic field and

electric current [101, 104].

RH = − 1

ne
(3.26)

The Hall effect in metals is fairly small compared to semiconductors. This is attributed to

metals having a larger carrier density that shows minimal change with temperature, and

therefore a small value for vx. As a result the value of RH is small [43, 105]. The voltage

that is produced by the Hall effect is small and therefore larger magnetic fields are required

in order to observe a noticeable signal [106, 107]. The electrical conductivity σ is given by,

σ = neµ, (3.27)

where µ is the conductivity mobility which is defined as the electron drift velocity per

unit field [102, 106]. This expression is valid provided that Ohm’s law is obeyed and σ

is independent of the applied electric field [102]. Substituting equation 3.27 into 3.26 one

obtains an expression for the Hall mobility µH given by,

µH = |RH |σ. (3.28)

In addition to the Hall effect, there are a number of other electrical transport properties that

are affected when a uniform magnetic field is applied to a current carrying conductor. One

such effect is the change in resistivity ρ which can no longer be represented by a scalar quan-

tity but instead by a tensor (equation 3.29) where the individual components are functions
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of the applied magnetic field [44, 98].

ρ =


ρxx ρxy ρxz

ρyx ρyy ρyz

ρzx ρzy ρzz

 (3.29)

The Hall effect in a metal system is associated with ρyx(B), also known as the Hall resistivity,

which is given by [99, 108],

ρyx =
Ey
jx

= BzRH . (3.30)

The changes in ρ in the x-, y- and z-directions are known as the magnetoresistance [101, 106].

There are two types of magnetoresistance that can be measured. When the magnetic field is

aligned with the z-direction, as shown in figure 3.4, the resistivity ρii of the current flowing

along the x- and y-directions will change. This is known as the transverse magnetoresistance

and is given by,

∆ρ

ρ(0)
=
ρxx(B)− ρxx(0)

ρxx(0)
, (3.31)

and

∆ρ

ρ(0)
=
ρyy(B)− ρyy(0)

ρyy(0)
, (3.32)

where ρii(0) and ρii(B) is the electrical resistivity when B = 0 and B 6= 0, respectively

[44, 98]. In the transient state the resistivity of the sample will change due to the Lorentz

force and the transverse electrostatic eEy force acting on the charge carriers [109]. Once

the system reaches a steady-state it will resume normal current flow along the x-direction

with no further influences from these forces. Therefore in an ideal metal the transverse

magnetoresistance is zero [103, 109]. If the magnetic field is aligned parallel to the current

flow, then the change in resistivity along the x-direction can be measured. This is known as

the longitudinal magnetoresistance and is given by [44, 98],

∆ρ

ρ(0)
=
ρzz(B)− ρzz(0)

ρzz(0)
. (3.33)
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In this case the resistivity does not change along the x-direction due to there being no Lorentz

force acting on the longitudinal current [103, 109].

3.4.2 Low- and High-Field Galvanomagnetic Properties of Metals

The theory given in section 3.4.1 is based on the free-electron model where it assumes a single

carrier type with each electric charge having a constant τ and effective mass m∗ [42, 109]. In

addition to this the Fermi surface was assumed to have a isotropic spherical shape [109] that

allowed only closed electron orbits [14]. This approximation is suitable for simpler metals

such as the alkali [110], but not in other metals where there is greater complexity in their

zone structure and in the geometry of their Fermi surface [37]. As stated in the previous

section, in an ideal metal there is no ∆ρ/ρ(0) and RH is a constant which depends on the

carrier concentration [44, 103]. The occurrence of ∆ρ/ρ(0) in more complex metals is due

to the distribution of τ and m∗ values in the electron gas which leads to a range of carrier

drift velocities [103, 109]. As a result the transverse forces acting on the charge carriers will

be disproportionate [103, 106]. Therefore the current flowing in the x-direction is reduced

and the resistance increases [109]. RH has shown to have a slight temperature dependence

in dilute metal alloys, and the concentration and type of impurity will further affect its

behaviour [98, 111, 112].

The galvanomagnetic properties have been experimentally shown to deviate from the ideal

behaviour. These properties are sensitive to the sample crystallinity, structure of the Fermi

surface, field strength and whether the metal is compensated (equal concentrations of holes

and electrons) or not [44, 98, 100]. Under certain conditions the galvanomagnetic properties

can provide insight into the electronic structure of the metal [44, 100], as well as the dominant

processes (i.e scattering) that influence the electrons motion [106]. The galvanomagnetic

measurements fall into one of five categories of which three are classical and two are quantal

effects [41, 106]. For the purpose of this study only the classical limits are considered. The

different regions are defined in terms of ωcτ .

In the low-field condition, ωcτ << 1, the electron can only transverse a minute fraction of

the total cyclotron orbit during its lifetime between collisions [98, 103]. In this condition the

scattering processes will dominate the electrons motion compared to the Lorentz force which

is a inconsequential perturbation. Therefore the topological features of the electrons orbit

are not displayed. The galvanomagnetic properties are dependent on the electrons velocity v,
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effective massm∗ and anisotropic relaxation time τ over the Fermi surface [98, 99, 106]. In the

classical high-field region, ωcτ >> 1, the scattering processes are a negligible perturbation

compared to the effect of the Lorentz force on the electrons motion [99, 100, 106]. In this

region the electrons lifetime between collision events is longer compared to the time needed

to complete a cyclotron orbit [98, 106]. Therefore the electron is able to complete a number of

orbits before it is scattered [103]. The galvanomagnetic properties in this region will depend

on the geometric features of the Fermi surface [99, 106]. The low-field condition is usually

obtained for measurements performed at high temperatures and/or on samples with a large

amount of impurities and imperfections [98]. In order to attain the high-field condition,

measurements need to be performed at high magnetic fields, very low temperatures in order

to minimize the thermal scattering of carriers, and on highly pure samples [99, 100]. Since

it is difficult to attain high-field measurements, most experiments at low to intermediate

temperatures are carried out in the intermediate-field region where ωcτ ∼ 1 [98, 106]. In

this region the galvanomagnetic properties can be explained by a mixture of both low- and

high-field effects [41, 106].

The behaviour of ρyx, RH and ∆ρ/ρ(0) as a function of B-field strength for a polycrystalline

metal at a constant temperature is shown in figures 3.5a, 3.5b and 3.5c, respectively. Based

on equation 3.30, the value of RH can be determined from the gradient of the ρyx vs. B

graph. In the low-field condition, ∆ρ/ρ(0) ∝ B2 while at the same time ρyx ∝ B which

results in RH remaining constant in this regime [44, 99]. This condition holds for both single

and polycrystalline materials [113]. As the system transitions into the intermediate field

condition, ρyx is no longer proportional to the applied field, and as such RH will increase

with increasing B-field. The behaviour of ∆ρ/ρ(0) and RH in the high-field region in single

crystalline materials is dependent on the type of orbit (open or closed) and whether or not

the metal is compensated. In the case of polycrystalline metals, ∆ρ/ρ(0) ∝ B while ρyx

resumes the linear dependence with increasing B-field resulting in RH remaining constant

at high magnetic field strengths [99, 113].
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(a) (b)

(c)

Fig. 3.5: A representation of the dependence of (a) ρyx, (b) RH and (c) ∆ρ/ρ(0) on the ap-

plied magnetic field in a polycrystalline metal when the system approaches the low-field/high-

field transition. [113].



4. Experimental Procedure

4.1 Sample Preparation

4.1.1 Materials

The silver (Ag) nanopowder was purchased from Sigma-Aldrich, Steinheim, Germany. The

Ag nanoparticles (NPs) had an average particle size ≤ 100 nm as specified by the supplier,

and were organically coated with polyvinylpyrrolidone (PVP) which acted as a dispersing

agent. The palladium (Pd) nanopowder was supplied by MKNANO, Mississauga, Canada.

According to the supplier, the average cluster size of the Pd NPs was 400 nm. The metal

NP inks were prepared using ETHOCELTM ethyl cellulose polymer (The Dow Chemical

Company) as a binder and Butyl CELLOSOLVETM acetate (Dow) as the organic vehicle.

ETHOCEL Std.45 polymer was used which contains an ethoxyl content of 48.0 − 49.5%

and a viscosity range of 41 − 49 mPa·s. The ethyl cellulose polymer has a structure of

repeating anhydroglucose units, with each unit having three reactive hydroxyl sites. Apart

from acting as a binder, ethyl cellulose helps to stabilize the metal NP network and also

acts as a rheological modifier [114]. Butyl CELLOSOLVETM acetate or ethylene glycol n-

butyl ether acetate, was used as the solvent due to its slow evaporation rate and low surface

tension which helps to improve the adhesion and wetting of the ink to the substrate [115]. In

addition to this, a series of acrylic-based inks were prepared in order to compare the screen

printing compatibility between solvent- and water-based inks [1]. The water-based inks were

prepared using an acrylic emulsion as a binder and reagent grade propan-1, 2-diol (propylene

glycol) as a thinner.

4.1.2 Preparation of Nanoparticle Inks

The inks were prepared by dissolving 7wt% of ETHOCELTM ethyl cellulose polymer in

93wt% of the Butyl CELLOSOLVETM acetate. The binder solution had a “jelly-like” con-

sistency. The metal nanopowder was added in small increments until all the powder was

mixed into the binder solution. In order to investigate the effect of the ink composition

on the electrical properties of the printed layers, the metal NPs were mixed with the binder

solution in different weight ratios. The metal NP content used in preparing the different inks

30
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in ETHOCELTM are shown in table 4.1. Upon visual inspection the inks appeared to display

viscoelastic behaviour. In order to evaluate the printability of the ink, the contact angle was

measured for the different compositions. The contact angles of the inks were measured using

the static sessile drop method [116, 117]. A drop of ink was deposited onto a glass slide and a

digital image taken of the drop profile using a webcam connected to a computer. The image

analysis program, ImageJ, was used to measure the angle between the solid/liquid interface

and the liquid/air interface. It was observed that the contact angle was between 25 − 30◦

and that it decreased with decreasing metal particle concentration. Solvent was added to

the mixture in order to improve the consistency of the inks and to maintain similar contact

angles.

