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Abstract: 
 The use of transparent conductive materials (TCMs) has rapidly 

increased in the last two decades as a result of the increasing demand for 
personal electronic devices and the development of thin film based solar cells. To 
date, the most commonly used TCM is indium tin oxide (ITO). However indium 
is a rare earth metal with a complex geopolitical environment surrounding its 
supply and production. Furthermore, the oxide family suffers from poor 
mechanical properties such as brittleness and generally requires either high 
temperature synthesis (>400°C) or vacuum processes for their deposition. For 
these reasons, research in recent years has focused on the discovery or the design 
of a TCM to replace ITO. 

This thesis applies a dual approach combining simulations and 
experiments to explore the fabrication and optimisation of silver nanowire 
networks for use as a TCM and to improve the understanding of their physical 
properties. The simulation contribution focuses on the application of percolation 
modelling to 2D nanowire networks while the experimental part explores the 
electrical and optical properties of silver nanowire networks and their electrical 
behaviour under thermal annealing. We present in this work the modelling of 2D 
stick percolation systems initially composed of perfect idealised sticks, and then, 
investigate the influence of parameters such as length distributions, angular 
distributions or shape (curved nanowires). We address the divergence of the 
critical density for the onset of percolation observed for small system sizes and 
introduce some preliminary work on simulating the collection (or injection) 
efficiency of charges by a nanowire network. 

The experimental component provides a discussion of the impact of wire 
length, wire diameter, network density and fabrication technique on the optical 
and electrical properties of silver nanowire networks. An in-depth study of the 
effect of thermal annealing on the networks properties was undertaken, which 
revealed several mechanisms responsible for the initial reduction of resistance 
and the observed final loss of conductivity. An original observation enables the 
revelation of geometrical quantized percolation for rather sparse networks. 
Finally we conclude that silver nanowire networks are an excellent prospect as a 
TCM to replace ITO: these materials have superior mechanical properties and 
enable comparable and even superior electro-optical properties. 
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Résumé:  
L'utilisation de matériaux conducteurs transparents (TCM) a rapidement 

augmenté au cours des deux dernières décennies en raison de la demande 
croissante liée à l’usage d’appareils électroniques personnels ainsi qu’au 
développement de cellules solaires à base de couches minces. Jusqu'à présent, le 
TCM le plus couramment utilisé a été l'oxyde d'indium et d’étain (ITO), mais 
l’indium est une terre rare dont l’environnement géopolitique lié à son 
approvisionnement et à sa production est complexe. En outre, la famille des 
oxydes transparents conducteurs possèdent de médiocres propriétés mécaniques 
(associées à une fragilité mécanique) et exige souvent, pour leur dépôt, soit une 
synthèse à haute température (> 400 ° C) soit des procédés sous vide. Pour ces 
raisons, la recherche au cours des dernières années a mis l'accent sur la 
découverte ou l’élaboration de TCM alternatifs afin de remplacer l'ITO.  

Cette thèse est abordée sur une approche double combinant simulations 
numériques et expériences pour explorer le dépôt et l'optimisation de réseaux de 
nanofils d'argent pour une utilisation comme électrode transparente d’une part, 
et d'améliorer la compréhension de leurs propriétés physiques d’autre part. Le 
volet  ‘simulation’ concerne la modélisation de la percolation de réseaux de 
nanofils 2D tandis que le volet expérimental explore les propriétés électriques et 
optiques des réseaux de nanofils d'argent, notamment le comportement de la 
résistance électrique lors de recuits thermiques. Nous présentons dans ce travail 
la modélisation 2D de la percolation de systèmes initialement composés de 
bâtonnets parfaits au sein d’un réseau idéal, puis l’étude de l'influence de 
paramètres tels que la distribution en longueur des bâtonnets, leur distribution 
angulaire ou la forme de ces bâtonnets (courbure). Nous nous sommes aussi 
intéressés à la divergence de la densité critique nécessaire pour observer la 
percolation au sein de systèmes de petite taille (vis-à-vis de la longueur des 
bâtonnets). Par ailleurs un travail préliminaire sur la simulation de l'efficacité de 
collecte (ou d’injection) de charges par un réseau de nanofils est présenté.  

Le volet expérimental fournit une analyse de l'influence de la longueur des 
fils, de leur diamètre, de la densité du réseau et enfin de la méthode de dépôt sur 
les propriétés optiques et électriques des réseaux de nanofils d'argent. Une étude 
approfondie de l'effet de recuit thermique sur les propriétés des réseaux a été 
réalisée, ce qui a révélé plusieurs mécanismes qui sont à l’origine de la 
diminution initiale de la résistance électrique à relativement basse température 
puis de la divergence de la résistance électrique observée à haute température. 
Une observation originale a permis de révéler un phénomène de percolation 
géométrique quantifiée pour les réseaux peu denses, qui a été associé à la 
présence de chemins efficaces de percolation indépendants. Ce travail permet de 
conclure que les réseaux de nanofils d'argent constituent une solution 
intéressante pour une utilisation en tant qu’électrode transparente en 
remplacement de l’ITO, notamment en raison de leurs propriétés mécaniques 
supérieures ainsi que de leurs propriétés électro-optiques comparables voire 
supérieures. 

  



6 
 

Table of Contents 

 

Introduction ............................................................................................................... 9 

References ................................................................................................................................ 12 

Chapter 1 Motivation ............................................................................................... 13 

1.1 Transparent Conductive Materials ...................................................................................... 13 

1.2 Fabrication of silver nanowires ........................................................................................... 17 

1.3 Fabrication of silver nanowire networks ............................................................................. 20 

1.4 Electrical properties ............................................................................................................ 21 

1.5 Optical properties ............................................................................................................... 24 

1.6 Optimising the electro-optical properties ........................................................................... 26 

1.7 Thermal properties ............................................................................................................. 28 

1.8 Structural and mechanical properties ................................................................................. 29 

1.9 General Remarks on Applications of Nanowire Networks .................................................. 31 

1.10 Solar cells .......................................................................................................................... 32 

1.11 Transparent heaters .......................................................................................................... 33 

1.12 Displays (OLED) ................................................................................................................. 35 

1.13 Touch panels ..................................................................................................................... 35 

1.14 Closing Remarks ................................................................................................................ 37 

1.15 References ........................................................................................................................ 37 

Chapter 2 A gentle introduction to Percolation Theory: ........................................ 43 

2.1 What is percolation? ........................................................................................................... 43 

2.2 Dimensionality .................................................................................................................... 47 

2.3 Continuum Percolation ....................................................................................................... 48 

2.4 Application of percolation theory to 2D stick systems. ....................................................... 49 

2.5 Stick Percolation: Semi-Empirical Models for Real Systems ................................................ 52 

2.6 Closing Remarks on Percolation .......................................................................................... 54 

2.7 References .......................................................................................................................... 54 

Chapter 3 2D Stick Percolation Simulations: ........................................................... 57 

3.1 Percolation Simulation Framework ..................................................................................... 58 

3.2 Ideal System ........................................................................................................................ 61 

3.3 Length Distributions ............................................................................................................ 73 

3.4 Angular Distributions .......................................................................................................... 76 



7 
 

3.5 Curved Nanowires: Circles .................................................................................................. 80 

3.6 Collection or Injection Efficiency ........................................................................................ 86 

3.7 Closing Remarks ................................................................................................................. 94 

3.8 References .......................................................................................................................... 95 

Chapter 4 Physical Properties of Ag Nanowire Networks ....................................... 97 

4.1 Opening Remarks ............................................................................................................... 97 

4.2 Electrical and Optical Properties......................................................................................... 98 

4.3 Impact of network density on the electrical properties ................................................... 101 

4.4 Impact of wire diameter ................................................................................................... 108 

4.5 Potential for incorporation into solar cells ....................................................................... 110 

4.6 Closing Remarks ............................................................................................................... 112 

4.7 References ........................................................................................................................ 113 

Chapter 5 Thermal Annealing of Nanowire Networks .......................................... 115 

5.1 Opening Remarks ............................................................................................................. 115 

5.2 Experimental section .......................................................................................................... 97 

5.3 Electrical and morphological evolution during thermal annealing ................................... 116 

5.4 Quantized activation of Percolation ................................................................................. 119 

5.5 Pre-annealing ................................................................................................................... 123 

5.6 Physical mechanisms at play during thermal annealing: .................................................. 125 

5.7 Spheroidization ................................................................................................................. 127 

5.8 Individual Junctions In-Situ SEM Observations ................................................................. 128 

5.9 AFM Observations of Individual Junctions Before and After Annealing ........................... 130 

5.10 In-situ AFM observation of Thermal Grooving ................................................................ 134 

5.11 Observation of wire break down in-situ ......................................................................... 141 

5.12 Closing remarks .............................................................................................................. 146 

5.13 References ...................................................................................................................... 147 

Conclusions and future work ................................................................................. 149 

 

  



8 
 

 
 

  



9 
 

 
Introduction 

“We live in a society exquisitely  
dependent on science and technology, 

in which hardly anyone knows anything 
about science and technology.” 

Carl Sagan[1] 
 
The current era is often referred to as the information age and is 

increasingly driven by electricity and information technology. The past century 
has seen the industrial revolution, two world wars, the great depression and the 
global economic crisis. We live in a changing world and need to take some level 
of responsibility for the world that we live in. The lancet report on climate change 
in 2009 made the statement that “Climate change is the biggest global health threat of 
the 21st century.”[2] In many ways the academia of the world is responsible for the 
current crisis as research and development carried out in the past has led to the 
technologies of the present day, both good and bad. At this point in time we have 
an opportunity as scientists to work towards a better future, one which allows 
sustainable energy production and consumption as well as minimizing the 
inbuilt energy costs associated with advanced technology. Spending time and 
money on the research and development of renewable energy is an investment 
for our future and that of our children. The field of ‘green’ energy is broad and all 
aspects of it such as photovoltaics, high density energy storage, energy transport 
and energy-efficient devices are in desperate need of diligent efforts in research 
and development.  

Applied science research has direct benefits to the community but is 
dependent on the underlying understanding of the world that comes from 
fundamental research. Fundamental research represents a quest for answers to 
the question “why?” without necessarily demanding an application for the 
outcome. As it is often difficult to see the implications and applications of 
fundamental research until after the questions have been answered we should 
aim to explore all aspects of the systems we work in, not just those for which an 
application is immediately obvious. As the reader will see, the present thesis 
addresses both these aspects: fundamental research (for instance percolation 
theory, geometrical quantized percolation) and applied research (collection 
efficiency, optimization of transparent electrodes for solar applications).  

For the topic of this thesis we chose to work on Transparent Conductive 
Materials (TCMs), which play a large role in electronic displays, solar cells and 
some lighting applications. These types of materials are continuing to attract 
growing interest due to the high demand for personal electronic devices. 
Currently, Indium Tin Oxide (ITO), and more generally Transparent Conductive 
Oxides (TCOs), dominate the market as mature technologies which show 
excellent transparency (above 80%) combined with very low resistivity (of the 
order of 10-4 Ω cm). [3] 
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However the synthesis of ITO requires the use of indium, a rare earth 
metal. Due to the scarcity of indium, a replacement for ITO needs to be found 
and an intense search for new indium-free TCMs is underway.[4,5] In the late 90’s 
this search was focused on alternate TCOs; however, in recent years several new 
materials[6–9] have emerged to not only replace TCOs in existing applications but 
fulfil the requirements of future applications which TCOs cannot satisfy, such as 
flexibility, low temperature deposition and low fabrication cost.[3] Having at our 
disposal several different types of TCMs with a broad range of physical 
properties and behaviour will enable the selection of materials and processing 
methods which are matched to the needs of the application. The demand for 
transparent electrodes is expected to increase significantly in the next decade as 
they are increasingly applied to new generations of electronic devices and thin 
film solar cells.[10]  

Among the new emerging materials, such as carbon nanotubes[11], 
graphene and metallic nanogrids[8,12] one of the most promising emerging TCMs 
are the metallic nanowire networks,[5] especially those fabricated with silver 
nanowires.[13,14] Extensive work has been performed to develop the synthesis of 
nanowires made of silver, as it exhibits the lowest resistivity at room temperature 
out of all the elements. This effort led to the discovery of a method to fabricate 
nanowires with very large aspect ratios (length divided by the diameter). Their 
low resistivity and high aspect ratios allow the fabrication of networks which can 
simultaneously conduct electricity and be transparent to visible light. These are 
the two most essential properties required for a transparent electrode. 

The goal of this thesis is to explore the fabrication of randomly-oriented 
silver nanowire networks as an alternative transparent conductive material for 
use in solar cells or display technologies. In particular we describe the motivation 
for alternative transparent conductive materials to replace Indium Tin Oxide, and 
propound the benefits of silver nanowire networks.  

Silver nanowire networks have already been shown to produce similar 
electro-optical properties as commercial ITO,[13,15] however, these materials are 
still considered an emerging TCM. Therefore, improvements in the electro-
optical properties of Silver nanowires networks are expected, especially through 
post-deposition treatments, which, we anticipate, will lead to silver nanowire 
networks surpassing the opto-electrical properties of ITO.[3] Several treatments 
have been studied in the literature such as mechanical pressing,[16] chemical,[17] 
electrical,[18] and plasmonic sintering.[19] 

Important parameters which govern the physical properties of nanowire 
networks include the network density, nanowire morphology and post-
treatments. The network density is a key factor which determines the physical 
properties of a nanowire network: a trade-off between optical and electrical 
properties must be balanced to achieve optimal electrode properties as too low a 
nanowire density results in loss of conductivity (or carrier collection) and too 
dense networks will absorb too much light. 

In this work the impact of wire geometries on the required density for 
percolation is explored by Monte Carlo simulations: this allows the investigation 
of the percolative nature of silver nanowire networks. As shown in the thesis, 
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percolation properties should be studied at the network level but also at much 
smaller lengths, closer to the diffusion length of carriers (for the collection of 
photo-generated carriers in a solar cell) when their collection efficiency is 
concerned. Often, a post-deposition step is required to optimize the electrical 
properties of the network. In this work, we have focused on the effects of thermal 
annealing as post-deposition treatment. We show that applying such a process 
helps to drastically reduce the electrical resistance of silver nanowire networks 
without degrading the material transparency. Although thermal annealing is 
widely used for such layers, surprisingly there has been very few or no 
systematic analysis in the literature focused on the effect of thermal annealing on 
the electrical resistance of metallic nanowire networks. When performing this 
study we observed a new phenomenon, the quantized activation of a percolating 
network: in a sparse network the lowering of the electrical resistance during a 
thermal ramp was found to occur through sudden dropping steps within a 
particular temperature range. We interpreted these steps with geometrical 
quantized percolation. A simple model is proposed and agrees well with 
experimental data. 

 
 This thesis consists of five chapters. The first chapter can be considered a 
literature review and provides the context of the thesis as well as the discussion 
of many of the works that have already been undertaken by other groups. It is 
focused on the possible applications of nanowire networks and the impetus 
behind the drive to replace indium tin oxide. The second chapter continues the 
discussion of the literature but is focused on the concept of percolation, 
discussing the fundamental concepts of percolation and providing the 
foundations for chapter 3. In chapter 3 we report the development of Monte 
Carlo simulations and analyse the results on the percolation in 2D systems of 
sticks. Chapter 4 discusses the electro-optical properties of silver nanowires and 
Chapter 5 provides an in-depth description of the behaviour of silver nanowire 
networks under thermal annealing. Finally the thesis concludes with a summary 
of the work and a discussion of which direction future research should take. 