Table 4.1: The particle concentrations used in preparing the metal NP inks.

Material Binder Particle Concentration (wt%)

Silver Ethyl cellulose 35, 40, 42.5, 45, 50, 55, 60, 70

Acrylic 40, 50, 55, 60, 70

Palladium Ethyl cellulose 25, 28, 30, 35, 40, 50, 60, 70

Acrylic 70

The acrylic inks were prepared in a similar manner as above with the metal nanopowder

being added in small additions into the acrylic binder. Propylene glycol was added in order

to improve the consistency of the ink for printing. The water-based inks comprised of a

series of Ag inks and a Pd ink with particle concentrations shown in table 4.1. The contact

angle of the inks were measured using the same method as above. The value was found to

be between 22.5− 44◦ for the Ag inks and 36.25◦ for the Pd ink.

4.1.3 Screen Printing

The metallic inks were printed using an ATMA AT-60PD semi-automatic flatbed screen

printer shown in figure 4.1a [118]. Screens made from SEFAR monofilament polyester fibre

with a mesh count of 150 lines/cm and thread diameter of 31µm (supplied by Register

Screens (Pty) Ltd), were used for printing. During the production process of the screen,

woven polyester mesh is stretched and glued to an aluminium frame while being held under

tension [119]. A photopolymeric emulsion that is sensitive to ultra violet (UV) light is applied

to both sides of the screen. A transparency with the intended design (film positive) is placed

onto the screen which is then exposed to a UV light source. The areas that are exposed to
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light become hardened whereas the unexposed areas with the stencil design are impervious

to light and remains soft. The unexposed areas are washed off leaving them open to ink flow

[119, 120]. These areas are indicated by the yellow features on the screen mounted in the

screen printing equipment as shown in figure 4.1a.

(a)

(b)

Fig. 4.1: (a) Photograph of the ATMA AT-60PD semi-automatic flatbed screen printer with

mounted screen. (b) Schematic of the screen printing process [121].

As illustrated in figure 4.1b, during a print cycle, the ink is placed onto the screen in front

of the squeegee. The squeegee is pressed downward onto the screen with a particular force
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causing the screen to deform thereby bringing it into contact with the substrate [121, 122].

The ink is forced to flow through the open areas onto the substrate as the squeegee is drawn

horizontally across the screen [2, 121]. The ink will adhere to the substrate as soon as contact

is made. Immediately after the squeegee has moved over the region the screen mesh will lift

away from the substrate leaving behind the ink pattern [123]. After one printing stroke

the floodbar pushes the remaining ink in the opposite direction to that of the squeegee’s

movement, but with less pressure, so that the ink is at the initial position. A polyurethane

squeegee with a hardness of 70 Shore A was used for printing. The double stroke print mode

was used in order to ensure a uniform layer with good coverage. The printed samples were

1×1 cm2 in area with a layer thickness of approximately 10−15µm which was observed from

microscopy. For all samples, plain white 80 gsm paper, with no pre-treatment, was used as

the substrate. On average, each ink produces 15 − 20 prints with 8 devices per print that

was available for characterization. The prints were allowed to dry under ambient conditions

for a minimum of 48 hours before any tests were performed.

4.2 Structural Characterisation of the Metal Nanopar-

ticles

The shape, size and crystallinity of the metal nanopowders were observed using Transmission

Electron Microscopy (TEM) in the bright field mode. A spatula tip of the metal powder was

placed into a microtube 2/3 filled with ethanol. The NPs were dispersed in the solution by

placing the microtube into a sonicating waterbath at room temperature for approximately

15 minutes. An aliquote of the solution was taken using a micropipette and placed onto a

carbon coated copper grid. The grids were allowed to dry for 20 minutes before inserting into

the TEM. The metal NPs were observed using a JEOL JEM-2100 TEM with a Lanthanum

Hexaboride (LaB6) cathode filament and an acceleration voltage of 200 kV.

4.3 Structural Characterisation of the Printed Layers

The surface and nanoparticle microstructure of the printed layers was imaged using Scanning

Electron Microscopy (SEM). The samples were cut into 1× 1 cm2 squares and placed onto a

stub coated with carbon adhesive tape. These samples were imaged using the FEI HELIOS
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NanoLab 650 and the FEI Nova NanoSEM 230 operating in the secondary and backscattered

electron imaging modes. Cross sections of the printed layers were prepared using Argon

(Ar) ion beam polishing and focused ion beam (FIB) milling. These techniques involve

the removal of material from the sample surface in order to view the microstructural cross

section. The basic operation principle involves bombarding the target area of a specimen

with accelerated ions resulting in the surface atoms being ejected. This process is known as

sputtering. When an ion impacts on a surface it will penetrate the solid provided that it

has sufficient energy to overcome the repulsive energy barrier formed by the surface atoms

[124]. As the ion penetrates the solid it is deflected and will lose kinetic energy along the

way through elastic and inelastic interactions with the atoms of the solid [125]. Elastic

collisions result in the transfer of kinetic energy of the ion to the target atoms which can

result in the displacement of the atoms from their equilibrium positions [126]. This can

in turn cause further displacement resulting in a cascading effect which eventually leads to

sputtering of the atoms near the surface [124, 125]. The ion will continue to undergo a series

of collisions and deflections until its kinetic energy is insufficient to overcome the internal

energy barriers at which point the ion will come to a rest [124]. Inelastic collisions produce

secondary electrons, ionization and electromagnetic radiation [126]. Ar+ ion beam polishing

is advantageous in that large cross sections can be obtained with minimal distortion of the

polished surface. The disadvantage of using this technique is that it requires a longer time

to prepare a sample compared to the FIB, and preferential thinning will occur in composite

materials whose individual components have different hardnesses [127]. FIB milling is a fast

and reliable technique that can produce samples within 2 − 4 hours, and allows for precise

cutting of the target area. The disadvantages of this technique is due to ion implantation,

damage caused by the Ga+ ion beam, and the limited size of the cross sections [128].

4.3.1 Argon Ion Beam Polishing

The cross sections of the printed metal layers were prepared for SEM observation, with a

JEOL SM-09020CP cross section polisher. Samples were cut into 0.5 × 0.5 cm2 squares

and placed between two glass slides with epoxy resin. The resin was cured at 141◦C for

approximately 5 minutes. The samples were cut to size using a diamond cutter in order to

fit into the 11(W) × 10(L) × 2(T) mm3 sample holder. The sample was mounted into the

polisher with a shielding plate positioned directly above the sample surface in such a way

that the target area was left exposed. The chamber was evacuated and a broad Ar+ ion
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beam with a diameter of 500 µm was used to irradiate from above the shielding plate onto

the unmasked area of the sample. The shielding plate protects a portion of the sample from

the abrasive Ar+ ion beam while leaving the unmasked region to be milled [129, 130]. This

resulted in producing a polished cross section that was parallel to the flat cross section of

the shielding plate [131]. Figure 4.2 shows an illustration of the principle of the cross section

polisher. The Ar+ ion beam had an accelerating voltage of between 2− 6 kV and a milling

speed of 100 µm/h. The sample holder was swung at ±30◦ around a axis perpendicular to

sample cross section in order to ensure uniform milling [132] and prevent beam striations

due to variation in the hardness of the composite materials [127]. The samples were then

placed onto a stub and coated with a 10−15 nm layer of carbon. The samples were observed

with a JEOL JSM-7100F Analytical Field Emission SEM.

Fig. 4.2: Illustration showing the principle of cross section polisher [132]

4.3.2 Focused Ion Beam Milling

Cross sections for TEM imaging were prepared using FIB milling. SEM imaging and cross

section preparation were carried out on a FEI Helios NanoLab 650 DualBeamTM FIB/SEM

system. The instrument is equipped with a Tomahawk ion column which uses a gallium (Ga)

liquid metal ion source and a ElstarTM field emission SEM (FESEM). The FIB ion column

has a similar arrangement and operation to that of the SEM in that a focused beam of

charged particles is rastered over the specimen in order to generate signals for imaging. The
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difference is that the FIB uses a Ga+ ion beam instead of an electron beam [133, 134]. The

Ga liquid metal ion source (LMIS) consists of a Ga reservoir connected to a tungsten needle

[125]. During operation, the Ga will flow from the reservoir towards the tip of the tungsten

needle which sits above the extractor [126, 135]. A strong electric field is applied to the needle

tip which ionizes the Ga [135] resulting in the formation of a liquid Ga cone [136]. Ga+ ions

are emitted from the liquid Ga cone and accelerated down the FIB column towards the

sample. The extracted Ga+ ions are replenished by the continuous flow of liquid Ga towards

the tip, thus ensuring a constant ion current [125]. The FIB Ga+ ion beam operates at a

voltage between 500V − 30kV, with beam currents varying between 0.1pA − 65nA. The

FIB is equipped with a gas injection system (GIS) which allows for the deposition of metals

(W, Al, Pt and carbon) and insulators onto the sample surface via FIB assisted chemical

vapour deposition (FIB-CVD). The precursor gas containing the element intended to be

deposited, is injected from a nozzle onto the target area of the sample where it is absorbed

on the surface [128]. The Ga+ ion beam is rastered over the deposited layer which causes

the gas to decompose [134]. The volatile by-product is desorbed from surface and removed

through the vacuum system while the desired product remains on the surface forming a

thin film [136]. When the ion beam rasters over the sample surface a number of secondary

particles (electrons, neutral atoms and ions) are emitted [126]. Secondary electrons are used

for imaging during the milling procedure.
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(a) (b)

(c) (d)

Fig. 4.3: Series of SE and BSE images showing the steps during the lamella preparation. (a)

Trenches milled on either side of the protective carbon layer, (b) Omniprobe tip welded to

the lamella, (c) lamella mounted onto the TEM half grid, and (d) milling of lamella.

The printed layers were cut into 1 × 1 cm2 squares and placed onto a FIB sample holder

with carbon tape. The TEM samples were prepared using the in situ lift-out technique

[125]. This technique involves removing a thin slice (lamella) from the bulk sample via a

nanomanipulator and transferring it to a TEM half grid. This is followed with additional

milling and thinning in order to achieve an electron transparent lamella required for TEM

analysis [125, 137]. Figure 4.3 shows the steps taken to prepare the thin lamella. Prior to

the start of milling a strip of carbon with a layer thickness of 2 µm and area of 1×1 cm2, was

deposited onto the target area in order to protect the top surface from damage and spurious

sputtering during milling [134]. Trenches were milled on either side of the carbon strip using

a high Ga+ ion beam current (figure 4.3a). One side of the lamella was cut free from the
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trench walls with the ion beam. During the “lift-out” stage, the Omniprobe tip was welded to

the detached edge of the lamella by depositing carbon along the contact region (figure 4.3b).

The sample was tilted at a 45◦ angle relative to the ion beam and the base and remaining

side of the lamella was cut free. The lamella was then lifted out with the Omniprobe and

mounted onto a TEM half grid by depositing carbon between the sample and surface of the

grid (figure 4.3c). The bridge between the Omniprobe tip and lamella was cut off using the

ion beam. The lamella was then milled, alternating sides after each milling step (figure 4.3d).

Milling was continued until the sample thickness was approximately 100 nm. The printed

layers showed a high degree of porosity which was as a result of the solvent (27.9−69.75wt%

of the ink) evaporating and leaving behind voids between the NP network. The porosity was

further compounded during the milling and polishing steps due to preferential etching in the

regions where the voids are present. In order to reduce this the sides of the lamella were

coated with carbon before each milling step in order to fill the voids within the layer and

maintain the structural integrity of the NP microstructure. A weaker beam with a voltage

of 5 kV and current of 1.6 nA, was used in the final polishing steps in order to minimize

damage and deformation of the sample. High resolution TEM imaging was performed on a

JEOL JEM-ARM 200F operating in the bright field mode at 200 kV. Electron diffraction

analysis were performed on selected areas of the TEM samples.

4.4 Electrical Characterisation

The electrical transport properties of the printed layers were characterised using impedance

spectroscopy and Hall Effect measurements. Information about the conductivity, mobility,

carrier concentration and carrier type can be determined directly from Hall effect measure-

ments. Impedance spectroscopy is useful in separating out electrical responses (interfacial

capacitance, charge transfer resistance) from various nanostructural features (grain bound-

aries, interfaces between particles) found in the system [54].

4.4.1 Hall Effect Measurements

The magneto-transport properties of the printed metal layers were measured using the

LakeShore 75013 SCSM Hall Effect Measurement System (HMS). A schematic of the ex-

perimental set-up is shown in Figure 4.4 [138]. The main components of the system are the
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sample module (Lake Shore 75013 SCSM), electromagnet, computer and instrumentation

console which included the magnet power supply (Lake Shore 642). The electromagnet that

was used has a 4 inch-pole diameter with a maximum magnetic flux density of 1.04 Tesla. A

precision current source (Keithley 6220) which is capable of supplying a constant dc current

from between 0.1 fA to 105 mA was used. Current and voltage measurements were per-

formed with a picoammeter (Keithley 6485) and nanovoltmeter (Keithley 2182A). A digital

signal processing (DSP) gaussmeter (475, Lake Shore) was used to measure the magnetic

field. The HMS has fully integrated software that controls the operation of the individual

instruments as well as the magnetic flux density during data acquisition. The system is

capable of measuring resistance, Hall voltage, magnetoresistance and current-voltage curves

[138].

(a) (b)

Fig. 4.4: Illustration of the LakeShore 75013 SCSM Hall Effect measurement system. (a)

Computer and instrument console and (b) electromagnet and sample card module [138]

The resistivity and Hall effect measurements were performed in the van der Pauw geometry.

This technique can be used on any arbitrarily shaped sample provided that it is a homoge-

nous, isotropic material that is flat and of uniform thickness [104, 139]. The dimensions of

the probes need to be sufficiently small compared to the peripheral length of the sample.
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The four probes can be placed randomly along the sample, however, they do need to be

placed as near to the edge as possible [139]. Figure 4.5 shows the configuration for measur-

ing the resistivity and Hall voltage in the van der Pauw geometry. In both cases current is

forced through the sample, either with or without a magnetic field applied perpendicularly

to the sample, and the corresponding voltage is measured. For resistivity measurements the

current is forced through adjacent terminals (eg, 1 and 2) and the voltage measured across

the opposite adjacent terminals (eq. 3 and 4). Hall effect measurements are performed by

forcing current through the two diagonally opposite terminals (eg. 1 and 3) and the voltage

measured on the other opposite terminals (eg. 2 and 4). Both the polarity of the field and

current were reversed in order to improve the accuracy of the results and to eliminate large

offset voltages caused by variation in the sample temperature and non-symmetric placement

of the contacts [140, 141].

(a) (b)

Fig. 4.5: Measurement configuration for the (a) resistivity and (b) Hall voltage in the van

der Pauw geometry.

The Hall software [138] first calculates two resistivities, ρA and ρB, given by equations 4.1

and 4.2 respectively:

ρA =
πfAt

ln(2)

{
V +

12,43 − V −
12,43 + V +

23,14 − V −
23,14

I+
12 − I−12 + I+

23 − I−23

}
, (4.1)

and

ρA =
πfBt

ln(2)

{
V +

34,21 − V −
34,21 + V +

41,23 − V −
41,23

I+
34 − I−34 + I+

41 − I−41

}
. (4.2)

V +
ijkl is the voltage measured across terminals k and l, with k being positive, while a positive
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current flows into terminals i and j. The resistance R+
ijkl is given by Vkl/Iij which is the

voltage measured across terminals k and l, while a positive current flows into i and out of j.

The units for voltage are in volts, current in amperes and the thickness t in meters. fA and

fB are geometrical factors that are a function of the resistance ratios QA and QB given by

equations 4.3 and 4.4 respectively:

QA =

(
R+

12,43 −R−
12,43

R+
23,14 −R−

23,14

)
=

(
V +

12,43 − V −
12,43

I+
12 − I−12

)(
I+

23 − I−23

V +
23,14 − V −

23,14

)
, (4.3)

and

QB =

(
R+

34,21 −R−
34,21

R+
41,23 −R−

41,23

)
=

(
V +

34,21 − V −
34,21

I+
34 − I−34

)(
I+

41 − I−41

V +
41,23 − V −

41,23

)
. (4.4)

If the values of QA or QB are greater than 1, then the reciprocal is taken instead. The

relationship between f and Q is given by,

Q− 1

Q+ 1
=

f

ln(2)
cosh−1

{
1

2
exp

[
ln(2)

f

]}
. (4.5)

If the values for ρA and ρB are not within ± 10% then the sample may be too inhomogeneous

to be analysed using this method. If there is agreement then the average resistivity is given

by,

ρav =
ρA + ρB

2
. (4.6)

The resistivity at different field strengths was measured and calculated using the above

method in order to obtain the average magnetoresistivity ρav(B) at each field point. The

Hall coefficient was determined in a similar way to the zero-field resistivity in that two initial

values, RHC and RHD, were calculated using equations 4.7 and 4.8 respectively:

RHC =
t

B

V +
31,42(+B)− V −

31,42(+B) + V −
31,42(−B)− V +

31,42(−B)

I+
31(+B)− I−31(+B) + I−31(−B)− I+

31(−B)
, (4.7)

and

RHD =
t

B

V +
42,13(+B)− V −

42,13(+B) + V −
42,13(−B)− V +

42,13(−B)

I+
42(+B)− I−42(+B) + I−42(−B)− I+

42(−B)
. (4.8)

If the values of RHC and RHD agree within ± 10% then the average Hall coefficient is given
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by,

RHav =
RHC +RHD

2
. (4.9)

The Hall mobility was calculated using equation 4.10, where ρav is the either the zero-field

resistivity or the magnetoresistivity, depending on the type of measurement,

µH =
|RHav|
ρav

. (4.10)

A sample of 1 × 1 cm2 in size was placed in the centre of the sample card and electrical

contact was made with tungsten needle probes placed at the four corners (figure 4.6). The

sample card has 20 gold plated fingers which align with the card edge connector found

at the bottom end of the sample module. The sample card was inserted into the card edge

connector and a dark cover placed over it. This was performed in order to ensure that no light

induced effects would occur during the measurement. The sample module was positioned

such that the sample card lies between the poles of the 1 T magnet. The distance between

the magnet poles was kept at 4 cm throughout the experiments. The quality of each of the

four contacts was assessed by measuring the I-V curves at zero magnetic field between two

pairs of contacts (R13, 13 and R24, 24). At least two pairs of contacts need to show ohmic

behaviour in order for the sample to be acceptable for Hall effect measurements. Variable

magnetic-field Hall measurements were performed at an average ambient temperature of

18◦C. The sheet resistivity (ρs) was determined for the zero field point. In order for the

measured values of ρs to be valid, the ASTM compliance check for the van der Pauw sample

was performed. Therefore the sample should have a thickness that is less than 1 mm and a

length that is greater than 15 times its thickness [138].
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Fig. 4.6: Photograph of the sample card used for the Hall Effect measurements.

4.4.2 Impedance Spectroscopy

The measurement of the impedance (Z) of the printed layers and it’s phase angle (θ) were

carried out using a Hewlett-Packard Model 4192A Low Frequency (LF) Impedance Analyser

(Agilent Technologies, USA) shown in figure 4.7a. The experimental set-up comprised of

the impedance analyser connected to a personnel computer equipped with data acquisition

software developed in LabVIEW, and an interface cable. The samples were cut into 1×1 cm2

squares and placed onto a sample holder shown in figure 4.7b, which was specially designed

and constructed for this work. The probes were attached to the clamps found on the test

fixture. Data was collected across a frequency range of 5 Hz − 13 MHz with a frequency

step size of 1500 Hz. The measurement range of |Z| and θ is 0.0001 Ω to 1.2999 MΩ and

-180◦ to +180◦ respectively. Both |Z| and θ have a basic accuracy of 0.1% [142]. Due to the

limitations of the machine, samples with impedances greater than 1.3 MΩ were unable to

be measured. Therefore, impedance measurements were restricted to particle loadings that

were above or in the region of the percolation threshold. All impedance measurements were

performed under ambient conditions.
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(a) (b)

Fig. 4.7: (a)Hewlett-Packard (Model 4192) LF Impedance analyser. (b) Sample holder.