We hope that this work will provide you with an understanding of 
percolation, silver nanowire networks and their behaviour under thermal 
annealing. As a global objective of this work, we aimed at contributing to the 
study of this emerging material which will hopefully be applied in solar energy 
and display technologies on a large scale within the next few years. Transparent 
conductive materials made from silver nanowires may also be useful to other 
applications in different fields such as antennas, lightning, transparent heaters… 
for which understanding of the physical properties will be of the utmost 
importance. 
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Chapter 1  
Motivation 

1.1 Transparent Conductive Materials 

This chapter provides the general context and motivation for this work. 
We explore the growing demand for transparent conductive materials, and the 
design requirements for their use in existing and emerging applications. We 
highlight the emerging field of indium-free transparent conductive materials, 
specifically the use of silver nanowires. Much of this initial chapter appeared as a 
review article in Nanotechnology written with our colleagues from CEA LITEN.[1] 
Within the framework of this thesis the article has been modified and updated to 
address the key literature surrounding silver nanowire growth, network 
fabrication, network properties and several important applications.  

Thin films with a combination of high electrical conductivity and optical 
transparency are crucial for many modern devices such as touch panels, e-papers, 
organic light-emitting diodes (OLEDs), liquid-crystal displays (LCDs), and solar 
cells. These films are typically fabricated from transparent conductive oxides 
(TCOs) such as Indium Tin Oxide (ITO), Fluorine doped Tin Oxide (FTO) or 
Aluminium doped Zinc Oxide (AZO). Historically the majority of research and 
current industrial technologies for Transparent Conductive Materials (TCMs) 
have focused on vacuum deposition processes of TCOs. At present the dominant 
TCO is ITO, typically a solid solution of approximately 90% indium oxide and 10% 
tin oxide.[2] Currently geopolitical uncertainty associated with the global 
distribution of indium, and the growing demand for touch screens in consumer 
electronics have led to the expectation of an exponential increase in the price of 
indium in the near future.[3] To understand the current market environment it is 
quite instructive to look at the global indium production, the price history and 
the forecasted demand for transparent electronics. Figure 1.1 a) depicts the global 
indium production of 2012 broken down by country. With over 80% of world 
indium production being centred in Asia and 51% in China alone, indium prices 
are dominated by the east, western countries have minimal production apart 
from Canada.[4] This results in a complex geopolitical situation in which the west 
is heavily dependent on the east for both device manufacture and raw materials 
supply. For some indium producing countries such as France, Italy and Belgium[5] 
(representing 6% of global production) the situation is even more complex as 
these countries have very limited mine sources of indium. Instead of producing 
indium ores directly they purchase from other countries indium containing 
lead/zinc residues, flue dust and drosses which require special extraction 
techniques to obtain pure indium.[5] As a result their indium production is once 
again dependent on external sources. 
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Figure 1.1 a) 2012 Indium production by country as a percentage of the total global 
production. b) Indium production and price history for the past 4 decades. Information 

extracted from the U.S. geological survey.[4] 

Despite a continued growth in world indium production over the past 40 
years as indicated in Figure 1.1 b) the price of indium has grown significantly. 
This is a result of the rapid expansion in the use of ITO in personal electronic 
devices.  Fears of unpredictable price hikes due to potential political instabilities 
and expected increase in price due to limited availability of indium are the 
driving forces behind recent efforts to develop new indium free TCMs. 
Worldwide a large amount of research, both academic and industrial, is focusing 
on the development of earth-abundant TCMs, it is unclear yet as to which will be 
able to replace indium tin oxide.[3] The future of TCMs may come in the form of a 
TCO or one of the emerging materials such as Graphene, Carbon Nanotubes 
(CNTs) or metal nanowires.[6] It is likely though that no one material will be able 
to satisfy all of the requirements for the large variety of applications that rely on 
TCMs, more likely several TCMs will be used to satisfy the demands of current 
and emerging applications. 

The role and requirements of the TCM layer can vary significantly 
depending on the type of device in which it will be integrated. In the case of solar 
cells, the transparent electrode works as the anode for extracting and separating 
charge carriers from the absorbing layer, as such this can be a large area electrode. 
Furthermore, for organic light emitting diodes (OLEDs) LCDs and touch screen 
applications the TCM must be patterned to address the spatial location of the 
interaction or pixel. The requirements associated with the fabrication of TCMs for 
these devices continue to grow intensively, expanding with the industrial 
demand for transparent electrodes in different applications.[7] Therefore 
numerous scientific investigations have been devoted to explore different 
possibilities for the fabrication of thin layers exhibiting good compromise 
between optical transparency and electrical conductivity. These two properties 
are the most important properties of a TCM though there are many others such 
as flexibility, toughness and chemical reactivity to name a few. The development 
of new TCMs is dictated by the requirements of the specific application, however 
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high conductivity and low optical absorption are always desirable attributes. 
According to Kumar and Zhou, “Future generations of opto-electronic devices are 
anticipated to require conductive electrodes which are flexible, cheap and compatible with 
large scale manufacturing methods.”[3]  

However, TCM requirements are often application-dependent, thus it is 
not possible to give an overall set of ideal figures of merits for emerging flexible 
transparent electrodes. For instance light scattering as measured by the Haze 
factor (percentage of the transmitted light which is scattered) can be valuable for 
photovoltaics but is detrimental when electrodes are used for touch panel 
displays. Many parameters have to be taken into account for each specific 
application. Cost, optical properties, thermal stability, processability, chemical 
compatibility with other materials and work function are only few of the key 
parameters. Three emerging criteria for the next generation of electronic devices 
are presented in 0: transparency, electrical conductivity and mechanical flexibility, 
with expected performance requirements for some applications. These properties 
are expected to be the most important for a successful emerging TCM. Even for 
these principal properties, different applications require different specifications. 
The indications provided in table 1.1 are meant as a general guide to the average 
requirements of a stated application family. With respect to each property there 
is a broad range of requirements depending on the specific type of application 
that is being considered. 

Table 1.1: Desired properties for the main applications of transparent conductive 
materials. Number of symbols indicates importance of the property to the application.  

 

 

 
 
Whi

le TCOs are very well adapted for some applications, they suffer from significant 
limitations such as costly fabrication processes, scarcity (especially concerning 
Indium based TCOs like ITO) and brittleness. In order to overcome the issue of 
brittleness a variety of other materials have been intensively investigated recently 
such as CNTs, graphene thin films, conducting polymers, metallic grids and 
metal nanowire networks.[3,8–10]  Of these emerging TCMs CNTs and graphene 
are both intrinsically good light absorbing materials, De and Coleman[6] compare 
CNTs, graphene flakes and Ag nanowires and identify Ag nanowires as the most 
promising emerging TCM. Sorel et al. also made a similar comparison but 
included considerations of their heat generation properties comparing the 
emerging materials to identify the most suitable for transparent conductive 
heaters.[11] Again the same conclusion that metal nanowires were the most 
effective materials was reached. 

When selecting the appropriate material for an application it is crucial to 
consider the costs associated with the raw materials and production methods 
used to fabricate the electrode and whether high temperature or vacuum 

Application Transparency Conductivity Flexibility 

Photovoltaics +++ +++ + 

OLED/PLED ++ ++ + 

Film Heaters + +++ ++ 

Touch Screens +++ ++ ++ 
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processes are required for, or incompatible with, device production and the 
specific needs of the application.  

Table 1.2 provides a brief summary of some fabrication methods of 
electrodes using transparent conductive materials, it is by no means exhaustive, 
but allows a simple comparison of the currently available and emerging 
materials. 

Table 1.2: General guide to transparent conductive material electrode fabrication 
methods. + symbols indicate positive results – symbols represent poor results. 

♦Fabrication method refers to the production of electrodes directly not the production of 

the constituent components which are used to fabricate the electrode itself. 
▲Deposition temperatures of TCO’s usually require several hundred degrees Celsius or 

the use of vacuum processes such as sputtering. 

*Electrodes can be fabricated at RT but if device fabrication requires high temperature 
processes, vacuum or encapsulation are required to stabilize the films. 

#Thickness is diameter and density dependant though with high pressure it can be 
reduced to the diameter of a single nanowire. 

Reduction of the sheet resistances of both graphene and carbon nanotubes 
can be achieved by doping the films but typical resistances of undoped films are 
shown in the table. The processing temperature indicated in Table 1.2 refers to 
the range of temperatures that the film may be exposed to during device 
fabrication. The low temperature refers to the lowest temperature that films can 
be fabricated at and the upper value is related to the stability of the material. 
Each type of TCM has strengths and weaknesses and in the end the material to 
use must be determined by the specific needs of the application. 

For the properties mentioned in Ag nanowires are able to meet or exceed 
the toughest demands of existing applications. From this it can be seen that the 
available deposition methods for Ag nanowires are cheap and compatible with 
large scale samples. In light of this fact and the properties highlighted by De[6] 
and Sorel[12] the remainder of this thesis will focus on the use of silver nanowire 
networks as a TCM. This chapter will discuss the production of Ag nanowires 
and fabrication of TCMs with very promising properties produced by low-cost, 
solution-based, methods. Some time is also spent to discuss the application of 

Fabrication Method
♦
 TCOs Graphene CNTs AgNWs 

CVD +++ +++ + - 
Sputtering +++ - - - 

Spin Coating - + ++ ++ 
Spray Deposition ++ + +++ +++ 
Screen Printing -- + ++ ++ 
Material Costs Medium High High Medium 

Processing Temp (ºC) >200▲-

1000 

RT-1000* RT-700* RT-700* 

Uniformity +++ + ++ ++ 
Typical thickness (nm) 100-300 <5 <10 25>600

#
 

Typical Rs (Ω/□) 5-100 300-5000 100-300 1-50 
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this material to devices, although several new applications have been recently 
demonstrated with silver nanowire networks, like EMI Shielding,[13,14] and RF 
antenna[15–17] this chapter focuses on applications which will find large 
improvements thanks to the three properties mentioned in Table 1.1. 

1.2 Fabrication of silver nanowires  

The synthesis of one-dimensional nanomaterials has grown impressively 
in the last two decades. In particular, the fabrication of metallic nanowires has 
been tackled recently for the development of transparent flexible electrodes. One 
of the very key criteria is the need to obtain materials from low cost solution-
based processes. Among possible metallic nanostructures, silver nanowires 
(AgNWs) have been the most studied for several reasons. Bulk silver has the 
highest electrical conductivity thus it has been the focus of a lot of research.[18–20] 

Moreover, synthesis of AgNWs is rather easy whereas protocols for large scale 
synthesis of nanowires from other metals are still under development. Several 
other metallic nanowires have been prepared so far and some of them show 
interesting properties for the fabrication of TCMs. In particular, copper,[21–24] 
gold[25,26] and cupronickel[27] nanowires have demonstrated promising results. To 
date, silver nanowires continue to be the most studied metallic nanowires.  

Several routes have been followed experimentally to fabricate silver 
nanostructures with various shapes and form factors. These methods include the 
hydrothermal method, microwave-assisted process, electrochemical technique, 
UV irradiation technique, template technique… (see Coskun et al.[28] and Chen et 
al.[29] and references therein). When compared to these methods, the polyol 
approach appears as the most promising synthetic procedure regarding ease of 
mass production, cost and simplicity. This method proposes a simple route for 
the synthesis of metal nanoparticles through reduction of metallic salts by a 
polyol, generally ethylene glycol.[30,31] Crystallization of noble metals usually 
leads to highly symmetric cubic unit cells. Thus, to obtain the growth of 
nanowires from isotropic solutions, some form of anisotropic confinement must 
be applied in order to achieve one-dimensional growth.[32] The polyol method of 
fabrication of AgNWs was first developed by the team of Xia.[18,20] Ethylene 
glycol reduces the metal precursor (usually silver nitrate) in the presence of a 
nucleating agent and poly-vinylpyrrolidone (PVP). The PVP plays the role of 
capping agent capable of controlling the growth rates of different faces of silver 
nanospecies. Thus the PVP is responsible for the introduction of anisotropic 
confinement. The near-unanimous choice of ethylene glycol as the reductant is 
based on its ability to solvate both AgNO3 and PVP, and its boiling point (196 °C) 
which allows synthesis at high temperature.  

The exact mechanism of AgNW growth is complex and as yet has not been 
entirely clarified. First, ethylene glycol reduces Ag+ ions in Ag atoms, thereby 
inducing silver crystal formation and subsequently growth of silver 
nanostructures. The synthesis of AgNWs has three distinct steps; nucleation, 
evolution of nuclei into seeds and growth of seeds into nanocrystals. In these 
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steps the phenomena of atomic addition and aggregate formation are essentially 
governed by mechanisms of diffusion and surface energy minimization. By 
modifying the thermodynamics and kinetics of each of these steps, it is possible 
to have some control on the form of the synthesized nanocrystals.[33] Different 
approaches have been explored. The addition of particles playing the role of 
seeds can change the process of nucleation. Various nucleating agents, either in a 
pure form or as combination of a few salts, have been used to study the effect on 
AgNW growth.[20,29,34–36] In general, chlorinated derivatives give good results, 
and in particular NaCl is often preferred. The presence of a nucleating agent 
directly affects the morphology of metallic seeds during their initial formation. 
Thus, the addition of NaCl leads to the formation of AgCl nanocrystallites and 
reduces the concentration of free cationic silver ions in the solution during initial 
seed formation. These slow reaction conditions enable the formation of the 
thermodynamically more stable multiply twinned Ag seeds required for wire 
growth. The seed structures have an important role in the shape evolution of 
metal nanocrystals and therefore in the resulting materials. It has also been 
demonstrated that the addition of traces of salts involves selective oxidative 
etching controlling the structure and population of seeds once formed. Ag 
nanocubes or AgNWs can be obtained selectively just by modifying salt 
concentrations.[37–39] These parameters are key for the fabrication of one-
dimensional Ag nanostructures. According to Xia et al.,[18,33,40] the nanowires are 
derived from multiple-twinned particles. Among the various possible seed 
structures (crystal, simple twin or multiple twins), the multiply twinned 
decahedra is the most thermodynamically stable seed, as it is bound almost 
entirely by the lower energy {111} facets. It is therefore the most naturally 
abundant seed but also the most reactive because of the presence of twin defects.  

 

Figure 1.2 Schematic illustration of the mechanism proposed to account for the growth 
of silver nanowires with pentagonal cross sections:  (A) Evolution of a nanorod from a 

multiply twinned nanoparticle (MTP) of silver under the confinement of five twin planes 
and with the assistance of PVP. The ends of this nanorod are terminated by {111} facets, 
and the side surfaces are bounded by {100} facets. The strong interaction between PVP 
and the {100} facets is indicated with a dark-gray colour, and the weak interaction with 

the {111} facets is marked by a light-blue colour. The red lines on the end surfaces 
represent the twin boundaries that can serve as active sites for the addition of silver 

atoms. The plane marked in red shows one of the five twin planes that can serve as the 
internal confinement for the evolution of nanorods from MTP. (B) Schematic model 

illustrating the diffusion of silver atoms toward the two ends of a nanorod, with the side 
surfaces completely passivated by PVP. This drawing shows a projection perpendicular 
to one of the five side facets of a nanorod, and the arrows represent the diffusion fluxes 

of silver atoms.[32] 
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Sun and co-workers[41] have recently reported that each nanowire is 

composed of a heavily strained core encapsulated in a less-strained sheath. The 
crystalline defects where the cores are exposed provide active sites for growth of 
the nanowires along their longitudinal axes, while the less-strained side surfaces 
of the nanowires, bound by {100} facets, have lower reactivity towards the 
deposition of silver atoms (see Figure 1.2). 

Once the pentagonal rod is formed, PVP plays a critical role in the growth 
mechanism. Originally used to prevent the aggregation of nanoparticles, it has 
also proven to be an agent controlling the structure of the nano-objects. Indeed, it 
reacts preferentially with the {100} facets of the silver nanoparticles, through 
interactions between surface silver atoms and the oxygen atoms of the PVP 
carboxyl groups.[42] Tests performed with other polymers like poly(ethyleneoxide) 
(PEO) or polyvinylalcohol (PVA) did not lead to good nanowire formation.[20] 
Concerning the experimental protocol of the synthesis, many parameters have to 
be tightly controlled, which is a common feature for the synthesis of 
nanoparticles. A recently published parametric study gives some details related 
to the effects of temperature, injection rate, molar ratio of PVP to silver, NaCl 
amount and stirring rate.[28] All of these parameters are important and for some 
of them tiny changes can lead to dramatic alterations of the nanoparticle’s size 
and shape. It should also be emphasized that the quality of chemical reagents is 
extremely important, in particular the purity of the ethylene glycol. A few grams 
of AgNWs can be obtained through a single experiment which allows large area 
deposition considering that only few tens of mg are deposited per m² to obtain a 
~90 % transparency,[43] though this is dependent on deposition technique and 
wire geometry. The nanowires generally have diameters in the order of a 50-150 
nm and lengths of 5-50 µm, resulting in an aspect ratio (length/diameter) 
typically in the 50-500 range (see Figure 1.3). 

 

Figure 1.3 SEM images of silver nanowires at two magnifications 

Recently, very long AgNWs have been synthetized thanks to a successive 
multistep growth method. Very high aspect ratio of 1000-3000 with lengths of 
over 300µm and diameter of less than 150 nm were obtained.[44] According to the 
percolation behaviour of 2D stick systems as discussed in chapters 2 and 3 these 
nanowires represent an ideal candidate for transparent electrode fabrication. 

After the synthesis, the as-obtained product requires some purification. 
Indeed, a mixture of nanowires and nanoparticles in organic solvent is generally 
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obtained. To remove most of the ethylene glycol and excess PVP, several washes 
with acetone are commonly used. To separate the nanoparticles from the 
nanowires the product solution is put through a centrifuge. According to 
different research groups, the parameters of the commonly used centrifugation 
procedure can be changed from 20 min at 2000 rpm[20,34,45], 6000 rpm[28] or 8000 
rpm[46] to 10 min at 16000 rpm.[47] Most of the time the product is then dispersed 
in another solvent such as water[17,28,46–48], ethanol[28,34] or methanol[49]  to be 
washed a second time. Filtration has also been described to further purify the 
product, either by filtering through a polycarbonate membrane with 0.8 µm pore 
size[35,42] or a glass filter with mean pore size of 5-40µm.[50,51] Although less 
common, cross-flow filtration is also a possibility.[52] Another very 
straightforward method is to let the crude reaction mixture settling for few days 
before removing supernatant. This decantation technique allows easy production 
of a high quantity of nanowires in a single run.[53]  

1.3 Fabrication of silver nanowire networks 

The development of high performance transparent conductive material is 
increasingly requiring the use of nanostructures. Therefore, it is necessary to 
develop simple, reliable and cost-efficient fabrication techniques to achieve both 
random and ordered nanowire arrays. Assembling such networks is also a 
critical step to control their resulting electro-optical properties. In respect to their 
physical properties and ease of synthesis, high aspect ratio metallic nanowires 
are one of the most attractive materials to fabricate such networks.[54]  

Random nanowire networks can be readily and cheaply made by solution-
process techniques such as spray coating[50,55–57], drop casting[58–60], spin 
coating[61,62] or rod-coating.[63] All these techniques are compatible with low 
temperature deposition processes (<200 °C) and do not require any vacuum 
equipment. In addition techniques such as spray coating are easily surface-
scalable. Such solution-processed electrodes have already demonstrated their 
ability to be integrated into operational devices such as organic solar cells.[58,62] 

Nevertheless, while working with colloidal solutions and depositing them 
as thin films, it is often difficult to achieve high reproducibility as determined by 
comparing the opto-electrical properties of different networks. It is well-known 
that drop cast nanowire networks may show spatial inhomogeneities known as 
“coffee ring effect” on the substrates during the solvent evaporation step.[63,64] 
Films obtained from air-spraying coatings are usually more homogeneous and 
tend to form much more uniform networks.   

Methods for ordering and control of nanowire arrangements have 
attracted increasing interest. Oxide nano templates such as anodic alumina have 
been used to separate and order metallic nanowires.[65,66] Polydimethylsiloxane 
stamps have also been successfully used for dry transfer printing.[19,67,68] A wealth 
of other different and original techniques such as blown-bubble film technique,[69] 
controlled dip coating,[70,71] microfluidic assembly,[72,73] electronic/magnetic field-
assisted assembly,[74,75] convective force driven assembly,[76–79] layer-by-layer 
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assembly of nanowires,[80–82] direct gravure printing,[83] and electrospinning[23,84] 
have also been attempted to produce high quality ordered nanowire arrays.   

One of the most important points to be addressed for device integration is 
the surface roughness and the contact resistance between nanowires. The former 
can be addressed by lamination[85] preventing shunts from occurring,[36] 
embedding nanowires within a transparent polymer using a wet chemical 
process as demonstrated by Zeng et al.[86] or by sandwiching  a metallic nanowire 
network in between two ZnO layers.[87] Junction resistances can be lowered by 
annealing which can be made very spatially selective using plasmonic welding.[88] 

Lastly, improving thermal and more generally environmental stability is a 
critical issue to address for integrating nanostructures in devices. Embedding 
within oxide materials is proving to be a very promising way to achieve this. 
Indeed, it has been used to prevent thermal degradation of silver nanowire 
networks.[65,84,87,89,90] Ramasamy et al.[90]  showed that their TiO2 encapsulated 
silver nanowires are thermally stable up to a temperature of 750 °C. However in 
the case of Ramasamy, the thermal annealing was performed under vacuum, in 
which case as we demonstrate in chapter 5  un-encapsulated wires are also stable 
to >700 °C.[91] Recently, Chung et al.[61] and Kim et al.[87] also demonstrated that 
such embedding is also beneficial for lowering junction resistances and 
smoothing the surface morphology, improving the mechanical adhesion to the 
substrate while maintaining good mechanical flexibility.  

1.4 Electrical properties  

The electrical properties of nanowire networks are dependent upon 
several characteristics of the nanowires themselves and of course the network 
morphology. In general the resistance of the network increases  as the length of 
the nanowires used decreases, this trend is continued if the wire diameter is 
decreased.[12,21] This increase of resistance with decreasing wire diameter is due 
to an increase of the individual nanowire resistance. This phenomena was 
studied by Bid et al.[92] who attributed the increase in resistance to surface 
scattering of the electrons, as the diameter of the nanowire reduces close to or 
below the mean free path of electrons in the bulk material the role of surface 
scattering becomes dominant. The dominance of surface scattering causes a 
reduction of the mean free path and causes an increase in the resistivity above 
that of the bulk.  

The role of the nanowire length is less straightforward as the dependence 
is a direct result of the percolative nature of the conduction mechanism in 
nanowire networks. In the fabrication of nanowire networks nanowires are 
deposited onto a substrate layer, when two nanowires touch they form a junction 
connecting the two wires electrically. The formation of a conductive electrode 
requires many such junctions to create a conductive pathway across the electrode.  
Hecht et al.[93] take an elegantly simple view of the conduction mechanism to 
explain the dependence of network resistance on length, although initially 
considered for carbon nanotube networks it is also applicable for metallic 



22 
 

networks. Put simply, the concept is that for a given network size the minimum 
number of nanowires required to cross it is inversely proportional to the square 
of the nanowires lengths. The orientations of the nanowires determine the 
number of junctions required to make the network percolate, but the minimum 
number is determined by the length of the wire. In this model the longer 
nanowires require fewer wires to make a conduction path across a given space, 
thus they have less junctions and fewer transfers between wires. This results in 
the lower resistances observed in networks made of long wires. 

Beyond the dimensions of the wires themselves, the wire density plays a 
large role in the conduction properties of the network. Many studies have shown 
that increasing the number of wires decreases the resistance, however this also 
results in a decrease in the optical transmission of the network.[19,21,23,36,86] Striking 
a balance between the electrical and optical properties has long been the 
challenge for transparent conductive materials. Among others, there are two 
specific advantages of nanowire networks as transparent conductive materials. 
One is the low sheet resistances achievable with nanowire systems which can be 
on the order of a few ohms per square, and the other is the transparency in the 
infra-red region of the spectrum. This point will be covered in more detail in 
section 1.5. 

The overall resistance of metallic nanowire networks depends on the 
material used to make the network, so far mainly copper and silver networks are 
being studied with the silver networks having the better electrical properties. 
Resistance of the network is also determined by the nanowire density and the 
junction resistance. The diameter and length of the nanowires play a crucial role 
in the required density for percolation and hence the number of conduction 
pathways through the network. Increasing the density of nanowires above the 
percolation threshold results in conduction pathways through the network that 
are in parallel, hence as the number of conduction paths increases the resistance 
decreases. The junction resistance is determined by the physical properties of the 
junction, these are dependent on how the nanowires are grown, purified, and 
deposited. Modification of the junction resistance has been studied in the 
literature and methods such as thermal annealing[19,43,86,94] high pressure[94], 
electrical annealing[43], optical sintering[88] and encapsulation[63,86] have all been 
shown to reduce the resistance of the network. Some examples of post-treatments 
and their effects on the morphology of the network are provided in Figure 1.4. 
This provides a contrast in the final electrode geometry, for the thermal 
annealing (Figure 1.4 2b) case the junctions’ electrical properties are improved 
with some minor changes to the network, in the case of mechanical pressure 
(Figure 1.4 4b) the network morphology is reduced to the width of a single wire. 
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Figure 1.4 SEM images of silver nanowire networks, the a) series are top down views of 
the sample and the b) series show off angle cross-sectional views. Images 1a-b) are of as-
deposited nanowire networks 2a-b) show the effect of thermally annealing at 200ºC for 

20 min. 3a-b) show an as-deposited network after rinsing in water and ethanol and 4a-b) 
show the effect of 5s of mechanical pressure applied at 25 MPa. Images adapted from[94] 

The I-V characteristics of metallic nanowires at low voltages have been 
shown to be close to linear[88,95] and at higher voltages the electrical breakdown 
mechanism of individual single crystal nanowires has been determined to be due 
to electro-migration of atoms within the wires.[95] The nanowires will be subject 
to Joule heating as a result of current flow. However, the electrical resistance of 
the individual wires is low and the thermal conductivity of the wires is high. As a 
consequence, the thermal energy is quickly distributed throughout the network. 
In this case it was shown that electro-migration will cause failure of the networks 
before the critical temperature (the temperature required to cause 
spheroidization) to cause thermal failure is reached, as shown in Figure 1.5. 

 

Figure 1.5 Electrical breakdown of a silver nanowire, two measurements were 
performed (AB and CD). The images show the wire before and after breakdown. Due to 

the position of the failure in each case it was determined that electro-migration is the 
most likely candidate as the failure mechanism. Scale bar in A) is 200 nm.[95]  
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Failure due to electro-migration is expected to occur close to junctions in 
the nanowire network which carry high current loads.  In general electro-
migration is expected to dominate the electrode failure under high current loads, 
the exception to this is the case where the junction resistance is high. In this case 
the Joule heating is localised at the junctions of nanowires in the network will act 
to increase the local temperature. Fortunately in this case it typically results in a 
reduction of the junction resistance through thermal sintering of the junction, 
which then reduces the heat produced at that point. 

1.5 Optical properties  

The use of optical properties of nanoscale particles is not really a new 
development, our ancestors put them in good use when fabricating magnificent 
colour pigments for stained glass. The vivid colours of metal colloids are a result 
of elastic light scattering. When an incident electromagnetic field impacts on a 
metallic nanoparticle, the electric field component will set into collective motion 
of both the bound and the free electrons with respect to fixed positive ions of the 
metal. This leads to electronic (which are essentially independent of the particle 
size) and geometric resonances over some spectral regions, effectively polarizing 
the material. Such polarization occurs if the particle size (the radius r of a 
spherical particle for example) is a multiple of the incident wavelength value. In 
that case, very narrow peaks are added to the extinction and scattering 
efficiencies. The former can be accurately described using the classical Drude-
Lorentz-Sommerfeld equation for the resulting dielectric function: 

  

   

(1.1) 
 

Where j and fe  are the resonant frequency and the damping constant of 

the jth harmonic oscillator, respectively. fe is the damping constant of the free 
electrons and ωp the bulk plasma frequency.[96]  

In metals though, the contribution of free electrons is dominating the 
dielectric function resulting in a remarkable effect of light coupling to metallic 
nanoparticles via the excitation of surface-plasmon polaritons (SPPs) (as opposed 
to “bulk” plasmons) theorised by the pioneering work of Ritchie[97] in the 1950s. 
Surface plasmons are simply plasmons confined to the surface and are directly 
responsible for the geometry-dependence of nanoparticle optical responses. They 
have both longitudinal and transverse components and can actually be observed 
at high spatial resolution with electron-energy loss spectroscopy experiments[98,99] 
or scanning near-field optical microscopy.[100,101] SPPs stems from the relative 
difference of permittivities between the metals and the surrounding non-
conducting (dielectric) media. For instance, for metallic cylinders of infinite 
length and small diameter, the resonance condition for an SPP resonance is given 
by: ε1=- εM and ε2 ~ 0 where ε1 is the real part of the dielectric function of the 
particle, εM the dielectric function of the surrounding medium and ε2 the 
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imaginary part of the dielectric function ε.[96] Surface plasmons can be damped by 
surface roughness, domain boundaries or any other sort of defects. 

Having light being concentrated and channelled over the surface of 
nanoparticles as well as in between them results in a strong electromagnetic field 
enhancement.  Indeed, the amplitude of the electromagnetic field observed in the 
vicinity of nanoparticles[102,103] can amount to several hundred times that of the 
incident field in places called “hot spots”. Garnett et al. [88] put this effect to a 
practical use performing plasmonic welding to assist sintering metallic 
nanowires into large interconnected networks. Spechler and Arnold also used 
this method but employed a pulsed laser to minimise the excess energy input.[104] 
This feature is also used for surface-enhanced Raman spectroscopy.[65] These 
phenomena also illustrate what is called dependent scattering or “optical antenna 
effects”. Indeed, while individual nanoparticles exhibit a single or a few plasmon 
resonances, much more complex resonance spectra are observed for interacting 
and coupled structures. Figure 1.6 shows different transmittance spectra of 
transparent conductors in the visible/near infra-red range. 

 

Figure 1.6 Vis-NIR transmittance spectra (substrate subtracted) of indium tin oxide, 
aluminium-doped zinc oxide, PEDOT:PSS, silver nanowires and single walled carbon 

nanotubes.  