5. Results and Analysis

5.1 Morphological Characterisation

5.1.1 Morphology of the Metal Nanoparticles

Low-magnification TEM micrographs of the silver (Ag) (figure 5.1a) and palladium (Pd)

NPs (figure 5.2a) show both metals to be polydispersed with average particle sizes varying

between 20−50 nm for the Ag NPs and 50−100 nm for the Pd NPs. The shape of the Ag NPs

tends to be more spherical or slightly elongated, whereas the Pd NPs are faceted. HRTEM

images shown in figure 5.1b and 5.2b show a series of fine parallel lines known as lattice fringes

which extend to the edge of the particles. The lattice fringes are a result of the incident

electron beam being diffracted by rows of atoms that repeat periodically, but are differently

orientated over various regions in the sample [143, 144]. The presence of the lattice fringes

indicates crystallinity in both metals. The spacing between the fringes can be measured

provided that the image is of a high enough resolution [145]. Alternatively, the diffraction

pattern can be analysed which provides information about the crystal structure and lattice

constants [144]. As stated in section 4.3.2, one requirement for HRTEM measurements is

that the area being analysed needs to be electron transparent. Electron diffraction analysis

was performed using the HRTEM and will be discussed in the following section.

(a) (b)

Fig. 5.1: (a) TEM micrograph of the Ag NPs. (b) HRTEM micrograph of the Ag NPs

showing lattice fringes.

45
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(a) (b)

Fig. 5.2: (a) TEM micrograph of the Pd NPs. (b) HRTEM micrograph of the Pd NPs

showing lattice fringes.

5.1.2 Morphology of the Printed Layers

Figure 5.3a and 5.3b shows the top surface SEM micrographs of the printed layers containing

70wt% Ag and 70wt% Pd, respectively, in the acrylic binder. The Ag acrylic ink displayed

good printability producing a homogeneous layer consisting of NP clusters of varying size that

are densely packed together. The layer resembles a “cauliflower” structure. In comparison,

the Pd ink with the same particle concentration and the same binder produced a layer which

sparsely covered the substrate with small NP clusters. The paper fibres indicated by the

white arrows in figure 5.3b, can be seen to protrude through the nanoparticulate layer. This

indicates that only a small amount of the NPs were deposited during the printing process.

The poor printability of the Pd ink can be attributed to the phase separation of the NPs

from the liquid vehicle that was observed during the preparation of the ink. In the printing

process, when the ink was placed onto the screen, the solvent would appear on the rim of the

ink. As a result it can be assumed that the part of the ink with a higher amount of Pd NPs

would dry faster than that containing more solvent, causing the NPs to coalesce. Therefore

after one printing stroke of the squeegee, there is only a thin layer of Pd NPs which remains

at the open stencil area.
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(a)

(b)

Fig. 5.3: Secondary electron (SE) images showing the surface of the printed (a) Ag and

(b) Pd layers in acrylic binder, containing a particle loading of 70 wt%. The arrows in (b)

indicate the paper fibres.
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Figure 5.4 and 5.5 shows the top surface SEM micrographs of the printed Pd and Ag layers

using ETHOCELTM as binder, at two different particle weight fractions. At a particle loading

of 35wt% Ag (figure 5.4a), the particles agglomerate to form dense isolated clusters that are

dispersed over the substrate. At this low particle loading the Ag clusters vary in size. In

contrast it can clearly be seen that the aggregation of the Pd NPs is structurally different

to that of the Ag NPs in that they form “chain-like” structures. This is observed at a

particle loading of 25wt% Pd (figure 5.5a), where the Pd NPs aggregate to form chains

of particles that extend over the paper fibres. In both cases at low particle loadings, the

printed layers show poor coverage with paper fibres indicated by the arrows in 5.4a and 5.5a,

seen to protrude through the layer. As the particle loading of Ag is increased to 70wt%,

neighbouring smaller clusters are incorporated into larger ones forming an almost uniform

layer (figure 5.4b). In the case of the Pd layer at a particle loading of 70wt%, the chains

coalesce to form a more compact structure (figure 5.5b) which has a high degree of porosity.
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(a)

(b)

Fig. 5.4: Backscattered electron (BSE) and SE images showing the printed Ag layers for (a)

35 wt% and (b) 70 wt% particle loading in ETHOCELTM. Paper fibres are indicated by

arrows.
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(a)

(b)

Fig. 5.5: BSE and SE images showing the printed Pd layers for (a) 25 wt% and (b) 70 wt%

particle loading in ETHOCELTM. Paper fibres are indicated by arrows.

Figure 5.6 and 5.7 shows the SEM micrographs of cross-sections of the printed Ag and Pd

layers (in ETHOCELTM) prepared using Ar ion beam polishing. The cross-sectional view of

the 70 wt% Ag layer shows large irregular shaped structures with smaller aggregates dispersed
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in between (figure 5.6a). At a higher magnification (figure 5.6b) the larger structures are

observed to be agglomerates of smaller aggregates. The aggregates of the larger structures

appear to be isolated, but at this magnification finer structures cannot easily be resolved.

The cross sectional view of the Pd layer (figure 5.7a) shows that the porosity and chain-like

aggregation of particles, which is also visible on the surface micrographs of the sample, are

reflected throughout the layer. At a higher magnification (figure 5.7b), it is observed that

the size of the voids in the Pd layer are greater than 1µm compared to that of the Ag layer,

which is more densely packed and where the voids are much smaller. Even at high particle

loadings the Pd layer does not form a compact structure and connections are made through

chains of particles forming loops, instead of dense agglomerates.
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(a)

(b)

Fig. 5.6: (a) BSE image of the Argon ion beam polished cross sections of the printed 70wt%

Ag layer. (b) Higher magnification image of the region indicated by the square in (a).
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(a)

(b)

Fig. 5.7: (a) SE images of the Argon ion beam polished cross sections of the printed 70wt%

Pd layer. (b) Higher magnification image of the region indicated by the square in (a).
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(a) (b)

(c) (d)

Fig. 5.8: (a-b) Low and (c) high-resolution TEM images showing a cross-sectional slice from

the printed Ag layers. (d) Selected area diffraction (SAD) ring pattern of the Ag layer.
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Figure 5.8a-5.8b and 5.9a-5.9b shows the HRTEM cross-sections of the Ag and Pd layers (in

ETHOCELTM) prepared using FIB. There is a noticeable difference in the packing density of

the metal NPs in the two samples. The Ag NPs tend to overlap and tightly aggregate with one

another resulting in regions of dense clusters that are bridged with smaller NP agglomerates.

In addition to this the individual Ag NP are not clearly distinguishable due to their densely

packed structure. In the case of the Pd cross-section, the NPs form interconnected “chain-

like” structures that look similar to beads on a string, which result in a more loosely packed

microstructure. As a result the clusters tends to have larger unoccupied spaces between the

chains of Pd NPs, compared to the Ag NPs which have a more condensed cluster with fewer

openings. This pattern of aggregation persists even in the more densely packed regions of

the sample. The amorphous regions found along the surface of the particles is most likely

the carbon that was deposited during the milling of the lamella. As described in section

4.3.2, carbon was deposited on either side of the lamella in order to fill in the gaps between

the nanoparticulate network which provided mechanical stability during the polishing steps.

However, as can be seen from the low resolution TEM images, a large portion of the material

was lost except for the more densely packed regions which remained intact. Figure 5.8c and

5.9c show the HRTEM image of two touching NPs for Ag and Pd, respectively. Especially for

Ag the interparticle junction can clearly be seen where the orientation of the lattice planes

changes. Both metal NPs show long range crystalline order which extend right up until the

edge of the particles. The variation in the contrast seen in the TEM micrographs are due to

the crystal planes aligning in different orientations inside the metal NPs, therefore showing

the polycrystallinity of the NPs [146]. The faceted surface of the Pd NPs are more clearly

shown at the higher resolution, as well as the smooth surface of the Ag NPs.
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(a) (b)

(c) (d)

Fig. 5.9: (a-b) Low and (c) high-resolution TEM images showing a cross-sectional slice from

the printed Pd layers. (d) SAD ring pattern of the Pd layer.
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The crystalline nature of the Ag and Pd NPs was shown using electron diffraction in the

TEM. Figure 5.8d and 5.9d shows the selected area diffraction (SAD) pattern for the printed

Ag and Pd layers, respectively. The diffraction pattern for both metals show concentric

rings with various radii which is a feature of a polycrystalline material, but also reflects

an agglomeration of crystalline particles [147]. Each ring comprises of a number of spots

that appear due to Bragg reflection occurring from the planes of the crystalline lattice [144].

The lattice constant a for Ag and Pd was calculated from the diffraction ring pattern by

measuring the radii of the rings and applying equation 5.1, where dhkl is the interplanar

spacing of the individual lattice planes (hkl):

dhkl =
a√

h2 + l2 + k2
. (5.1)

The analysis of the electron diffraction images was performed using the imaging software,

DigitalMicrographTM (Gatan, Pleasanton, CA, USA). The diffraction rings were indexed

according to the fcc crystal structure in which both Ag as well as Pd crystallizes, therefore

the SAD pattern shows reflections from the (hkl) planes that are either all odd or all even

[148]. Table 5.1 summarizes the results of the measured lattice constants for the first 5

diffraction rings for both metals. The uncertainty for the measured lattice constant was

determined using propagation of uncertainty [149]. The lattice constants for Ag and Pd

determined from the diffraction patterns agree within experimental uncertainty to their

theoretical values.

Table 5.1: The lattice spacing for Ag and Pd NPs.

Lattice plane Lattice constant a (Å)

Silver Palladium

111 4.11± 0.17 3.88± 0.09

200 4.12± 0.07 3.87± 0.08

220 4.14± 0.14 3.87± 0.08

311 4.12± 0.06 3.85± 0.06

222 4.12± 0.08 3.86± 0.06

Theoretical 4.09 3.89
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5.2 Electrical Characterisation

5.2.1 Percolative Behaviour of the Printed Layers

The sheet resistivity (ρs) of the printed layers was measured for the various particle loadings.