The plasma frequency of indium tin oxide and aluminium-doped zinc 
oxide falls in the near-infrared so that the transmittance drastically decreases in 
this region, silver nanowires and carbon nanotubes do not show such a feature 
and demonstrate similar transmittance in the visible range. For applications 
requiring conductive films that are transparent in the infra-red region of the 
spectrum, nanostructured films of metallic nanowires or carbon nanotubes are an 
excellent choice. In the case of silver nanowire networks, the transmittance loss is 
mainly accounted for by reflective scattering of light by the nanowires 
themselves.[61] In addition there is a significant reduction of the reflectance since 
there is a refraction index gradient (directly resulting from having nanowires 
suspended in air) which is an inherent factor enabling better coupling of light to 
the material. [105]  
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On a final note, the ratio of diffuse transmission to direct transmission of 
light (the haze factor) of a material can be considered a critical factor for some 
applications. It is dependent on the experimental conditions and methods used 
for fabrication of the network. It is possible to fabricate a broad range of metallic 
nanowire networks with haze factors from <2% to more than 30%.[106] This range 
allows metallic nanowire electrodes to be fabricated to suit many different 
applications. 

As already briefly discussed in section 1.1 the proportion of scattered 
transmitted light is an important parameter which should be considered 
alongside optical transparency and sheet resistance. The Haze factor is associated 
with the degree to which transmitted light is scattered. A low Haze factor is 
required for display applications while higher values are desirable for enhancing 
the path length of light in the absorbing layer of a solar cell, thus improving the 
photovoltaic efficiency.[107] Haze factor is usually not considered, for instance 
when calculating the figure of merit (FoM), however recent studies have focused 
on its importance.[106,108,109] Unfortunately it is still difficult to provide a fair 
comparison and discussion on AgNWs Haze factor since literature reports very 
dispersed data relating to the Haze factors of nanowire networks. Actually Haze 
factor depends upon several parameters including NW density or diameter,[106] 
deposition method and post processing. Clearly, more work should be dedicated 
to this topic as it is of crucial importance for the optimal integration of AgNW 
based transparent electrodes in real devices.  

1.6 Optimising the electro-optical properties  

Optimising the properties of a TCM is a delicate challenge which depends 
upon the application considered. Such a task is associated with the inherent 
trade-off between the two requirements of electrical conductivity and optical 
transmittance.  A material transparency can be improved by decreasing the 
sample thickness for a thin film (such as TCO) or the density of conducting 
nanoparticles (such as AgNWs or CNTs or disordered arrays of exfoliated 
graphene flakes). However a very low thickness or low density results in an 
increased resistance, in percolating systems this is due to the reduced number of 
conduction pathways. This feature is well illustrated by Figure 1.7a where 
transmittance versus sheet resistance has been plotted for graphene, single wall 
carbon nanotubes (SWNTs), Cu and Ag NWs.[6] Such a set of data points is 
associated with a series of specimen with varying thickness or density. The data 
can be fitted by using two different regimes which can be ascribed to bulk-like 
and percolation behaviour.[6] For each material considered, the bottom left 
portion of the data (fitted by the solid line and corresponding to thicker films) is 
associated with bulk-like materials for which dc conductivity is invariant with 
sample thickness. Another dependency should be considered for the high 
transparency regime where deviation from bulk-like behaviour and can be 
explained by percolation effects as revealed by the good fit between the dashed 
lines and the data in the top right region of Figure 1.7a. A discussion of the 
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equations used to fit this data can be found in the work of De and Coleman[6] 
which is also discussed in chapter 2 section 2.5. When the density of nanowires or 
nanotubes is decreased the sample state approaches the threshold for network 
percolation. At this point the probability that the network conducts is 50%; as the 
percolation threshold is crossed the network becomes less and less likely to 
contain conduction pathways and consequently the sheet resistance soars.  

 

 

Figure 1.7 (a) Optical transmittance (at 550 nm) versus sheet resistance for transparent 
conductors composed of nanostructured materials. Each set of points can be divided into 
two regimes: the bulk regime (solid line) and the percolation regime (dashed line). [6].  (b) 

Optical transmittance (at 550 nm) versus sheet resistance for graphene,[110–115] carbon 
nanotubes,[19,56,116–121] Ag NWs[55,57,58,68,88,94,106] and ITO. [10,19,122]  

  

The balance between electrical and optical properties should be quantified 
to allow comparison of the performance of TCMs. Therefore Figures of merit 
(FoM) are considered based on the pursued physical properties. A traditional 
FoM as defined by Haacke[123] is commonly used:[10,113] 

   (1.2) 

Where T is the transmission measured at a wavelength of 550nm, which 
corresponds to the maximum human visual sensitivity and the peak in photon 
output of the sun. Note as well that another FoM often considered is the ratio 
between the electrical conductivity and the optical absorption coefficient.   

Figure 1.7b exhibits experimental optical transmission and sheet resistance 
data associated with graphene,[110–115] carbon nanotubes,[19,56,116–121] Ag 
NWs[55,57,58,68,88,94,106] and ITO. [10,19,122] The lines show iso-values of the FoM 
defined by equation 1.2. The larger the FoM values are, the better are the 
associated electro-optical properties (so the ideal region corresponds to the top 
left of this graph). While a dispersion of the data points can be observed, general 
trends can be stated.  ITO properties are still the best, while metallic nanowires 
exhibit rather promising properties. Carbon nanotubes are associated with lower 
FoM values because of the high junction resistance between carbon nanotubes. 
Graphene exhibits rather scattered data and except for some studies, such as 
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Bae,[114] suffer from significantly large values of sheet resistance which, for the 
moment, still exclude them for applications like solar cells where requirements 
are the most stringent in terms of FoM.   

1.7  Thermal properties  

The thermal properties of metallic nanowires concern their thermal 
conductivity, the temperature dependence of their electrical conductivity as well 
as their thermal stability. 

In recent years, numerous studies of the electrical transport properties of 
nanostructures have been reported thanks to the possible applications in 
miniaturized devices.[124] The mainstream research activities in this field are 
dedicated to oxide or semiconductor nanowires. Few investigations have been 
reported so far on the thermal conductivity of metallic NWs when compared to 
electrical conductivity. This stems from the fact that thermal and electrical 
conductivities of metals are intimately related through the Wiedemann-Franz 
relation,[125] and electrical conductivity is much directly accessible from an 

experimental viewpoint. However, recently, thermal conductivity () of Pt 

nanowires (diameter of 100 nm, length of 10 m) was compared with 

measurements of electrical conductivity () at room temperature. Compared with 
bulk data, electrical and thermal conductivity of the nanowire are decreased by a 

factor of 2.5 and 3.4, respectively.[126] Consequently, the Lorenz number L=/(.T) 
of the nanowire was found to be smaller when compared with the bulk Lorenz 
number of metals, the difference being of 25%.[126] This decrease is often related 
to grain boundary scattering of electrons. Indeed, usually small diameter NWs 
exhibit larger density of extended defects (such as grain boundaries) which affect 
the electrical resistivity. Other investigations found electrical properties of Au 
NWs similar to that of bulk without evidence of any polycrystalline grain 
structure[127] even with a diameter of 55 nm. 

When used within an organic material, an AgNW network can 
substantially increase the thermal conductivity of the organic matrix.[128] AgNW 
array-polymer composites have also been investigated as thermal interface 
material for use as a heat sink in electronic cooling applications.[129] Moreover 
AgNW networks can also be used for the fabrication of flexible transparent thin 
film heaters. Thanks to the intrinsic conductive properties of random AgNW 
networks above the percolation threshold, it is possible to combine flexibility, 
transparency and high heating performance at low voltage (i.e. 12 volts) which is 
of interest for many applications like defrosting, defogging or fabrication of 
thermo-chromic displays.[43]  

The electrical resistivity  of metallic nanowires themselves is a topic of 
current interest as well, since this is likely to be the dimensions of metallic 
interconnections in future electronic devices. In the regime where the metallic 

NWs have a diameter of a few tens of nanometres  depends upon the metal 
itself through its defects (impurities, extended defects such as grain-boundaries 
or twin boundaries) and their size.[92] Indeed, the electrical resistance for Ag and 
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Cu of diameters ranging from 15 to 200 nm adhere well to the Bloch-Gruneisen 
model[92] showing only slight differences with bulk metals. The resistivity of the 
wires increases when the wire diameter (DNW) decreases, especially when DNW is 
comparable with the mean free path of the electrons (which is about 30-40nm for 
bulk Ag at room temperature[130]). This is due to the dominance of surface 
scattering effects[131] but also because low diameter NWs often exhibit larger 
defect densities that induce electron scattering.  

Few thorough investigations of the electrical contacts between two 
metallic NWs have been reported yet. However they seem to play a crucial role 
as one can see from the electrical resistance evolution of AgNW networks during 
thermal annealing. Indeed thermal annealing is an effective method to form 
fused contacts between NWs which drastically reduces their electrical resistance. 
The occurrence of local sintering is the driving force of such an evolution of the 
electrical properties.  

Such thermal annealing exhibits a thermal limit above which the metallic 
NWs become unstable. This is a case of classical interfacial instability when 
dealing with liquid or solid cylinders when heated, called the Plateau-Rayleigh 
instability.[132] The morphological evolution of metallic NWs have been 
intensively investigated recently for gold,[133]  Cu,[134] Pt,[135] Sn,[136] or Ag.[137] In a 
simple approach, perturbations with wavelengths larger than the original 
cylinder circumference become unstable. Observations show that upon thermal 
annealing metallic wires undergo various configuration changes. These lead to 
the wires breaking into chains of nanospheres at a much lower temperature than 
the melting point of the metal due to this capillary instability. Obviously, such a 
thermal instability is very detrimental for the electrical conduction of the NW 
network. Therefore thermal annealing under controlled conditions should be 
carefully considered for optimizing electrical properties of the metallic NW 
network as discussed in chapter 5. The critical temperature at which this 
instability occurs is dependent on the nature of the nanowires, specifically the 
diameter and crystallographic structure. The material used also plays a role 
through its intrinsic properties (surface tension, diffusion coefficients etc.).   

A solution for enhancing thermal stability towards higher temperature is 
to embed the NWs within another material for instance an oxide. A recent 
investigation shows indeed that AgNWs can be efficiently coated with uniform 
TiO2 shells.[90] In-situ TEM thermal annealing observations showed that the 
AgNWs core remains intact until temperatures of 750°C.[90] Due to this 
improvement of thermal stability, such coated metallic nanowires can be heated 
sufficiently to be used as a reusable surface for Surface Enhanced Raman 
Scattering (SERS).[65] 

1.8 Structural and mechanical properties  

The morphology of metallic nanowire networks depends greatly on the 
fabrication method employed for the network production. However the majority 
of the current processes result in a rough surface morphology that may have a 
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detrimental impact on the operation of devices. Out-of-plane oriented wires 
result in an electrode geometry that is not strictly planar. This leads to leakage 
currents, short circuits and recombination sites in photovoltaic systems. Several 
methods have been shown to reduce the problems associated with stray 
nanowires. High mechanical pressure has been shown to increase uniformity in 
the network geometry and reduce the 3D morphology to a true 2D network.[94] 
Encapsulation in transparent conductive polymers has also been shown to 
significantly reduce surface roughness.[85,138]  

Understanding the structural behaviour of such networks has proven to be 
an interesting field of research and one of the main advantages of nanowire 
based electrodes arises from the mechanical properties of nanowire networks. 
Recognising that these electrodes are made of metals, it is no surprise that they 
show excellent properties when submitted to mechanical stress (either 
compression, tension or torsion). All have little to no effect on the electrical 
resistance of electrodes manufactured with metallic nanowires.[19,86,139] Figure 1.8 
shows a comparison of three transparent conductive materials under the same 
mechanical stress conditions, from this it is clear to see that AgNW networks 
provide a significant advantage for flexible electronic applications. The reduced 
resistance (R-R0)/R0 depicted in Figure 1.8 indicates the ratio of the change in 
resistance divided by the initial resistance.  

 

Figure 1.8 Comparison of TCM’s under the mechanical bending, one cycle is bending 
from flat to a radius of curvature of 5 mm and returning to the initial position, the TCM 

is on the opposite side to the bending radius and is therefore placed under tension.[1]  

It has been shown that solar cells, organic light emitting diodes and 
thermal heaters can be produced on flexible substrates with nanowire electrodes. 
The ability of these electrodes to withstand external mechanical stresses is far 
above that of most traditional transparent conductive material. Even crumpling 
of such transparent electrodes have been demonstrated recently after deposition 
of nanowires on a very thin (1.3µm) piece of polyethylenenaphtalate.[43]  

The major weakness of metallic nanowire networks in the face of 
mechanical stress is adhesion of the layer to the substrate material. If friction or 
adhesive tape are applied to the network directly low adhesion of the network to 
the substrate generally causes the network to fail. If however, the network is 
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placed under mechanical stress that is applied to the substrate the network has 
an excellent ability to follow the substrate material if it is flexible. If however the 
force is applied directly to the network in the form of rubbing or scraping the 
adhesion of the nanowires generally fails. This can be reduced by encapsulating 
the conductive network but the feasibility of such an encapsulation depends on 
the desired application. 

Recently a further exhibition of the remarkable mechanical properties of 
metallic nanowire materials has emerged with several papers on stretchable 
electronic devices using nanowire networks as the conducting pathways.[140–142] 
These materials utilise metallic nanowire networks that when placed under strain 
‘unfold’ to expand and fill the space on the stretched surface of the substrate. The 
work by Xu et al. [141] used short AgNWs to produce the networks, in order to 
enable the electrodes to maintain conductivity at high strain, networks with high 
nanowire densities were created. These networks were not transparent but 
provided a rare opportunity for stretchable electronics. Lee et al.[140] carried this 
work further to enable transparent stretchable electrodes and managed to achieve 
networks with an optical transmission of approximately 90% and sheet resistance 
of between 9-70 Ω/□ that was able to withstand over 460% strain without 
significant increase in electrical resistance. This result was achieved by using 
comparatively low densities of very long (200-500 µm) AgNWs.[140] 

1.9 General Remarks on Applications of Nanowire Networks  

Due to their low sheet resistance and high transparency, silver nanowires 
are good candidates for device integration in existing applications. Their 
mechanical properties also provide opportunities for integration in emerging 
flexible applications. As it has been shown previously, this nanowire-based 
alternative for flexible transparent electrodes is compatible with low cost and 
large scale processes. However, some issues must be properly addressed for the 
successful industrial integration of silver nanowires in devices.  

First of all, let us clarify that although the cost of the bulk silver used to 
fabricate nanowire films is sometimes considered as an issue for this emerging 
TCM, the extremely small amount of raw metal needed renders this alternative 
economically relevant. Therefore, the use of a noble metal is not itself an 
economic issue. For instance, a cost analysis of PV modules suggest that it is three 
times less expensive with AgNW compared to ITO on PET.[143]  

In terms of real applications, control of metallic network roughness is also 
a major challenge[58] that has to be taken into account. Indeed, a major issue 
comes from the protruding nanowires from the network that can lead to electrical 
shortcuts or leakages in multi-layer devices. Roughness of bare AgNW electrode 
has been evaluated to be in the order of hundreds of nm[36,86]  (RMS 30-1000 nm 
and 200-300 nm top to bottom height). In the literature, different strategies have 
been developed so far to circumvent electrode roughness. Surface roughness 
reduction has been achieved  by mechanical pressing,[36,85] thermal annealing,[58] 
polymer coating [85,86] surface peeling and transfer processes.[85,86,138] It has been 
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shown that the reduction of surface roughness by flattening the network not only 
reduces the risk of short circuit but also increases sheet conductance.[36,85] 

As described earlier another shortcoming of AgNW electrodes is the poor 
adhesion of the nanowire network to the substrate. This issue can be easily 
circumvented in device applications by encapsulation with a thin layer of organic 
materials (Teflon, PEDOT:PSS…).[19,36] Typically devices can be designed in such 
a way that the adhesion of the nanowire network to the substrate becomes less 
important as it is incorporated into a multi layered device.   