The sheet conductivity (σm) was calculated by taking the inverse of ρs. The data was plotted

and analysed using Origin 9.0 Pro (OriginLab Corporation, Northhampton, USA). Figure

5.10 shows the dependency of σm on the weight fraction (ϕ) of the Ag and Pd NPs in inks

produced with ETHOCELTM as binder. For the analysis weight fraction was used instead of

volume fraction because the exact volume occupied by the NP-binder mixture could not easily

be quantified due to the high surface roughness of the paper substrate. Typical percolation

behaviour, as described in section 3.3, was observed for both metal systems, where initially

σm increased slowly with increasing particle loading up until a critical concentration, at

which point a large increase in σm is observed. Above this critical concentration, σm does

not change significantly with increasing particle loading. The experimental data was fitted

with the TEPPE (equation 3.17) using the orthogonal distance regression (ODR) iteration

algorithm. Values for the sheet conductivity of the insulator σi and conductor σc, critical

weight fraction ϕc and critical exponents s and t were determined from the fit. The results

from the fitted data are summarized in table 5.2. The uncertainties shown in figure 5.10 and

all subsequent graphs are the standard deviation of the mean [149] based on an average of 15

samples for each particle loading. The percolation threshold for Ag was found to occur at a

particle loading of 0.43±0.01 which was higher compared to Pd which occurred at 0.3±0.003.

The critical exponents s and t, for both the Ag and Pd systems were found to be slightly

out of range with those reported for other conductor-insulator systems i.e 0.37 < s < 1.28

and 1 < t < 6.27 [19].
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Fig. 5.10: Dependence of sheet conductivity on weight fraction for the (a) Ag and (b) Pd

inks with ETHOCELTM binder. The solid lines represents the fitted data using equation

3.17.

Table 5.2: Fit parameters obtained from fitting the data shown in Fig.5.10a and 5.10b using

equation 3.17.

Material σi (pS ·�) σc (S ·�) ϕc s t

Silver 5.55± 3.62 0.137± 0.007 0.43± 0.01 2.13± 0.34 0.98± 0.02

Palladium 5.06± 1.62 0.0173± 0.0006 0.300± 0.003 2.22± 0.15 0.983± 0.003
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Similar percolative behaviour was observed in the Ag ink prepared with the acrylic binder,

as shown in figure 5.11. The largest change in σm occurs between 50− 55wt%. The 70wt%

Pd ink in the acrylic binder could not be measured due to the poor printability [1].
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Fig. 5.11: Weight fraction dependence of the sheet conductivity for the printed Ag ink

prepared with acrylic binder. The dashed line is given as an indication of the trend in the

data.

5.2.2 I-V Charactersitics of the Metal Layers

The I-V curves of the printed Ag and Pd (in ETHOCELTM) layers for different particle

loadings are shown in figure 5.12 and 5.13, respectively. The I-V curves for the layers

containing 42.5wt% Ag and 25wt% Pd were replotted on a different scale and are shown

in the inset of figures5.12a and 5.13a, respectively. At particle loadings below ϕc, current

is reduced and the I-V curves, shown in figure 5.12a and 5.13a, deviate from Ohm’s law

resulting in a curve displaying non-linear symmetric diode-like behaviour [150]. The printed

layers with particle concentrations nearest to ϕc tend to have I-V curves that deviate between

non-linear and linear behaviour depending on the particular sample measured and where the

contacts are positioned. This was observed for the printed layers with particle loadings

of 28wt% Pd and 42.5wt% Ag. As the particle loading is increased above ϕc the current

increases by approximately 6 orders of magnitude and the I-V curves (figure 5.12b and

5.13b) are linear for similar voltage ranges measured. The slopes of the I-V curves become

shallower in a systematic way with increasing particle loading, indicating an increase in the
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conductivity.
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Fig. 5.12: I-V curves of Ag layers at different particle fractions (a) below ϕc and (b) above

ϕc. The graph inset shows the I-V curve for the 42.5wt% printed layer.
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Fig. 5.13: I-V curves of Pd layers at different particle fractions (a) below ϕc and (b) above

ϕc. The graph inset shows the I-V curve for the 25wt% on a different scale.
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5.2.3 Hall Effect Measurements

The sheet Hall coefficients (RHS) and effective Hall mobilities (µH) for the various particle

loadings (in ETHOCELTM) were obtained from the Hall effect measurements. The magni-

tude of the Hall coefficient was used as there was not a clear dominant carrier type observed

for either metal. The dependence of RHS on the magnetic field for the Ag and Pd layers

of different concentrations is shown in figure 5.14a and 5.15a, respectively. In both cases

very little change is observed with increasing field strength for each particle concentration,

indicating that the systems remains in the low-field limit up to 1 T. Figure 5.14b and 5.15b

show RHS, measured at 0.1, 0.5 and 1T, plotted against particle loading for the Ag and Pd

systems. For both metals systems, RHS decreases with increasing particle loading with the

largest change (∼ 10 orders of magnitude) seen when moving through ϕc. The value of RHS

is observed to increase with decreasing field strength, but for the most part the values of

RHS for each particle loading lies within the experimental uncertainty with increasing field

strength, as shown in figure 5.14a and 5.15a.
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Fig. 5.14: Sheet hall coefficient versus magnetic field (a) and particle loading (b) for the

printed Ag layers. The particle fractions for the printed Ag inks are indicated by the key in

(a).
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Fig. 5.15: Sheet hall coefficient versus magnetic field (a) and particle loading (b) for the

printed Pd layers. The particle fractions for the printed Pd inks are indicated by the key in

(a).

Figure 5.16a and 5.17a show the effective Hall mobilities µH plotted as a function of magnetic

field for the Ag and Pd systems, respectively. In general, µH decreases with increasing

magnetic field. A maximum in µH is observed at particle loadings nearest to ϕc. This occurs

at 42.5 wt% for the Ag system and at 28 wt% for the Pd system. At particle loadings

further away from ϕc, µH decreases by approximately 2 orders of magnitude. Figure 5.16b

and 5.17b shows the graphs of µH as a function of particle loading. For both metal systems,

µH increases as the particle loading is increased from low ϕ towards ϕc. The value of µH

increases up to a maximum, after which it falls off with increasing particle concentration. In

a similar manner to the previous graphs, the maximum in µH occurs at a particle loading

of 42.5 wt% for the Ag system and at 28 wt% for the Pd system which both fall within the

region of ϕc. As the particle loading is increased above ϕc, µH is shown to rapidly decrease

in magnitude up until particle concentrations of 45 wt% for Ag and 40 wt% for Pd. Further

increase in the particle loading results in very little change being observed in µH .
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Fig. 5.16: Effective Hall mobility versus (a) magnetic field and (b) particle loading for the

printed Ag layers. The particle fractions for the printed Ag inks are indicated by the key in

(a).
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Fig. 5.17: Effective Hall mobility against (a) magnetic field and (b) particle loading for the

printed Pd layers. The particle fractions for the printed Pd inks are indicated by the key in

(a).
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5.2.4 Impedance Spectroscopy

The impedance of the printed metal layers were carried out using the experimental set-up

described in section 4.4.2. The typical impedance curves of the Ag and Pd layers prepared

using ETHOCELTM as binder, for particle fractions below and above ϕc are shown in figure

5.18c, 5.18a and 5.19a, 5.19c, respectively. Particle fractions below ϕc showed a large decrease

in the impedance with frequency. For particle fractions above ϕc, the change in impedance

with frequency was relatively small (∼ 1Ω). The measured impedance and phase data was

used to calculate the real (Re) and imaginary (Im) components of the impedance [151]. The

Cole-Cole plots or complex plane impedance diagrams were generated by plotting the Im(Z)

against Re(Z). These components are given by,

Re(Z) = |Z| cos(θ), (5.2)

and

Im(Z) = |Z| sin(θ). (5.3)

For particle loadings below ϕc, both the Ag and Pd layers displayed a semicircular arc as

shown in figure 5.18d and 5.18b. However, the Cole-Cole plots for particle loadings above

ϕc produced a curved line as can be seen in figure 5.19b and 5.19d for the Ag and Pd layers,

respectively.



Section 5.2. Electrical Characterisation 66

0 2 4 6 8 1 0 1 2 1 4
1 0 0 0 0
1 2 0 0 0
1 4 0 0 0
1 6 0 0 0
1 8 0 0 0
2 0 0 0 0
2 2 0 0 0
2 4 0 0 0
2 6 0 0 0
2 8 0 0 0

A g  ( �  <  � c )

 

 

 Z
(Ω

)

F r e q u e n c y  ( M H z )

(a)

0 5 1 0 1 5 2 0 2 5 3 0

0

2

4

6

8

1 0

1 2

1 4

 

 

-Im
 Z 

(kΩ
)

R e  Z  ( k Ω )

A g  ( �  <  � c )

(b)

0 2 4 6 8 1 0 1 2 1 4

1 0 0 0 0

2 0 0 0 0

3 0 0 0 0

4 0 0 0 0

5 0 0 0 0

6 0 0 0 0

7 0 0 0 0 P d  ( �  <  � c )

 

 

Z
(Ω

)

F r e q u e n c y  ( M H z )

(c)

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0
0
5

1 0
1 5
2 0
2 5
3 0
3 5
4 0
4 5
5 0

P d  ( �  <  � c )

 

 

 E x p
 R -  C
 R -  C P E
 S e m i c i r c l e

-Im
 Z 

(kΩ
)

R e  Z  ( k Ω )

(d)

Fig. 5.18: The characteristic impedance against frequency and cole-cole plots for the Ag (a-

b) and Pd (c-d) layers ETHOCELTM at particle fractions below ϕc. The equivalent circuit

used to fit the data is shown in the inset of (a). The solid red and blue lines indicates the

fitted data using the R−CPE and R−C models respectively; and the dashed line represents

an ideal semicircle.
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Fig. 5.19: The characteristic impedance against frequency and cole-cole plots for the Ag

(a-b) and Pd (c-d) layers in ETHOCELTM, at particle fractions above ϕc. The equivalent

circuit used to fit the data is shown in the inset of (a). The solid line indicates the fitted

data using the RL− C model.