Finally, extended study of silver nanowire based device ageing has not yet 
been reported. Nevertheless, it is certainly closely related to oxidation and 
sulfuration of nanowires as well as electro-migration.[86] Device ageing is not 
directly correlated to silver nanowire electrode ageing and will be dependent 
largely on the overall architecture of the device and not solely on the AgNW 
network. Indeed, due to multilayer stacking, it is really a complex mechanism 
that occurs and further studies are needed to explain possible alteration of 
electrodes in the long term. However, flexible Ag nanowire electrodes appear 
rather stable; they keep their optical and electrical performances for more than a 
year in air, without special care. 

In addition to the potential technological integration issues that have been 
previously listed, device optimization should also require tuning the work 
function of the electrodes[144] to ease charge carrier injection or collection in 
optoelectronic devices with any active layers. For this purpose, transparent 
flexible electrodes can for instance be modified by coating with another 
transparent layer (organic compounds, metallic oxides…).[58,145,146] 

1.10 Solar cells  

Many groups are beginning to incorporate silver nanowires as front 
electrodes for solar applications.[89,139,145,147–150] Depending on the experimental 
conditions used for their fabrication, metallic nanowire networks can have Haze 
factors varying between 1-30%.[106] If low Haze factor is desired this can be 
achieved by using spray deposition and spin coating which can have a haze 
factors of <2%. This is acceptable for display and window applications. 
Fabrication and transfer of nanowire networks by vacuum filtration has 
demonstrated nanowire networks with haze factor of approximately 30% over 
the 400nm-900nm spectral range .[106] For application in photovoltaic systems a 
high haze factor implies light scattering into the device and results in a larger 
effective absorption cross section. As demonstrated by Chih-Hung et al. 
increasing haze results in an increase in efficiency,[107] Gaynor et al.[145] 
demonstrated approximately 10% increase in the conversion efficiency by using a 
Ag nanowire composite electrode over an ITO standard (ɳ=3.4% using ITO on 
plastic and ɳ=3.8% for Ag nanowire composite). Using low haze networks and 
taking advantage of the metal nanowire network transparency in the infra-red 
region of the spectrum, it is possible to create solar cells semi-transparent in the 
visible region.[148] These cells absorb some of the light in the visible region and 
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much of the infra-red, resulting in an average transmission of about 61% in the 
450-650 nm wavelength range.[148] This type of solar cell could be used to provide 
tinted windows that produce energy whilst reducing glare. 

An advantage of metallic nanowire networks is demonstrated in the 
production of flexible solar cells,[147] which is unlikely to be achievable on any 
transparent conductive oxides. The flexible solar cells show a remarkable ability 
to produce electricity even when bent to angles of 120º as demonstrated in Figure 
1.9. These flexible solar cells are organic polymer cells that incorporate AgNW 
networks embedded in PEDOT:PSS, a conductive polymer. 

 

Figure 1.9 Flexible organic solar cell in operation (left) and the I-V curves at different 
angles (right) from [147].  

1.11 Transparent heaters  

Transparent heaters have a wide variety of uses. Defrosting windows in 
airplanes was one of the first applications, allowing flight at high altitude.[151]  
Most of defrosting or defogging transparent devices are fabricated using layers of 
ITO. But as explained before, such a material does not have significant resistance 
to mechanical constraints. Thus random networks of silver nanowires appear to 
be well adapted if one wants to make transparent film heaters on conformable or 
flexible surfaces. The operating principle is based on Joule’s law. This rule, also 
named Joule heating, describes the production of heat as the result of a current 
flowing through a conductor. When an electric current flows through a 
transparent conductor, electric energy is converted to heat through resistive 
losses in the material. It can be written according to the equation P = V²/R, where V 
is the applied voltage, R the total resistance and P the dissipated power. 

As it has already been explained, limitations of current in existing 
commercial technologies can be circumvented by the adequate use of 
nanomaterials. For this application, devices with excellent properties were 
reported recently with silver nanowires, in particular on plastic substrates (see 
Figure 1.10).[11,43,152,153] Interestingly, the excellent optoelectronic properties of 
AgNW random networks delivers significant power at low voltage (typically 
below 12 V) which is more suitable for many applications. 
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Figure 1.10 Heating experiments showing temperature as a function of time for a 35 Ω/□ 
film heater on a 125 μm PEN substrate at different applied voltages. Inset: derivative of 

the temperature vs. time at 5 V applied bias. [43] 

Recent works by Sorel et al. also demonstrated that the thermal behaviour 
of silver nanowire networks was dependent on the percolating nature of the 
network.[11] This dependence is best observed by plotting the change in 
temperature as a function of the applied current (∆T/I2) against a modified 
transmission (TR1/2 -1). In this form two distinct linear functions can be observed, 
one for the bulk behaviour and one for the different behaviour observed for 
percolating networks as shown in Figure 1.11. 

 

Figure 1.11 Thermal behaviour of silver nanowire networks in the bulk and percolation 
regimes also included is data for carbon nanotubes (green).[11] 
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1.12 Displays (OLED)  

A key advantage of OLEDs (Organic Light Emitting Diodes) or PLEDs 
(Polymer Light-Emitting Diodes) is that they can potentially be made entirely by 
solution process and thus are more suitable for low cost, large area flexible 
displays and white lighting panels. OLED materials need current flowing 
through the active layer to light up. This means that charge carrier transport 
properties play an important role in those devices. Not only the properties of the 
active layer itself, but also the interfaces with their neighbouring layers and the 
electrodes are of overwhelming importance.[154] Few studies have pointed out 
metallic nanowire based OLEDs: good electroluminescent properties have been 
reported.[86,138,144,155] In particular, Yu et al. have integrated AgNW polymer 
composite electrodes in large angle bending PLEDs (see Figure 1.12). 

 

 

Figure 1.12 Photographs of shape memory PLEDs emitting at around 300 cd m-2, bent to 
a 2.5 mm radius convex (c-1), recovered to flat shape after heating at 120°C for 1 min (c-

2), and bent in the opposite direction as in (c-1) to a 2.5 mm radius concave (c-3). 
Photographic image of four operating white tandem OLEDs at 1000cd m-2 (d-1). ), from 

[138] and[156].  

As in OPV devices, a slight increase of device performances through 
higher power efficiency of Ag NW based OLED devices compared to 
conventional ITO has been observed.[58,86,144,156–158]  

It is partly ascribed to an enhanced scattering of emitted light by Ag NWs. 
Very recently, Gaynor et al. have demonstrated very high-efficiency ITO-free 
white OLEDs.[156] The highest luminous efficacy for an ITO-free white OLED 
with stabilized viewing angle and almost perfect Lambertian emission were 
reported.(See Figure 1.12d-1) [b] These first studies open the way towards large-
scale integration of AgNW based electrodes in emerging flexible display devices. 

1.13 Touch panels  

Touch screen technology has become very popular in many electronic 
products. It is widely used for smartphones, tablet PCs, game consoles, electronic 
information and ticketing kiosks and other technologies. Few approaches are 
available, but the main industrial products being currently used are based on 
resistive or capacitive touch panels. Since emitted light from the device comes 
through the front electrode, it is necessary for it to be very transparent and with 
low diffusivity (low Haze factor). It is very likely that in the forthcoming years 

(d-1) 
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many displays (in particular for smartphones) will become flexible, and 
consequently new bendable transparent conductors will be mandatory for these 
applications. The AgNW-based electrodes appear as promising candidates, as 
recently reported using resistive type panels.[67,159] Some of the co-authors of the 
review upon which this chapter is based also fabricated capacitive touch 
sensors,[53] demonstrating that AgNW-based technology allows good 
performances for different possible technologies and has the potential to replace 
in the short term ITO for future flexible touch screen panels (see Figure 1.13). The 
strength of nanowire networks over ITO or other oxides in the field of flexible 
electronics lies in the fact that the oxide family is typically brittle resulting in 
short life spans of structures deposited on flexible materials. 

 

 

Figure 1.13 a) Left, the finger does not touch the sensor surface and oscillation value is 
268 and right, the finger touches the surface and oscillation value is 230.  b) Left, finger is 

far from the surface thus the LED is off, right the finger is touching the sensor which 
switches on the LED c) Recognition of each electrode (1,2,3,4).[53] 

It was also recently demonstrated that flexible transparent capacitive 
sensors can be used for the detection of deformation and pressure. Capacitive 
sensor sheets fabricated by employing silver nanowire networks embedded in 
the surface layer of polyurethane matrix exhibit good stretchability and 
transparency.[160] 
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1.14 Closing Remarks 

This chapter has provided the contextual framework for our research 
answering the questions of why TCMs are important and why silver nanowire 
networks are such a promising material to replace ITO. We have shown that Ag 
NW networks offer interesting opportunities for fundamental and applied 
research. Thanks to the simple methods available to fabricate the individual 
wires and networks and as well to the excellent electrical and thermal properties 
of silver, Ag NW networks exhibit great potential for being used as flexible 
transparent conductor in several applications including flat screens, solar cells 
and transparent heaters. We have discussed the fabrication of AgNWs and their 
properties. The structural arrangement of the network as well its physical 
properties (optical, electrical or mechanical). The large range of haze factors 
achievable with AgNW networks (1-30%) provides a material that can lead to 
significant advantages in solar cell applications while still being suitable for 
displays and windows. This remarkable characteristic, combined with their 
mechanical flexibility, enables a broad application range. Several investigations 
have shown that the use of AgNW networks can facilitate and improve new 
technologies such as flexible solar cells, flexible heaters, flexible touch screens 
and stretchable electronics. In light of the successful application of this emerging 
TCM to these fields already and the improvement of some properties in standard 
systems as well, metallic NW networks appear to be a key contender in emerging 
nanomaterials. In terms of replacing ITO and moving to indium-free TCMs it is 
unlikely that any one material will succeed alone. On the contrary, due to the 
broad variety of different requirements, it is likely that a combination of 
emerging indium-free materials will each take specialised roles within the TCM 
market. In light of this we suggest that AgNWs are a key material to watch for 
application in flexible electronics. 
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Chapter 2  
A gentle introduction to Percolation Theory: 

In the past six decades, percolation has been the topic of numerous 
investigations. For many of us, the concept of percolation is most closely 
associated closely with our daily dose of caffeine. This section of the thesis aims 
to answer the questions: what is percolation? Why is it interesting? How can we 
model it? And most importantly how can it be used to understand Silver 
nanowire networks? 

Here we cover the literature relevant for the application of percolation 
theory to silver nanowire networks. The following sections provide a gentle 
introduction to percolation theory covering the fundamental ideological 
framework and discussing the key literature and problems that are associated 
with this field. 

2.1 What is percolation? 

Percolate 
ˈpəːkəleɪt  

(Of a liquid or gas) filter gradually through a porous surface or substance: ‘the 
water percolating through the soil may leach out minerals’ 
“Oxford Dictionary of English”[1] 

 

For the purpose of this thesis we shall define percolation as the formation 
and/or use of pathways through a porous material. Expanded broadly, it concerns 
anything that can be considered to move through a system exhibiting a collection 
of open or closed pathways. 

Percolation is the process of something finding pathways through a 
porous medium. Simple examples of percolation are found in everyday life, the 
most common of which is the percolation of water through ground coffee beans 
to provide that sweet caffeine hit that seems to drive our modern world. Other 
instances of percolation vary broadly from large time scales and sedate processes 
(percolation of water through bedrock) to rapid and destructive (passage of fire 
through a forest). Percolation has found application in a broad range of topics 
including mathematics, physics, petroleum,[2] ecology,[3] chemistry,[4] and 
materials science amongst others.  Percolation theory looks at the connectivity of 
the objects in a given system, these objects can be connected together in a variety 
of ways and connections can either be considered as open or closed paths.  

In general the main goal of studying a percolating system is to determine 
the density of open pathways at which there is a phase transition in one or more 
properties of the system. For the example of water seeping through stone, the 
closed pathways are simply the stone and the open pathways are gaps in it. 
Consider a stone container: if the stone is complete and perfect one can imagine 
that it contains no gaps at all, at this point it is not possible for a fluid medium 
such as water or gas to pass through the stone. Consider then the introduction of 
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defects into the container, as the density of these defects increases the gaps in the 
stone grow, at some point a continuous gap is formed from inside of the 
container to the outside allowing the fluid to pass. This results in a phase 
transition from a sound container to a leaking one.  

Typically all phase transitions in percolating media are associated with the 
formation of a spanning cluster, i.e. a pathway from one side of the system to 
another). In the study of percolating systems we search to determine the critical 
density nc at which this occurs. The most common definition of nc for a given 
system is the density at which the probability of finding at least one spanning 
cluster is 50%. Exact solutions satisfying this definition are currently 
unobtainable analytically for most systems with dimensionality d≥2 and is 
heavily-dependent on the system geometry, lattice type and object type.[5] 

In order to consider this problem in relation to the subject of this thesis let 
us first discuss some of the different flavours of percolation: 

Site percolation: Systems in which the open or closed paths are restricted 
to a regular lattice of sites. A site is considered connected to another site if they 
share one side of the defined lattice. In this model a site is either open and 
unoccupied or closed and occupied. 

Bond percolation: Systems in which the lattice sides are considered as 
bonds, in this model the sides of the unit cell are either open or closed. The lattice 
vertices become sites and are considered connected if they share a closed bond. 

Continuum Percolation: Systems in which no discretisation of the sites is 
performed, in these systems sites are distributed randomly and are considered to 
be connected if the basis touches or overlaps. 

Let us first discuss bond and site percolation together as these are both 
based on regular lattices and have many similarities. Graphical representations of 
site and bond percolation on a square lattice are given in Figure 3.1a) and b) 
respectively. 

 

 

 

 

 

 

 

Figure 2.1 Schematic examples of square lattice percolation a) Site percolation and b) 
bond percolation. 

In Figure 2.1 a) we can see open and closed paths as indicated by white 
and blue squares respectively. At this point it is useful to define the definition of 
the spanning cluster that will be used throughout this thesis. In a percolation 
model we are interested in the connectivity between objects within a system, if 
two objects are connected together they are said to be in the same cluster. In 

a) b) 
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percolation theory it is actually irrelevant as to whether you consider the open or 
closed paths, statistically they are two sides of the same problem and mirror one 
another. Conceptually however, it is nice to have in mind what the open and 
closed sites are meant to represent, if the system depicted in Figure 2.1 a) were to 
be the bottom of your coffee mug, and open sites correspond to gaps in the 
ceramic this would lead to a leaking cup. Conversely we could consider the same 
system as a polymer matrix with occupied sites representing conductive filler 
particles, in this case electrons would be capable of percolating through the 
system. In general within this thesis we will discuss the latter type of concept, in 
which the occupation of a site or bond represents the presence of a conduction 
pathway. Thus percolation occurs when enough sites are occupied to create a 
conduction path across the system. 