Equivalent circuit analysis was performed in order to model the impedance data using dis-

crete components. The theoretical electrical response of various circuits was simulated over

a frequency range from 0.001 Hz to 19 MHz using Zview 3.3c (Scribner Associates, Inc.),

and compared with the experimental data. This was carried out in order to choose circuit

models that best described the impedance for printed layers with particle fractions above

and below ϕc. The impedance data plots for particle fractions below ϕc can be represented
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by the circuit shown in the inset of figure 5.18c, which consists of a resistor (R) connected

in parallel to a constant phase element (CPE). The impedance of this circuit is defined by

equations 5.4 to 5.6, where ω is the angular frequency, Q is the pre-factor of the CPE and n

its exponent which can vary between 0 and 1 [152]:

ZRe =
R(1 +RQωn · cos(nπ

2
))

1 + 2RQωn · cos(nπ
2

) + (RQωn)2
, (5.4)

ZIm = −
R2Qωn · sin(nπ

2
)

1 + 2RQωn · cos(nπ
2

) + (RQωn)2
, (5.5)

|Z| =
√
Z2
Re + Z2

Im. (5.6)

If the exponent n = 1 then the CPE behaves as an ideal capacitor. The CPE becomes

purely resistive when n = 0 [153]. The capacitance (C) can be calculated from the Q value,

provided that the value of n or the product of R and C is close to 1 [152, 154]:

C = R
1−n
n Q

1
n . (5.7)

The Q and n values obtained for the Ag and Pd layers below ϕc are given in table 5.3. The

R values plotted against particle loading is shown in figure 5.20. The value of n for both

metallic layers was close to 1, indicating a more capacitive behaviour.

Table 5.3: Values for Q and n obtained from the impedance spectra for ϕ < ϕc, fitted by

equation 5.6.

Material Particle Concentration (wt%) Q (pF) n

Silver 42.5 2.91± 1.00 0.96± 0.01

Palladium 28 2.28± 0.51 0.96± 0.01

30 2.87± 0.70 0.95± 0.01

The impedance of the printed layers with particle fractions above ϕc can be represented by

the circuit shown in the inset of figure 5.19c, which consists of a series resistor-inductor pair

placed in parallel with a capacitor. The impedance versus frequency plots were fitted using,

|Z| =

√(
R2 + ω2L2

(1− ω2LC)2 + ω2C2R2

)
. (5.8)
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All data was plotted and analysed using Origin 9.0 (OriginLab Corporation, Northhampton,

USA). Non-linear curve fitting was performed using the Levenberg-Marquardt algorithm.

The parameters obtained from fitting the impedance data were used to generate a set of

data points for the Re(Z) and Im(Z) components of the equivalent circuits. The Cole-Cole

plots in figure 5.18d and 5.19b show the experimental data (open squares) plotted with the

simulated data (red solid line). The proposed model of R in parallel with a CPE showed good

correlation with the impedance data. The reason for choosing the CPE instead of an ideal

capacitor for the equivalent circuit model can be shown by comparing these two circuits. In

a similar manner as above, the parameters were obtained from fitting the impedance plot in

figure 5.18c using equation 5.9 for the parallel R− C circuit model,

|Z| = R√
1 + (ωCR)2

, (5.9)

which was then used to generate the curve represented by the blue line in figure 5.18d. A

notable deviation in the data from the ideal R−C behaviour is observed, and in comparison

with an ideal semicircle (dashed line), it is seen that the data is indicative of a depressed

arc.

The R, C and L values obtained from the fitted impedance data were plotted as a function

of particle loading, as can be seen in figure 5.20a and 5.20b for the Ag and Pd layers in

ETHOCELTM, respectively. C is observed to increase with increasing particle loading for

both the Ag and Pd layers. Conversely, R decreases with increasing particle loading. In

both systems there is a large change in R and C when moving across the region of ϕc. At

particle loadings above ϕc very little change is observed in R and C. Both metal systems

display similar behaviour, however there are differences in their values for R, C and L. The

Pd layers showed a higher resistance compared to the Ag layers. The C values for particle

loadings above ϕc are greater by at least one order of magnitude in the Ag layers. No

significant change was observed in the L as the particle loading increased for both metal

systems. However the inductance for the Ag layers was found to be slightly lower than that

of the Pd layers.
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Fig. 5.20: Resistance, capacitance and inductance as a function of particle loading for the

(a) Ag and (b) Pd layers prepared using ETHOCELTM as binder. The solid lines are a guide

to the eye.



6. Discussion

The aim of this research is to investigate the percolative behaviour in printed Ag and Pd

nanoparticulate systems, as well as to observe how the structural and electrical properties

are influenced by varying the concentration of the metallic and insulating phases. The

process by which the metal NPs assemble to form the final microstructure in the printed

layer is dependent on the size and shape of the metal NPs, and on the inter-particle and

NP-binder interactions [155]. Metallic inks were formulated with different metal NP-binder

concentrations and screen-printed onto paper. As described in section 4.1.2, the metal NP

inks were prepared with two different binders in order to compare their printability. From

the SEM micrographs in figure 5.3, the acrylic-based inks containing the Ag NPs showed

good printability, however this was not the case for the 70wt% Pd ink which was unable to

produce a uniform layer. Therefore this lead to the decision to use the solvent based inks to

produce the samples for this investigation.

6.1 Electron Microscopy

The first part of this study aimed to characterise the nanoparticulate structure of the printed

layers using electron microscopy. The selected area diffraction (SAD) analysis performed in

the TEM (figure 5.8d and 5.9d) revealed the Ag and Pd NPs to have an fcc crystal structure,

however both metals displayed differences in their overall shape as well as polydispersity in

their size. The Ag NPs tend to be more spherical and/or slightly elongated in shape (figure

5.8b), whereas the Pd NPs are faceted (figure 5.9d). As mentioned in section 2.1, the

variation in the shape and size of the NPs will influence the surface energy and surface-to-

volume ratio which in turn can alter the chemical and physical properties of the NPs. These

slight changes in the morphology can effect the way in which the metal NPs interact with one

another and with the binder. The printed layers consists of the metal NPs whose properties

are similar to that of the bulk metal, the polymer binder which provides mechanical support

and voids which remain after the solvent evaporates. The latter two regions are insulating

for electrons passing through the layer. Figure 6.1 shows a schematic of the main structural

features observed in the printed Ag and Pd layers as well as the possible pathways along

which charge can flow. The Ag NPs aggregate forming dense clusters (figure 5.6b) resulting

in a more compacted layer with a small amount of porosity (figure 5.4b). However, the

71
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Pd NPs tend to form “chain-like” structures (figure 5.7b) which then aggregate resulting in

a more loosely-packed microstructure (figure 5.5b). The differences in the microstructural

features of the Ag and Pd layers translate to variations observed in their electrical properties

which will be discussed below.

Fig. 6.1: Diagram illustrating a hypothetical model for the microstructure of the printed

metal layers. The red arrow indicates the possible paths along which charge will flow through

the nanoparticulate network.

6.2 Conductivity of the Metal Layers

The conductivity data shown in figure 5.10 for various particle concentrations displayed

percolative behaviour for both metal systems, where the sheet conductivity σm was observed

to change by 5 orders of magnitude in the region of the critical concentration. The percolation

threshold ϕc was found to be larger in Ag, occurring between 43± 1 wt%, compared to Pd

which was found to be between 30 ± 0.3 wt%. The variation in the value of ϕc can be

attributed to the particular way the NPs aggregate to form the final microstructure. The

printed layers comprising of 35 wt% Ag and 25 wt% Pd both have σm of the order of
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10−10 S·�. However, from the top surface SEM images of the printed Ag and Pd layers

in figure 5.4a and 5.5a, respectively, it is observed that the “chain-like” structures of the

Pd NPs occupy a larger area compared to the dense Ag NP clusters which are sparsely

scattered over the sample, and have fewer connections with neighbouring clusters. Therefore,

connections between neighbouring clusters of Pd NP chains can be made more easily resulting

in the formation of the infinite cluster at a lower particle concentration, which will span the

sample. The critical exponents for conductivity reported in table 5.2 for the Ag and Pd

systems were not in agreement with those predicted for a 3-dimensional network (s = 0.87

and t = 2) [75, 78], thus indicating non-universal behaviour. However, both the Ag and

Pd layers have relatively similar values for s and t which suggests that the nature of the

NPs and the microstructure of the metallic layers do not seem to have a significant influence

on the critical exponents. The s values for both the Ag and Pd systems were found to be

much higher than the values of s = 0.37 − 1.28 determined for other composite systems.

However the t values for both metallic systems were closer in agreement with those values

of t = 1 − 6.27 reported in the literature [19]. The deviation of the critical exponents

could be due to differences in the preparation method and the spatial arrangement of the

NPs in the layers. Factors such as the surface roughness of the substrate and lack of post-

printing processing (e.g compression, sintering) resulted in the layers having a certain degree

of porosity. The NPs in these nanoparticulate networks are never directly in contact with

one another due to irregularities in their shape, size and the presence of binder or air near

the boundary interface. Yet there is still a finite conductivity observed below ϕc which may

be due to interparticle tunnelling [156, 157]. This could contribute to the non-universal

conductivity exponents observed in the printed layers.

6.3 I-V Characteristics

There are three distinct regions that can be observed in the conductivity graphs shown in

figure 5.10: the highly conducting region for particle loadings ϕ > ϕc, the insulating region

for ϕ < ϕc and the transition region where ϕ = ϕc [12, 158]. The I-V curves shown in figure

5.12b and 5.13b for the Ag and Pd layers with particle concentrations ϕ > ϕc, all display

Ohmic behaviour. In this region the conductivities of the metal layers are large, and tend

to show very little change in their values with increasing particle concentration. At these

high particle fractions a continuous metal NP pathway is formed that spans the sample, and

as a result metallic conduction will dominate [12, 159]. The metallic behaviour will persist



Section 6.4. Hall Effect Parameters 74

down until the particle concentration of ϕ = ϕc. The large drop in conductivity near to ϕc

is due to the break-up of the infinite cluster which results in fewer pathways along which

the current can flow. Below ϕc, the I-V curves for the Ag and Pd layers (figure 5.12a and

5.13a), show a deviation from linearity. In this region the current is reduced due to the

disappearance of the sample-spanning cluster. The conduction is nonmetallic and occurs

via tunnelling or thermally activated hopping processes [160, 161]. The type of conduction

mechanism will be dependent on the temperature, distance between NP clusters, the amount

of binder, geometry of the NP clusters and particle loading [159, 161, 162].