In order for a system to be percolating, there must be at least one cluster 
that satisfies the percolation criteria of the system. There are several methods of 
defining these criteria but we shall use a modified form of the R1 rule employed 
by Ziff[6] and originally defined by Reynolds, Stanley and Klein.[7,8] 

R1 simply defines percolation as occurring when at least one cluster spans 
the given system in the vertical direction. In this definition spanning is 
considered to occur when one site at the bottom edge of the system belongs to the 
same cluster as a site in the top edge. In this definition the left and right edges of 
the system are in open boundary conditions and clusters connecting them 
together are not considered as spanning clusters. For simplicity on a regular 
lattice we can define the top and bottom rows of the system as fully occupied 
rows, and then explore the occupancy density required to satisfy the given 
percolation criteria.  R1 also specifies that the system must be a square. A 
schematic representation of a spanning cluster satisfying R1 is shown in Figure 
2.2. For a discussion of alternate percolation criteria, cluster wrapping and the 
challenges associated with them, the reader is directed to the work of Newman 
and Ziff.[9] In the case of asymmetric systems the position of the percolation 
threshold has been shown to shift.[10] 

 

Figure 2.2 Different ways of assigning the percolation criteria, full circles in the 
schematics represent occupied sites. R1 is represented on the left. The central image 

represents spanning allowed in either direction and the system on the right provides an 
example of when spanning can occur between any combinations of two electrodes. The 
colours in the image on the right indicate three different possible percolating clusters. 

Image modified from Newman and Ziff.[9]  
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When considering a regular lattice it is possible to interchange the density 
n and the occupancy probability p. On a regular lattice the number of sites or 
bonds is limited hence, the occupancy probability is directly proportional to the 
density. Figure 2.3 provides an example of the application of R1 to a square lattice 
with the top and bottom edges of the system defined as closed. The spanning 
cluster in this particular network occurred when 50% of the sites were occupied.  

 

Figure 2.3 An example of the formation of a spanning cluster (indicated in red) 
according to the rule R1. Initially all sites are unoccupied; as the occupation probability p 

is increased, sites are filled and finally a spanning cluster is formed (indicated in red). 

In the examples provided in Figure 2.1 the difference in connectivity can 
be seen between site and bond percolation. In the case of site percolation on the 
square lattice nearest neighbours in the same row or column are connected to 
each other if both sites are occupied. The same is not true for bond percolation. 
Nearest neighbours in the same row or column can both be connected to separate 
clusters, or in fact to the same cluster, but this does not necessitate that they be 
connected to each other directly. Applications have been found for both bond 
and site percolation and the most appropriate type to be used will depend on the 
system being modelled.  

The differences between bond and site percolation are dependent on the 
lattice basis and the coordination number of the basis set. However, it is typical 
that on the same lattice type the critical density nc of a site percolation system will 
be higher than that of the similar bond percolation system. This arises from the 
intrinsic definition of these two systems: in site percolation each site can be either 
occupied or unoccupied, in bond percolation the vertices of the lattice can be 
considered as sites and a single bond connects to 2 of them. This could incorrectly 
lead one to think that the nc of the bond system should be ½ that of its equivalent 
site system but this is not the case as shown in Table 2.1. 

In reality many of the values provided in Table 2.1 are not exact solutions 
for the percolation threshold of the system. Currently of this list only square 
bond, honeycomb bond and both triangular lattices have been solved exactly. 
Some other lattices in 2D have also been solved exactly, for an excellent 
discussion of the process of determination and the literature surrounding exact 
solutions see “Introduction to percolation theory” by Stauffer and Aharony.[5] 
 
 

p=0.37 p=0 p=0.50 
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Table 2.1: A small selection of percolation threshold values for specific lattices, values 
for both site and bond percolation are provided.[5] 

Lattice Site Bond 

Honeycomb 0.692 0.65271 
Square 
Triangular 
Diamond 
Simple Cubic 
BCC 
FCC 

0.592746 
0.500000 

0.43 
0.3116 
0.246 
0.198 

0.50000 
0.34729 

0.388 
0.2488 
0.1803 
0.119 

2.2 Dimensionality 

The simplest form of percolation is to consider a 1D lattice of sites as 
depicted in Figure 2.4a). This system has a coordination number of 2, meaning 
that each site can be connected to a maximum of 2 other sites and there are 3 
possible combinations of connections. Connected on both sides, connected to the 
site on the left or connected to the right. This system is the simplest 
representation of percolation and is one of the few systems to have an exact 
solution. In order for there to be a path from one end of the lattice to the other, all 
of the sites need to be occupied. This results in the phase change occurring at pc=1. 
Unlike the majority of percolation systems this simple 1D lattice is identical to its 
bond percolation analogue. Another peculiarity of this system is the abrupt phase 
transition, as shown in Figure 2.4 b) when the occupation probability p<1 there is 
no possibility for the formation of a cluster spanning from one end of the system 
to the other. This results in a discrete step function in the cumulative probability 
of percolation below nc the probability of a spanning cluster existing in the 
network is always 0, at nc there is always a spanning cluster thus the probability 
is 1.  In two or three dimensions the transition from non-percolating to 
percolating  becomes sharper as the system size increases, thus this distinct phase 
transition in one dimension is comparable to those anticipated for an infinite 
system at higher dimensions.[5] 

 

Figure 2.4 1D percolation system a) Chain of 4 empty sites between the two ends of the 
system b) The four distinct combinations possible at p=0.75 c) Percolating cluster is 

formed. 

a) b) c) 
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This example of a 1D system seems quite trivial and indeed it is, but it 
holds interesting analogues for systems of higher dimensions. If we move now to 
the 2D square lattice as discussed earlier we can see why it is difficult to find 
exact solutions for percolating systems in 2D and as yet not possible in 3D. The 
first complication that arises is that now the system has a coordination number of 
4 which means that each individual site can possibly be connected to its’ four 
neighbours in 15 different ways. Also as we have added another degree of 
freedom to the lattice (the 2nd dimension) we now have to consider bends, kinks 
and knobs in the percolating cluster. On a regular lattice the clusters are often 
referred to as lattice animals. Figure 2.5 depicts the 28 possible lattice animals for 
clusters of size 1-4. If we were to extend this to a cluster with 5 occupied sites we 
would have to add an additional 63 combinations. 

 

Figure 2.5 Lattice animals up to a cluster size of 4 occupied sites, possible mirrored and 
rotated clusters are not shown but their number is indicated below each lattice animal. 

Modified from Stauffer and Aharony[5] 

One can see immediately that the problem is significantly more 
complicated than for the 1D case and it is easy to understand why it becomes a 
challenge to mathematically define all possible combinations of bonds or sites in 
such a system. However, this pales in comparison to the complexity of 
continuum percolation systems, as discussed below. 

2.3 Continuum Percolation 

Thus far we have discussed only the simplest forms of percolation: those 
based on a regular lattice. In reality, the world is not so simple. Although many 
systems exist in which a regular lattice model can be applied there are many in 
which it cannot. For such systems we must consider a continuum percolation 
model. In this type of system, defined geometric objects such as ellipses,[11,12] 
circles,[11] polygons[11] or sticks[11,13,14] are added at random locations within the 
system.  Objects may appear at any location within the system; this causes two 
immediately obvious issues. Firstly as there can be an object at any location in the 
system the number of possible objects is effectively infinite. In this case it is then 
impossible to discuss the occupation probability of a given site any longer. 
Instead, the behaviour of the system is discussed in terms of the object density. 
Secondly as objects can be located anywhere the number of objects within range 
of a given object is not fixed. This results in an effectively infinite coordination 
number for each of the geometric objects. This makes a mathematically exact 
solution to continuum percolation impossible. In reality these infinities do not 
cause much of a disturbance in the behaviour of the system as the percolation 

1 2         4 2    2 8   4  4 1 
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threshold is orders of magnitude lower than that required to obtain a density at 
which the coordination of an individual site or the number of objects in the 
system approaches infinity.  

In order to explore the formation of clusters in continuum systems, 
computer simulation methods are used. Most commonly used is the Monte Carlo 
method.[15] Named for the games of chance for which the city state of Monte 
Carlo is famous, Monte Carlo simulations rely on the statistics of random 
processes to approximate the outcome of a given problem. Simply put the idea of 
Monte Carlo is to define an experiment that produces a binary output, either 
success or failure. By repeating this process many times and tracking the number 
of successes, a statistical picture of the system can be produced. An alternate 
method for calculating the density of geometric shapes required to reach the 
percolation threshold is the excluded volume method[16] which mathematically 
defines a volume around each geometric object in which it is possible for an 
intersection with a second object to occur. The percolation threshold is related 
then to the density at which the combined excluded volume of all of the objects in 
the system approaches the total volume of the system.    

2.4 Application of percolation theory to 2D stick systems. 

In order to understand the formation of conductive nanowire networks by 
the combination of metallic nanowires, a 2D percolation model can be used. In 
this particular case the percolating system is the nanowire network and the open 
paths are the connections through which electrons can travel. There are many 
ways to consider this problem and a considerable amount of work has been 
undertaken since the seminal contributions of Pike and Seager in 1974.[11,17]  

The electrical properties of 2D nanowire networks do fundamentally 
originate from a percolation phenomenon. Indeed, the conductivity of the 
network is determined by the number and length of the electronic pathways 
through the network. These pathways are formed through the interconnection of 
sticks across the network and often take on a complex geometry of series and 
parallel resistances. The exploration of such a percolating behaviour as exhibited 
by these networks was initiated by the seminal papers of Pike and Seager in 
1974[11,17] in which a variety of percolation systems and models were discussed 
and covered in excellent detail and a high level of accuracy (especially with the 
technology available at the time) the problem of 2D stick percolation. As yet, no 
exact solution for the critical density of a system with a given stick geometry and 
system size currently exists.  

The majority of published works focuses on either a constant system size 
and increasing stick length[11,13] or sticks of unit length and a varying system 
size.[18–20] In the initial work of Pike and Seager, three networks of 1000 sticks 
were made with randomly-distributed positions (within a defined system) and 
orientation. The length of these sticks was increased in a stepwise manner and 
the interconnections between sticks in the network were observed. Percolation 
was said to occur when there was a set of connected sticks spanning the initially 
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defined system. In order to clarify the method by which we determine whether 
percolation is occurring we need to provide a clear definition of what we mean 
by percolation. For the purpose of this thesis and for the majority of the articles 
that we refer to herein we use the rule R1 as defined by Reynolds, Stanley and 
Klein and which has already been mentioned in section 2.1.[8] Percolation occurs 
when both electrodes belong to the same cluster. This cluster is known as the 
spanning cluster. Thus Pike and Seager were able to determine a critical length lc 

of the wires at which percolation would occur.[11] 

𝑙𝑐
√𝑁π

2
= 2.118  (2.1) 

 
Where N is the number of sticks in the system. As the system defined by 

Pike and Seager was of unit length this is also interchangeable with the density of 
sticks. Balberg et al. [13,16] expanded the work of Pike and Seager and introduced 
the first calculations of system resistance based on resistance networks applied to 
the 2D stick system.[13] More importantly they showed that it was possible to 
consider the percolation behaviour based on the excluded volume or area 
fraction of a given set of geometric shapes. This idea corresponds to the 
probability of an individual object interacting with another object. When 
considering 2D objects, if all the objects are identical one can define an area 
surrounding the object in which an intersection can occur. This becomes the 
excluded area, as the total excluded area of all objects in the system surpasses the 
area of the system the probability of intersections between new additions and 
existing objects becomes 1. [16] The correlation between the shape and size of the 
object, its excluded volume and the system size allowed Balberg et al. to 
demonstrate that for 2D stick systems:[16] 

𝑁𝑙𝑐
2 = 𝑁𝑐𝑙2 (2.2) 

 
Where Nc is the critical number of nanowires required to attain a 

percolation probability of ½. This information is more directly applicable than the 
work of Pike and Seager as it allows one to discuss the critical density instead of 
critical length. For the remainder of this thesis we shall consider the percolation 
threshold to be the critical density nc at which the probability of percolation as 
defined by R1 is ½. As in the work of Pike and Seager, Balberg et al. used a system 
of unit size, hence, nc=Nc. However this is not always the case and it should be 
remembered that more generally, the equality nc=Nc/Ls2holds, where is Ls is the 
size of the system. 

 Balberg et al. also demonstrated that sticks exhibit a high excluded 
volume and form percolating networks at significantly lower densities than 
spheres of the same mass.[16] This leads to the conclusion that in order to 
minimize the material used to obtain a percolating network it is more efficient to 
use nanowires than nanoparticles. Also due to the anisotropy of these objects the 
open surface area will be higher resulting in better optical transmission. Another 
critical observation that Balberg et al. provided is that for continuum systems the 
percolation threshold is critically dependent on the degree of randomness in the 
system. Initially they started with identical objects distributed randomly in space 
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but with the same orientation, they then increased the degree of randomness by 
allowing random orientations and observed a decrease in the required Nc. They 
further modified the system by allowing objects of different sizes and again 
observed a decrease in the percolation threshold. This allows the conclusion that 
for each increase in the degree of randomness the percolation threshold can be 
expected to decrease.  

Unfortunately the excluded volume method tends to overestimate the 
percolation threshold as “longer sticks… [hence] larger excluded volumes contribute 
to the onset of percolation to a larger extent than can be gathered from the value of their 
volume.”[16] This results in a disagreement between Monte Carlo methods and 
excluded volume predictions of the percolation threshold. Therefore, in order to 
avoid this issue, the excluded volume method is not used for this work. 

In the past much work has been undertaken to overcome the limits of 
finite system modelling. Understanding the behaviour of a percolating system is 
often couched in terms of an infinite spanning cluster on an infinite lattice. In the 
case of lattice and site percolation this formalism makes sense, an infinite system 
can be expressed in these simple cases in terms of symmetry and can sometimes 
be solved mathematically. However For a continuum model this is considerably 
more challenging. In general it was considered that the system of interest (i.e. the 
device) would be orders of magnitude larger than a system size that could be 
feasibly simulated. For many systems this holds true, however for some 
emerging technology this may not necessarily be the case.  In order to overcome 
this issue the works of Reynolds, Stanley and Klein[7,8] demonstrated that the 
effective critical density nceff determined for a specific finite system can be related 
to the critical density of the infinite system in the following way: 

𝑛𝑐𝑒𝑓𝑓 − 𝑛𝑐 ∝ (𝐿𝑠)
−1

𝑣  (2.3) 
 

Where Ls is the system size and v is the correlation length exponent. The 
value of v is dimensionally dependent and is expected to be v=4/3 in two 
dimensions.[5–8] This provides us with a tool to explore the finite scaling of 
percolation into the infinite system or to a system of specific size.  