It has been observed that the I-V curves for both the Ag and Pd printed layers with particle

concentrations in the region of ϕc show a larger deviation from linearity compared to particle

concentrations where ϕ << ϕc. This can be seen in figure 5.12a and 5.13a for particle

concentrations of 42.5 wt% Ag and 28 wt% Pd, respectively. Similar behaviour has been

described for particle concentrations close to ϕc in metal-polymer nanocomposites [159]. This

indicates that near ϕc, charge transport is not simply a linear superposition of the behaviour

in the two limiting cases. The degree of this deviation varies between the samples measured

within the same particle loading. The reason for these differences can be attributed to the

positioning of the contacts to the sample and the sample production. At particle loadings

near to ϕc, the printed layer is not entirely homogeneous as there are regions that are

unoccupied. This is as a result of the deposition of the metallic ink onto the substrate

that is a random process. If at least one of the contacts are placed such that they are

not connected to the infinite cluster, this will lead to the nonlinear behaviour seen in the

I-V curves. This can also account for the larger variation and uncertainty observed in the

conduction properties as the particle concentration approaches ϕc.

6.4 Hall Effect Parameters

As mentioned in section 3.4, the Hall effect in metals is relatively small due to their high

carrier density. It can be seen in figure 5.14a and 5.15a, for both the Ag and Pd layers,

RHS showed no significant change in magnitude as the magnetic field strength was increased.

The behaviour of RHS with applied field is consistent with the diagrams given in figure 3.5a

for a polycrystalline metal in the low-field condition [98, 106]. Since the printed layers are

relatively disordered and were measured at higher temperatures, it can be concluded that all

measurements were performed in the low-field condition. Under this condition the electrons
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are unable to complete a single cyclotron orbit and could get scattered into another orbit

type [43]. RHS showed a mixture of both “+” and “−” values with no clear dominant carrier

type for different particle loadings. However, previous studies which looked at the Hall effect

in Ag and Pd thin films [47, 163, 164, 165] all showed a negative RH which is also negative in

the bulk polycrystalline samples [98]. One major difference between this study and the latter

is that a heat treatment was performed on the metal films before measurements were taken.

The heating of these films would promote coalescence between the metal particles [166] as

well as to reduce the effects of the boundaries separating particles [164]. The dependence

of RHS on particle loading, shown in figure 5.14b and 5.15b for the Ag and Pd layers, both

displayed percolative behaviour. A large decrease in RHS is observed as ϕc is approached

from the insulating side, but for values of ϕ >> ϕc the concentration of free carriers will

reach a saturation point where very little change is observed. The behaviour of RHS can

be understood from equation 3.26 which shows RHS to be inversely proportional to the

carrier concentration. As the particle concentration of the printed layers is increased, the

carrier density will increase and at the same time RHS decreases. The magnetoresistance

measurements on the Ag and Pd layers were inconclusive and did not reveal any significant

change with increasing magnetic field strength or particle loading. The possible reasons this

are similar to those stated for the sign anomaly in RHS.

The magnetic field dependence of the Hall mobility µH is shown in figure 5.16a and 5.17a for

the Ag and Pd layers, respectively. For both cases, µH decreases with increasing magnetic

field strength. This inversely proportional relationship between µH and the applied magnetic

field is given by,

µH =
σEy
Bzjx

. (6.1)

Similarly, µH has shown a dependence on the particle concentration for both metal systems.

This behaviour is shown in figure 5.16b and 5.17b for Ag and Pd, respectively. In general,

µH tends to decrease with increasing particle loading. However, an anomaly is observed

in the region of ϕc where there is a sharp increase in µH which reaches a maximum for

particle concentrations of 42.5 wt% Ag and 28 wt% Pd. The peak in µH near ϕc may be

explained by the differences observed in the nanoparticulate structure when the particle

loading is varied. For very small particle concentrations (figure 5.4a and 5.5a) the layer

comprises of discrete metal NP clusters and/or chains that are dispersed uniformly over

the substrate. As the particle loading is increased towards ϕc, additional conductive paths
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begin to form as connections are made between neighbouring clusters and/or chains. At the

same time there are areas that remain unoccupied which separate these conductive pathways.

Therefore, the electrons are confined to move along these conductive paths. However, further

investigation is needed in order to understand the mobility mechanisms influencing this

behaviour. The further reduction in µH seen above ϕc could be attributed to the open areas

becoming occupied as the particle loading is increased (figure 5.4b and 5.5b) and hence,

more conductive pathways are available for the electrons to be scattered into. The lower

value of µH seen at higher particle loadings could be due to the introduction of more mobile

charges and interparticle junctions which act as scattering centres that impede the charge

transport. The value of µH for the Pd layers was found to be smaller than the Ag layers

by at least one order of magnitude. As discussed previously, the conductivity is slightly

higher in the Ag layers which stems from the manner in which the NPs assemble to form

the final microstructure. This variation in magnitude is expected since µH is proportional

to the conductivity σ as shown in equation 6.1.

Similar behaviour in µH near ϕc has been observed in gold (Au) layers produced via sput-

tering onto a glass substrate [166]. The thickness of the Au layers was varied by adjusting

the length of the sputtering time. The dependence of volume resistivity on the Au layer

thickness showed the largest change to occur at a sputtering time of 50 s. At approximately

this sputtering time the system reaches the percolation threshold and the sample-spanning

cluster is formed. The dependence of µH on deposition time at a field strength of 0.2 T

is shown in figure 6.2a for the Au layers. For comparison the graphs of µH versus particle

loading at the same field strength were plotted for the Ag and Pd layers as shown in figure

6.2b. When comparing the two graphs, it can be seen that µH for both systems shows a

large drop in the region of ϕc as indicated by the arrows in figure 6.2. However, based on

the data given in figure 6.2a one is unable to determine whether µH decreases for sputtering

times well below 50 s. Once the Au system has passed through ϕc, µH slowly increases with

increasing sputtering time. In the case of the Ag and Pd systems, µH tends to fluctuate with

no significant change observed.
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Fig. 6.2: Graphs showing the dependence of µH on (a) deposition time for Au layers prepared

via sputtering onto a glass substrate [166], and (b) particle loading for the Ag and Pd layers.

The data shown in (a) and (b) was measured using a field strength of 0.2 T.

6.5 Impedance Spectroscopy of Metal Layers

The macroscopic impedance spectrum displayed by the printed metallic layers can be fitted

with analytical functions for impedance obtained from circuit models using discrete compo-

nents (R, C and L). By fitting these functions to the impedance spectrum, values can be

extracted for the discrete components which are representative of particular microstructural

features of the nanoparticulate layers. In this way one is able to determine the individual

contribution to the overall impedance due to the metal NPs and their assembly into higher

order structures. The typical complex impedance plots for the Ag and Pd layers in figures

5.18d and 5.19b, showed a significant change in the overall response when moving from the

insulating to conducting regions. The total response for particle concentrations where ϕ > ϕc

produced a curved line with very little change in the real and imaginary components of the

impedance. For particle concentrations where ϕ ≤ ϕc, a depressed semi-circle was observed

which is apparent when a semi-circle is superimposed onto the Cole-Cole plot (dashed line)

in figure 5.18d, where the centre of the circle produced by the experimental data lies below

the real axis. The variation in the behaviour of the impedance response is indicative of a

change in the microstructure and therefore the mode of charge transport between the two



Section 6.5. Impedance Spectroscopy of Metal Layers 78

regions. As a result the equivalent circuits used to fit the characteristic impedance plots are

different for the high and low particle loadings.

The equivalent circuit that best describes the impedance response for low particle fractions

(ϕ ≤ ϕc) is comprised of an ideal resistor R in parallel with a constant phase element

(CPE), as shown in the inset of figure 5.18a. The capacitor C was replaced with a CPE as

it produced a better fit to the data. This can be seen in figure 5.18d where the Cole-Cole plot

was fitted with the R−C (blue line) and R−CPE (red line) equivalent circuit models. In this

particular case the CPE element was used to describe the frequency dependent behaviour of

a non-ideal capacitor [154]. The value of C was then calculated using equation 5.7. For high

particle fractions (ϕ > ϕc) the system can be modelled by the equivalent circuit shown in the

inset of figure 5.19a, which comprises of a series resistor R and inductor L circuit in parallel

with a capacitor C. Figure 6.1 indicates the different contributions to the overall impedance

response based on the structures observed in the nanoparticulate layer. R is the total

resistance summed over a sample-spanning conductive path with contributions originating

from the bulk NP, physical contact between particles and with the probes [167, 168]. L is

related to the tendency of the metal NPs to form loops. As can be seen in figure 5.7 and 5.6,

these loops are more pronounced in the Pd layers compared to the Ag layers. The overall

capacitance C of the system can be viewed as a network of series and parallel capacitors

arising from the interaction between neighbouring NP clusters in the Ag layers, and “chains-

like” NP aggregates in the Pd layers. There will also be a contribution to C from the

interaction between the metal clamps and the NPs.