In 1992, Ziff demonstrated that in some specific cases such as the 
renormalization group applied to 2D square lattice scaling occurs faster and can 
be described as:[6] 

𝑛𝑐𝑒𝑓𝑓 − 𝑛𝑐 ∝ (𝐿𝑠)−1−
1

𝑣 (2.4) 
 
Li and Zhang[20] reproduced the work of Pike and Seager with 

significantly higher accuracy and showed that in general the critical density at 
the percolation threshold for a 2D system of sticks is given by:[20]  

 

𝑛𝑐 =
5.63726

𝑙2
    (2.5) 

 
However as demonstrated in their article, these values hold only when the 

system size Ls is several times larger than the nanowire length Lw (Ls>32Lw). Li 
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and Zhang also demonstrated that the scaling of these systems behaves in the 
same manner as the 2D square lattice, scaling proportionally with L-1-1/v, and they 
determined a universal finite size scaling function to enable the prediction of nc 
for any wire length and system size as long as the ratio Ls/Lw>32. 

In this thesis we explore the implication of percolation in small-scale 
systems bounded on two sides. These systems are analogous to many emerging 
devices such as carbon nanotube transistors[21], metal nanowire OLEDs, touch 
screens or solar cells. So far, the discussion of percolation has been carried out in 
terms of the critical density associated with it and the impact of finite size 
simulations. In order to predict the properties of a percolating network of silver 
nanowires for use as a transparent electrode, we should also consider the optical 
properties and the electrical conductivity.  

2.5 Stick Percolation: Semi-Empirical Models for Real Systems 

In discussing the physical properties of 2D stick systems it is important to 
consider the works of Coleman’s group from Trinity College. Initially exploring 
the percolation behaviour of Carbon nanotubes[22,23], Coleman et al. have 
proceeded to explore a variety of emerging materials for application as 
transparent conducting materials, including graphene[24] and several varieties of 
metal nanowires.[24–28] The main significance of these works is the development 
of a set of semi-empirical equations relating an effective film thickness with the 
actual resistance and the optical transmission of percolating networks. Coleman 
et al. demonstrated that for several percolation systems there is a clear departure 
from the optical behaviour of bulk films of varying thickness for percolating 2D 
stick networks. Interestingly, the semi-empirical model also works quite well for 
percolating networks of graphene flakes. This implies that the lower than 
expected optical transmission at a given resistance described by the assigned 
effective thickness is intrinsic to the phase transition observed in percolating 
materials and not specific to the behaviour of 2D stick systems.  

The reason for this universality is the basis of their semi-empirical models 
on the second order phase transition family of equations to which percolation 
belongs. This provides the expected power dependence of the conductivity of a 
percolating system on the density as given by equation 2.6:[5,29] 

𝜎 ∝ (𝑛 − 𝑛𝑐)𝑣
  (2.6) 

 
Where v is once again dimension-dependent and for 2D systems, we have 

a value of v=4/3. Equation 2.6 also provides a theoretical tool to determine the 
dimensionality of our experimental percolating systems. By plotting the 
experimental conductivity as a function of n-nc and fitting with equation 2.6 we 
can determine the most appropriate value of v for the real samples. As v is 
dimensionally dependent this provides information on whether the system is 
truly a 2D percolating system. 

Coleman et al. relate this with the typical expression for the optical 
transmission of a thin film[30], building on the work of Hu, Hecht and Grüner.[29] 
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Coleman et al. assume that for systems of industrial significance n >> nc, this is in 
general acceptable because for device applications, it is unlikely that densities 
close to the percolation threshold would be desirable, as this would imply that 
approximately half of the devices would not be percolating. Using this 
assumption they replace the density of the system with an effective thickness t 
and a modified conductivity exponent γ.[24,26]  

𝜎 = 𝜎𝐵(𝑡/𝑡𝑚𝑖𝑛)𝛾
 (2.7) 

 
This allows the thickness dependent conductivity of the percolating 

material to be correlated with the bulk conductivity of the same material. From 
this equation they proceed to define expressions for both the sheet resistance Rs 

and the optical transmission T of the percolating material:[26] 

𝑅𝑠 =
𝑡𝑚𝑖𝑛

𝛾+1

𝑡𝑚𝑖𝑛𝜎𝐵𝑡𝛾+1
    (2.8) 

 

𝑇 = [1 +
1

Π
(

𝑍0

𝑅𝑠
)

1/(𝛾+1)

]

−2

    (2.9) 

 
Where П represents a percolative figure of merit correlating the optical 

and electrical conductivity with the critical thickness and the modified 
conductivity exponent, given by: 

Π = 2 [
𝜎𝐵/𝜎𝑜𝑝

(𝑍0𝜎𝑜𝑝𝑡𝑚𝑖𝑛)
𝛾]

1/(𝛾+1)

    (2.10) 

 

Where Z0 is the permittivity of free space and 𝜎𝑜𝑝  is the optical 
conductivity of the material.  

This collection of equations 2.8 through 2.10 allowed Coleman et al. to 
compare the percolative behaviour of graphene, carbon nanotubes and metallic 
nanowires. At this point in time, of all the transparent conductive materials based 
on percolating systems, Ag nanowires continue to provide the highest figure of 
merit.[24,26,27] As an interesting note to further applications which will not be 
considered in this work, Coleman et al. also developed an equation for the 
thermal behaviour of transparent thin film heaters based on percolating 
systems.[31] The recent work of Mutiso et al.[32] combined these equations with 2D 
stick Monte Carlo simulations employing Kirchhoff’s laws to calculate the 
resistance of the simulated networks and assuming a rather simple shadowing 
model for calculation of the transmission. Mutiso’s work shows the impact of 
wire aspect ratio on the resistance and transmission of percolating systems, and 
most importantly provides some evidence of an unexpectedly large reduction of 
the critical density of the system with the introduction of a small percentage of 
large wires. 
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2.6 Closing Remarks on Percolation 

Within this chapter we have provided an introduction to some of the key 
concepts related to percolation, and in particular highlighted the key works in the 
past four decades relating to 2D stick percolation systems. In general percolation 
is a statistical problem relating to the density or occupation probability of objects 
within a system. In particular, in relation to 2D stick systems, we highlight that it 
is a continuum percolation system, and hence the onset of percolation can only be 
discussed in terms of critical density nc or critical number Nc .  

Several works have been done exploring the finite size scaling of 2D stick 
systems and it has been suggested that these systems should follow the same 
trend as the 2D square lattice with the scaling of the system asymptotically 
approaching a linear dependence with L-1-1/v with an intercept at nc of the infinite 
system. Finally a brief discussion was dedicated to the semi-empirical equations 
formulated by Coleman et al. which allow correlation of the optical and electrical 
conductivities in such a way that one can define an appropriate percolative figure 
of merit with which to compare different systems and materials. 
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Chapter 3  
2D Stick Percolation Simulations: 

As described in Chapter 2 much work has been done previously on 2D 
stick percolation systems. Within the scope of this thesis we aim to explore the 
impact of length distributions, angular distributions and curved nanowires on 
the formation of a percolation pathway. This results in an exploration of the 
impact on the critical density for a variety of different stick shapes and sizes. In 
the first section of this chapter, we describe the fundamental framework which is 
used to determine percolation. In section 2.2 the ideal width less stick system is 
explored using an alternate way of viewing the data in which a clear pattern 
emerges for the system. This method is based on looking at the number of objects 
in the system at the percolation threshold rather than the density. Observing the 
critical number of objects for a variety of different nanowire lengths and system 
size elucidates the relationship between the wire length and system size. From 
this view of the data we are able to extend the model to accommodate small-scale 
systems in which the system size approaches the same order of magnitude as the 
nanowire length. Following this we explore the impact of distributions in the 
length of the wires and the angular orientation of the wire on the critical density 
of the system. 

With the aim of combining these simulations with experimental 
observations we implemented a modification of the wire geometry to produce 
curved nanowires. The methodology of application and the impact of curvature 
of the wires on the formation of percolating pathways is described in section 2.5.  

Finally we have attempted to address one of the fundamental issues of 
random nanowire networks by simulating the collection efficiency of a nanowire 
network based on the diffusion of electrons through the adjacent layer. It is 
inherent to the topology of 2D nanowire networks that there are regions of the  
film in which no nanowire pass, in these regions  the collection or injection of 
electrons will be lower than in the regions in contact with nanowires. Initial 
assumptions based on this idea lead to the conclusion that this will result in a 
lower collection efficiency in real devices when compared to a continuous film 
such as a TCO. This is observed experimentally in solar cells with short diffusion 
lengths in the active layer[1] but can be overcome by using a buffer layer which 
aids in charge separation, helps to minimizes recombination and shunting and 
can also provide some local conductivity in the gaps between nanowires.[1,2] 
Section 2.6 tries to address this idea and determine its impact on the nanowire 
networks’ average collection efficiency by exploring the impact of the diffusion 
length of the adjacent material on the collection efficiency of a silver nanowire 
network. 
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3.1 Percolation Simulation Framework 

All simulations reported in this work were undertaken on personal 
computers utilizing a MATLAB algorithms developed specifically for this thesis. 
The basis of each set of simulations is the formation and detection of a 
percolating network. The core algorithm involved was developed to use the 
percolation criterion R1 as described in section 2.1. Several of the key ideas for 
this algorithm are based on the principles presented by Newman and Ziff[3,4]   in 
terms of cluster formation and path identification. In all cases the system was 
defined as a square of side length Ls with nanowires of length Lw. Two electrodes 
were defined at the top and bottom edges of the system with a length Ls and 
spacing Ls. This configuration of contacts allows us to study the formation of in-
plane percolation pathways. This exact formation is analogous to an individual 
pixel in real devices such as LCD or OLED displays. In terms of application to 
solar cells this architecture defines a characteristic length over which the 
occurrence of percolation is explored.  

Nanowires were added into this space with randomly generated x,y centre 
coordinate and a randomly-generated angle θ. All simulations used the 

pseudorandom number generators built into MATLAB, the commands rand and 

randn. Both of these commands draw from the same global stream of 

pseudorandom numbers. The seed site of the pseudorandom number generator 
is initialised on start-up of MATLAB and uses the Mersenne Twister[5] algorithm 
mt19937ar; this pseudorandom number stream has a period of 219937-1 which is 

sufficient for our needs. The command rand selects a set of random numbers from 

the global stream with a uniform distribution whereas randn uses the Ziggurat 

method[6] to restrict the selection process of the random numbers to those of a 
normal distribution. 

As each nanowire was generated it was assigned an initial cluster number 
and then checked for intersections with existing nanowires in the network. If the 
new nanowire had an intersection then it was assigned to the cluster of the 
existing nanowire. If the new nanowire had more than one intersection then 
nanowires in the smaller of the two clusters were reassigned to the larger cluster 
as well as the new wire. The system was considered to be percolating when both 
the electrodes become part of the same cluster. The cluster formed by connecting 
the top electrode to the bottom electrode is called the spanning cluster and is 
indicated in Figure 3.1 b) and c) by the blue nanowires. 
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Figure 3.1 Monte Carlo simulations of the same network at three different densities, in 
this example is Ls=500 µm and Lw=37.5 µm. a) At approximately half nc, nanowires 

connected to either the top or bottom electrode are indicated in colour. b) The network 
when the first spanning cluster is formed. c) The network at double the critical density.  

One of the key observations we can see from Figure 3.1 is that at nc many 
of the wires are not connected to the percolating cluster. As n increases a larger 
percentage of the nanowires (and thus the network) can play an active role in 
electron transport. For the determination of the percolation threshold (defined by 
the density at which the probability that a percolation pathway exists is ½), we 
generate a network by adding wires and checking connectivity after each 
addition until a percolating network is formed. The number of wires in the 
system is then stored as the outcome of one simulation. This is repeated many 
times, at the end of the series of simulations the highest and lowest number of 
nanowires in a percolating system is determined from the list of outcomes. All 
these values are then used to define the range of the probability distribution 
function. The list of outcomes is then sorted to determine the occurrence of each 
value on that range. These occurrences divided by the total number of 
simulations gives the probability that a network with that number of sticks will 
percolate for the first time p(N). As once a network is percolating it will remain 
percolating when the density increases, we can assume that if a network 
percolates at N1 it will continue to percolate at all N>N1 thus the probability that 
any network will be percolating at a given density Na can be determined from the 
accumulation of p(N) for all densities up to and including Na. Thus by adding 
these probabilities in sequence we can define the cumulative probability 
distribution function cp(N): 

𝑐𝑝(𝑁) = ∑ 𝑝(𝑁)

𝑁

0

  (3.1) 

where N is the number of wires in the network. From cp(N) we can 
directly determine Nc. As this is a transition state the cp(N) is expected to take the 
form of a step function. In the case of a system of infinite size or the 1D system 
the p(N) is a delta function and cp(N) is a perfect step function 0 below Nc and 1 
above Nc. In the case of finite systems p(N) typically takes the form of a Gaussian 
and results in a smoothed step function for cp(N). In the particular case of 2D 

a) b) c) 
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sticks the value of N is a discrete variable, as it is not possible to add fractions of a 
nanowire, and cp(N) becomes asymmetric at low values (small system size) 
therefore it is more appropriate to relate the p(N) function to a Poisson 
distribution.[7] These functions are displayed for a particular simulation in Figure 
3.2. 

 

Figure 3.2 Output of a simulation in terms of p(N) and cp(N): each data point on these 
curves is the result of 105 simulations. For this particular case Ls=500µm and Lw=37.5µm 

By performing these calculations, it is possible to view how the average 
value of Nc varies with the number of simulations. As the number of simulations 
increases the variation of the average value decreases. The convergence of this 
value is a measure of the accuracy of the simulation, a graph of this convergence 
is shown in Figure 3.3. For the purpose of this thesis we maintained the number 
of simulations at 105, which we determined to be sufficiently high for the 
convergence of Nc for all calculations which were achievable with the 
computational power available. As the system size increases the number of 
objects within the system also increases thus the convergence rate decreases. The 
type of simulation being run and the values of Ls and Lw in each case determined 
the largest system size possible to investigate. The restriction here was as usual 
computational time. The largest system simulated was 5000 µm however this 
could only be explored for a small number of repetitions and it was not possible 
to determine the percolation threshold for this system size. As the number of 
nanowires is closely related to the system size, for different nanowire lengths 
different ranges of system sizes were accessible. 

Experimentally, we have used several different types of nanowires with 
different characteristics, the majority of the experimental work in this thesis was 
performed with Ag115 nanowires purchased from Seashell Technology[8] the 
physical characteristics of these nanowires were an average wire diameter of 
≈105nm and average length of ≈37.3µm. Therefore, many of our simulations 
employed sticks with lengths of 37.5µm.  
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Figure 3.3 Convergence of Nc with increasing number of simulations. For this particular 
case Ls=1000µm and Lw=37.5µm  

3.2 Ideal System 

The initial motivation for this work stemmed from the fact that in the 
literature the majority of percolation simulations performed on systems of 2D 
sticks or cylinders were based on ideal systems.[7,9–13] For these simulations all of 
the sticks in the system have exactly the same length and were also width less 
with the exception of White et al.[12] and Bergin[13]. In practice it is rare to have an 
experimental situation in which all sticks have the same length. Inevitably there 
is a distribution of lengths around some average length resulting from the 
nanowire synthesis process. For percolating systems with basis objects that have 
high aspect ratios (>100), such as those achievable with metallic nanowires, the 
diameter of the wire plays a minor role in the formation of the percolating cluster. 
However, we anticipated that the distribution of lengths observed experimentally 
might play a significant role in the formation of percolating clusters. Initially we 
set out to explore the perfect system in order to validate the Monte Carlo code 
which we would then utilise for the simulation of systems with distributed 
lengths.  