Due to the limitations of the impedance analyser, only particle concentrations whose resis-

tances were smaller than 1.3 MΩ could be measured. Therefore, the smallest concentrations

that were able to be measured were 42.5 wt% Ag, 28 and 30 wt% Pd. In figures 5.20a(i) and

5.20b(i), the resistance is shown to decrease with increasing particle loading for both metal

systems. In addition to this the Pd layers were observed to have larger R values compared

to the Ag layers at similar particle concentrations. In the case of particle loadings near to

ϕc, the R values for the Pd and Ag layers differed by a factor of 10. A possible reason for

this behaviour could be due to do the contact resistance between particles and the number

of conductive paths available for current to travel along. Current will tend to flow along

paths which are the least resistive [169]. The Ag layers comprising of dense NP clusters

which aggregate together with increasing ϕ to form a more compact structure have more

conductive paths along which charge can flow. In the case of the Pd layer, the “chain-like”

structures aggregate to produce a highly porous microstructure which is more limited in the
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number of pathways available for the current to travel along. Differences in the packing

structure of the metal NPs may result in a wider range of contact resistance values in the

Pd layers compared to the Ag layers. The graphs in figure 5.20a(ii) and 5.20b(ii), show C

to increase with ϕ. This behaviour can be explained using the formula for a parallel plate

capacitor [170] given by,

C =
ε0εrA

d
, (6.2)

where A is the effective area of the metal NPs, ε0 and εr are the permittivity of vacuum and

the material respectively. As the particle concentration is reduced to values where ϕ ≤ ϕc,

the aggregates of NP clusters and/or chains reduce in size and are therefore further spaced

apart. As a result A decreases while d increases which in turn will cause the value of C to

decrease. At higher particle loading the size of the NP clusters and/or chains will grow while

at the same time reducing the average distance between neighbouring aggregates. Therefore,

A will increase while d decreases which causes C to increase. The SEM micrographs in figure

5.6 and 5.7, show the Ag NP clusters to have a larger surface area and smaller distances

between neighbouring clusters, compared to the “chain-like” structures of Pd NPs which

are more loosely-packed in the layer. These differences may account for the higher value

of C observed in the Ag layers. The graphs in figure 5.20a(iii) and 5.20b(iii), show very

little change in L with particle loading for both the Ag and Pd layers. The higher L values

observed in the Pd layers could be due to the presence of the ring like structures seen in

figure 5.7b.



7. Conclusion

Ag and Pd inks were formulated and successfully screen printed on paper. The ac and dc

electrical properties of the printed nanoparticulate layers, with varying NP concentrations,

were characterised and correlated with the microstructural features of the layer. Observations

made from the electron microscopy measurements revealed differences in the morphology of

the Ag and Pd layers, especially at low particle loadings. A more tightly packed Ag layer

was formed due to the individual NPs assembling into dense clusters, whilst the Pd NPs

aggregated into “chain-like” structures resulting in a more loosely packed layer, with the

“chains” of particles clustering together to form “loops” which were more pronounced at

higher particle loadings. One reason for the microstructural variation seen between the Ag

and Pd layers could be due to the Ag NPs being coated with polyvinylpyrrolidone (PVP).

From this it can be seen that the surface properties of the metal NPs play an important

role in determining how they interact with one another and with the binder. In addition to

this, variations observed in the shape of the Ag and Pd NPs could also be a contributing

factor. Further investigation would look at changing the surface chemistry of the NP by

using different chemical functional groups, as well as using NPs of various shapes to produce

different microstructural features in the layer.

One particular problem that was encountered when using paper as a substrate is that it has

a high surface roughness which makes it difficult to accurately determine the thickness of the

printed layers, especially for low particle loadings. In addition to this, during the deposition

of the ink the smaller NP clusters tended to fill the “grooves” between the paper fibres.

Therefore, connections between neighbouring clusters would only be made once the NPs

have filled these “grooves”. This ultimately would have had a large affect on how quickly

the infinite cluster formed with increasing particle loading. In order to improve on this,

substrates with low surface roughness should be used.

The observable differences in the packing arrangement of the NPs in the printed layers has

provided insight into how quickly the behaviour of the system changes from insulating to

metallic with increasing particle loading. The TEPPE which was successfully used to fit

the conductivity data, showed that the Pd layers reached ϕc at a lower particle loading

compared to the Ag layers. The Pd “chain-like” structures are able to extend over a larger

area of the substrate which implies that less material is needed to make connections with a

nearest neighbour. In the case of the Ag layers, connections between neighbouring clusters
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are formed as the size of the clusters increases which as a result requires higher particle

concentrations. The values obtained for the critical exponents (s, t) for both metal systems

were not in good agreement with those predicted theoretically or the values determined

experimentally for other systems. The change from insulating to metallic behaviour in the

metal systems was further emphasized by the I-V characteristics of the printed layers which

displayed non-ohmic behaviour for particle loadings below ϕc and ohmic behaviour above

ϕc. Since the main focus of this research was on the global connectivity of the system (i.e.

macroscopic properties) which governs the electrical conduction through the layer, further

work will be required to understand the charge transport processes at the microscopic level,

that influence the electrical conduction through the NP network.

The Hall effect parameters (i.e. RHS, µH) for both metal systems displayed significant

changes as the particle loading was varied. The RHS values for the Ag and Pd layers showed

typical percolation behaviour where a large change was observed in the region of ϕc. Further-

more, an abrupt increase in µH is seen in the Ag and Pd layers with particle concentrations

near to ϕc, however the values drop off for particle loadings further away. This anomaly is

not fully understood and could be due to the changes in the microstructure and/or charge

transport mechanism near to ϕc. For particle loadings well above ϕc, RHS and µH are

unchanging. Future work would look at exploring various models which could be used to

describe the dependence of RHS and µH on the particle concentration. The Hall effect in the

printed metals layers was very small which was due to the measurements being carried out

at RT in low magnetic fields. Under these experimental conditions and together with the

layers being relatively disordered, the charge transport would be dominated by scattering

processes. In addition to this the measurements were inconclusive with regard to the sign

of the charge carrier. These issues could be minimized by performing the experiment using

stronger magnetic fields and lower temperatures. A requirement when measuring the Hall

effect using the van der Pauw technique is that the sample should be homogeneous with no

holes and of uniform thickness. Based on the electron microscopy images it has been shown

that the layers have a certain degree of porosity, and are not uniform due to the uneven

substrate. One way to observe how the degree of disorder affects the results is to compare

with a more homogeneous sample. This can be done through post-processing techniques (eg.

calendering, heat treatments) which would create a more uniform layer.

From the impedance spectroscopy analysis it has been shown that a simple R−CPE circuit

can be used to represent the printed layers with metal NP fractions below ϕc. For particle

fractions above ϕc, both metal systems can be described by a series R−L circuit in parallel
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with C. By measuring the discrete components, which represent the structural features (i.e.

NP clusters, chains and loops) observed in the nanoparticular layers, gave an indication of

how the system changes with varying particle loading. For both the Ag and Pd layers, the

values of R and C as a function of particle loading showed similar trends whereby a large

change was observed near to ϕc. However, the value of L showed only a slight variation with

increasing particle loading. The Ag layers were found to have a larger capacitance and smaller

resistance and inductance compared to the Pd layers. This could be due to the differences

observed between the Ag and Pd layers in the number of conductive paths available as well

as how tightly packed the layer was. The inability of the impedance spectrometer to measure

samples with resistances greater than 1.3 MΩ meant that there was no information for the

very low particle loadings. In order to get a clearer understanding of how the metal systems

change with particle loading, future measurements would require more sensitive equipment

which is able to measure at lower frequencies (< 5 Hz) and over a wider impedance range.

From the results the Ag and Pd inks have shown to produce good conductive layers. The

percolation studies gave incite into the minimum compositions needed to produce reason-

able conductive layers. However, in order for these conductive inks to be viable in printed

electronics, further efforts should be made to reduce the particle loading as well as finding

alternative substrates. In understanding how the charge transport is affected by the arrange-

ment of the NP network, one can then in future tailor the shape, size and surface morphology

of the metal NPs as well as control the manner in which they assemble in order to optimize

their function and produce a desired effect in electronic devices.
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of gold nanostructures sputtered on glass substrate. Applied Physics A, 102(3):605–610,

2011.

[167] Shweta Jagtap, Sunit Rane, Rohini Aiyer, Suresh Gosavi, and Dinesh Amalnerkar.

Study of microstructure, impedance and dc electrical properties of ruo 2–spinel based

screen printed greenntc thermistor. Current Applied Physics, 10(4):1156–1163, 2010.

[168] Toshihiro Nakamura, Kohei Homma, and Kunihide Tachibana. Thin film deposition

of metal oxides in resistance switching devices: electrode material dependence of resis-

tance switching in manganite films. Nanoscale research letters, 8(1):1–7, 2013.



REFERENCES 97

[169] JW Orton and MJ Powell. The hall effect in polycrystalline and powdered semicon-

ductors. Reports on Progress in Physics, 43(11):1263, 1980.

[170] NM White and JD Turner. Thick-film sensors: past, present and future. Measurement

Science and Technology, 8(1):1, 1997.


	Abstract
	Acknowledgements
	Introduction
	Metallic Nanoparticles
	General Properties of Metal Nanoparticles
	Silver (Ag)
	Palladium (Pd)

	Metal Nanoparticle Production
	Top-Down Methods
	Bottom-Up Methods


	Electrical Properties in Disordered Systems
	Percolation Theory
	Lattice Percolation
	Topological Properties of Percolation Structures
	Continuum Percolation

	Effective Media Theories
	Two-Exponent Phenomenological Percolation Equation (TEPPE)
	Magneto-transport Properties of Metals
	Hall Effect and Magnetoresistance in Bulk Metals
	Low- and High-Field Galvanomagnetic Properties of Metals


	Experimental Procedure
	Sample Preparation
	Materials
	Preparation of Nanoparticle Inks
	Screen Printing

	Structural Characterisation of the Metal Nanoparticles
	Structural Characterisation of the Printed Layers
	Argon Ion Beam Polishing
	Focused Ion Beam Milling

	Electrical Characterisation
	Hall Effect Measurements
	Impedance Spectroscopy


	Results and Analysis
	Morphological Characterisation
	Morphology of the Metal Nanoparticles
	Morphology of the Printed Layers

	Electrical Characterisation
	Percolative Behaviour of the Printed Layers
	I-V Charactersitics of the Metal Layers
	Hall Effect Measurements
	Impedance Spectroscopy


	Discussion
	Electron Microscopy
	Conductivity of the Metal Layers
	I-V Characteristics
	Hall Effect Parameters
	Impedance Spectroscopy of Metal Layers

	Conclusion
	References