In doing so we observed a divergence of the critical density at the 
percolation threshold from the general value nc=5.63726/l2[7] in Monte Carlo 
simulations of small-scale systems. The origin of this deviation arises from edge 
effects and the lack of circular symmetry of the 2D rods: if circles or disks are 
used instead of sticks a uniform density as a function of system size can be 
obtained. However due to the dual symmetry planes of the 2D sticks, only when 
the orientations of the wires are restricted to 90° or 0° does the reduction of size 
result in a continuous nanowire density. Thus in systems with randomly-
oriented wires the density required to attain percolation increases as the system 
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size approaches the length of the nanowire. This departure is illustrated in Figure 
3.4, and led to the investigation of small-scale 2D stick systems to identify if an 
improvement to the existing model could be made to enable accurate predictions 
of the percolation density for small-scale systems. 

 

Figure 3.4 Monte Carlo simulations for the determination of nc (open circles) compared 
to the accepted model in the literature (dashed line).[7]

 This reveals an increase in the 
density required to reach percolation when the system size is reduced which is not 

supported by the current model. 

The nanowire length used for the Monte Carlo simulation shown in Figure 
3.4 was 37.5µm. This figure demonstrates that for systems approaching the length 
of the nanowire nc diverges from the anticipated value of infinite systems. Even 
for comparatively large system such as the system where Ls=400 µm (>10Lw) the 
critical density is already beginning to diverge. Traditionally when considering a 
percolating system the simulations and data are presented as a relationship of 
occupancy probability for bond or site percolation or system size and basis 
density in continuum percolation. In the case of 2D stick systems the sticks are 
the basic geometrical objects, hence we typically explore the relationship of the 
percolation critical density nc as a function of the number of sticks Nc divided by 
the system size L2 (for symmetric systems). Such a view of the data results in 
graphs such as that shown in Figure 3.4 and Figure 3.5a). One of the issues with 
such a depiction is that a mathematical relationship between the nanowire length, 
the system size and the resultant critical density is not immediately obvious. 
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Figure 3.5 a) Typical depiction of critical density for four different nanowire lengths, 
symbols represent Monte Carlo simulation results. Dashed lines indicate the expected 

percolation threshold from Li and Zhang.[7] Initial divergence from the expected value is 
observed when the system is less than five times the nanowire length. b) Number of 

wires at the percolation threshold as a function of system size for the same simulations 
shown in a). Error bars are smaller than the symbols for data points. Legend in a) is 

consistent for both graphs and Lw are given in microns. 

The expected percolation threshold for the systems depicted in Figure 3.5a) 
are added as dashed lines in the graph, as the system size increases the observed 
percolation threshold converges to the expected value. Again it can be seen that 
when the system side length is less than five times the nanowire length there is a 
significant divergence of the observed percolation density from the expected 
values. If instead the data is plotted as the relationship between the number of 
wires at the critical density and the system side length as shown in Figure 3.5 b) it 
becomes obvious that the relationship can be described by a quadratic equation 
as a function of length. With this simple shift in perspective the impact system 
size becomes more evident. However the impact of wire length is still not directly 
apparent. In the case of the 2D stick percolation, the relationship between the 
system size and the nanowire length is the critical parameter which determines 
the number of wires required to form a percolating network. This idea may seem 
self-evident but has thus far often been overlooked in the literature. A final 
transformation of the data can be made to reveal a general relationship between 
the system size and the nanowire length and the number of nanowires in the 
system. Plotting the number of nanowires in the system at the percolation 
threshold as a function of a normalized system size (the ratio of system size 
divided by nanowire length Ls/Lw) results in a coalescence of the four data sets 
shown in Figure 3.5b to a single curve which can be fitted by a quadratic function 
of Ls/Lw. 
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Figure 3.6 a) Coalescence of the four curves in Figure 3.5b by plotting the density against 
the ratio of system size to nanowire length. b) Partially-normalised critical density plots, 

only the horizontal axis has been normalised to demonstrate the divergence is ratio 
dependent and occurs at the same rate for all wires. Solid lines are a quadratic fit of the 
data in Figure 3.6a divided by the appropriate system size for each ratio. Error bars are 

smaller than the data points. Values of Lw  given in the legends are in µm. 

The coalescence of the different data sets reveals a universal curve which 
can be used to relate any given nanowire length and system size to the critical 
density of the system. This generalized equation was used to fit the data in 
Figure 3.6 and is given by: 

 

𝑁𝑐 =
5.63726𝐿𝑠

2

𝐿𝑤
2 +

𝐿𝑠

𝐿𝑤
+ 5.5      (3.2) 

 
Where Nc is the critical number of wires to have a percolation probability 

of ½. The first term of equation 3.2 can be considered as relating the possible 
interaction area of surrounding a nanowire to the area of the system and 
corresponding to the exact relation of the infinite system. The second term can be 
seen as the minimum number of nanowires required to span the system 
assuming that they are connected end to end. The final constant is a result of the 
way in which the percolation condition R1 is defined in the 2D stick system. As 
discussed in Section 2.1, it is defined that a system percolates if two opposing 
electrodes on a specific axis of the system are connected. If an alternate 
percolation condition which allows for spanning between either electrode pairs is 
used this constant would be reduced. If the condition considers connections 
between any two electrodes this term should converge to unity. The physical 
basis for this last term arises from the fact that regardless of the system size or 
wire length there is always the need for at least one wire to make the system 
percolate. When the ratio Ls/Lw is less than 1 (i.e. the wire is larger than the 
system size) the first two terms are less than one and this final term is responsible 
for providing the necessary wire. 

a) b) 
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Using this equation 3.2 it is possible to accurately predict the number of 
wires necessary to achieve a percolation probability of ½ and hence the critical 
density for systems with ratios >1.33 . Below this value there is still a divergence, 
though much less than for the currently accepted formula as indicated in Figure 
3.7. 

Figure 3.7 A plot of the same data in Figure 3.6a with axis in log scale compared to a 
parabolic fit to the data of Nc= 5.63726L2/l2+L2/l2+5.5. Error bars for the black points are 
smaller than the data points. The dashed line corresponds to the first term of equation 

3.2 which is essentially the equation defined by Li and Zhang.[7] 

One may question the significance of such a result when the majority of 
devices will be several orders of magnitude larger than the nanowire length.  A 
further consideration should be made when thinking about the application of 
these formulae, the application of interest may place a further demand on the 
critical threshold of the system. Although it is true that the ratio of the system 
size to the nanowire length dominates the onset of percolation, in some cases we 
will require a higher density than that required to make the network percolate in 
order to obtain the desired properties for a given application. In this case the 
critical density of the system is no longer related solely to the formation of a 
percolating network but is also related to the achievement of the desired network 
properties. While in the majority of applications the device or system size will be 
more than 10x the nanowire length, in emerging technologies the actual length 
scale at which the conductivity is required can differ from the physical system 
size. Depending on the application the scale of the percolating cluster required 
will vary. At one extreme we have antistatic applications where the percolating 
cluster is of the order of tens of cm, and it is not particularly important if small 
regions (<0.25 cm2) of the network are not connected to the percolating cluster. At 
the other extreme we can consider pixels in liquid crystal display, in this case the 
system is on the order of 250 µm thus is much less than 10x the nanowire length. 
In the middle of these two extremes there is a certain grey area where the desired 
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percolation scale may not be immediately obvious, for example in the application 
of metal nanowire networks as transparent electrodes for solar cells.  

For use as electrodes in solar cells the device size is typically on the order 
of tens of centimetres. However, in order to collect charges efficiently the 
network must be conducting on a much smaller length scale than that of the 
external system size. This leads to a desired length scale of percolation which is 
very different from the size of the physical system. In reality the desired length of 
percolation is on the same order of magnitude as the diffusion length of the 
carriers in the active region of the cell. For standard crystalline silicon solar cells 
the diffusion length is roughly 100-300 µm,[14] in TiO2-based dye-sensitised solar 
cells it ranges between 2-40 µm[15] and it is typically less than a micron in organic 
solar cells.[16] 

As the density required to reach percolation is dependent on the ratio of 
Ls/Lw and, for constant Lw, decreases as the system size increases, conductivity on 
a shorter length scale is not always guaranteed for a large system at the 
percolation threshold. This means that, for large systems some regions of the 
network may not be connected to the percolating cluster, the larger the system 
the higher the percentage of unconnected nanowires. As these wires are not 
connected to the percolating cluster, they cannot carry charge to or from the 
edges of the system and thus result in regions which cannot contribute to the 
collection or injection of electrons. This point will be discussed in greater detail in 
the last section of this chapter. A simulation of a large-scale system is shown in 
Figure 3.8, the regions shown in black are not connected to the percolating cluster.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.8 Two examples of large systems at the percolation threshold, where 
percolating clusters are indicated in blue. In these examples Ls=5000 µm and Lw=37.5 µm.  

Of note in Figure 3.8 is the fact that there are some regions as large as 1 
mm2 which are not connected to the percolating cluster. The nanowires not 
connected to the percolating cluster constitute ≈40% of these two particular 
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networks. The regions indicated in black will not contribute to the collection or 
injection of charge carriers and will then result in a decrease of the device 
efficiency. 

The percentage of nanowires in a network which are not connected to the 
percolating cluster when the density is at nc increases with system size. Indeed, 
by running the percolation simulation 1000 times at the percolation threshold 
and by recording how many nanowires are connected to the percolating cluster 
and how many are not, we can determine the average number of nanowires 
which are not contributing to the systems percolating cluster (Nncp). The 
percentage of wires in the system not connected to the percolating cluster as a 
function of Ls/Lw is displayed in Figure 3.9, and clearly demonstrates that as the 
system size increases less of the actual electrode area is in fact connected to the 
boundary electrodes.  

 

Figure 3.9 Percentage of network which is not connected to the percolating cluster as a 
function of the system size. Error bars are smaller than the data points. 

The fact that wires are not connected to the percolating cluster means that 
these wires do not contribute to the conduction of electrons in the plane of the 
electrode, this results in non-conducting regions of the electrode. One way to 
avoid this issue is to check whether the system is percolating at smaller length 
scales. This can be achieved by defining an effective system size Lseff as the size of 
the desired percolating cluster instead of the actual physical system size. By 
defining lseff as smaller than the physical device size we impose a higher critical 
density which ensures percolation at the desired length scale. As the critical 
density for small systems is higher than that of large systems (as shown in Figure 
3.6b) percolation is guaranteed at the larger length scale of the physical system. 
As a result of defining our system size in this manner we are naturally moving to 
the left in the curve depicted in Figure 3.9 due to the increased density required 
at smaller system size more nanowires in total are connected to the percolating 
cluster. This means that depending on the desired application and the 
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requirements of the device it may be necessary to define Lseff much smaller than 
the device size in order to estimate what the required density of wires for the 
desired behaviour will be. Through these considerations, we would like to 
highlight that the critical density is not simply dependent on the ratio of the 
physical system to the wire length but actually on the ratio of the desired length 
scale of electrical conductivity given by Lseff to the wire length. Thus in some 
cases the application will define the critical density instead of the density implied 
in the standard system by the onset of percolation, in these instances the critical 
density determined from Lseff will be higher than the typical one. 

To clarify this idea let us consider the example of a Si solar cell, the 
electron diffusion length is typically 100-300 µm[14] but the system size might be 5 
cm x 5 cm. In order to have the optimal collection of photo-generated charges, we 
should define the length scale of the percolating cluster to be no less than the 
diffusion length of electrons in Si. This will result in a network density which will 
achieve percolation across all distances larger than 100-300 µm and ensure that 
the nanowire density is sufficient to allow all electrons regardless, of their point 
of generation, to reach parts of the spanning cluster. 

For the design of optimal devices the required length scale of conductivity 
should define Lseff; thus it will be, in general, the determining factor of the optimal 
nanowire length. For transparent conductive applications we can assume the 
highest optical transparency will be achieved at the lowest nanowire density 
hence using nanowires which are of the same order of magnitude as the required 
Lseff would be ideal, however this is not always achievable. 

This method could be a useful way of ensuring electrical conductivity at 
length scales different from the physical system size however it is unlikely that in 
real device manufacture, we would use densities at the percolation threshold, as 
this implies that only ½ of the devices will actually work. In reality it is not 
particularly realistic to discuss creating devices at the percolation threshold, it is 
important then to consider probabilities of percolation other than ½ such that we 
can extract Np the number of nanowires required to have P percent of the 
networks percolate. To this end we extracted the values of Np for P=1,25,50,75 
and 99. These results are displayed in Figure 3.10. In these simulations the system 
size was held constant at 500 µm and the wire length was varied such that the 
ratio Ls/Lw ranged between 1 and 50. The results of the quadratic fit determined in 
this work for P=50 (Nc in the standard definition) and the accepted fit from the 
literature (Li and Zhang[7]) are shown as solid and dashed lines, respectively. At 
shorter nanowire length (Ls/Lw>10) the quadratic fit and that of Li and Zhang 
converge as do the Np for all values of P. At longer wire lengths (Ls/Lw<10) we can 
clearly see the divergence of the Np and the literature fit from the values of Nc 

(N50). This is also highlighted as a percentage error (absolute difference between 
fit and Monte Carlo value divided by the Monte Carlo value times 100) in the 
inset curves in Figure 3.10a and b.  

Figure 3.10 highlights several important results, the number of nanowires 
required to ensure that 99% of the networks with that density will percolate is 
obviously always higher than Nc but this data reveals that it is also dependent on 
the ratio Ls/Lw and increases significantly at small values of Ls/Lw. At a value of 
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Ls/Lw=50 N99 is still 8.4% larger than Nc. In light of this it is useful to consider 
using equation 3.2 with modified constants to fit the N99 curve resulting in a new 
formula to estimate the density which enables 99% of the networks to be 
percolating (𝑛99 = 𝑁99/𝐿𝑠

2).  

𝑁99 =
5.86𝐿𝑠

2

𝐿𝑤
2 +

15.23𝐿𝑠

𝐿𝑤
+ 9.9     (3.3) 

 

Figure 3.10 Monte Carlo simulations of different nanowire lengths in a 500 µm x 500 µm 
square system. a) Depicts the different numbers of nanowires required to achieve 

different percentages of percolation. Data sets are Monte Carlo simulation values and the 
solid lines are quadratic fits (Qfit) using equations 3.2 and 3.3 for N50 and N99, 

respectively. b) Displays the same data as a) normalized by the typical percolation 
threshold (Nc=N50). On both graphs the quadratic fit from equation 3.2 is indicated by the 
solid green line, the quadratic fit for N99 from equation 3.3 is indicated by a solid yellow 

line and the expected value of Li and Zhang is indicated by dashed black line. Both 
insets are the percentage error between the first two fits and the Monte Carlo results for 

Nc 
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Using the results of equation 3.3 and running Monte Carlo simulations at 
the higher density of 𝑛99 allows us to again look at the percentage of wires 
connected to the percolating cluster. In Figure 3.11 a particular network is shown 
at four different densities. 

 

Figure 3.11 The same 2.5 mm x 2.5 mm network at four different densities, nanowire 
length is 37.5 µm. Nanowires connected to the spanning cluster are indicated in blue. a) 

The first occurrence of a spanning cluster in this particular network. b) The network at nc 
(n50) c) The network at n99 d) The network at 1.5n99. 

It is immediately obvious that as the density increases, a larger percentage 
of the network is connected to the percolating cluster. Operating at 𝑛99 allows a 
significant improvement over that of the nc. Combining this with the idea 
mentioned previously of defining an effective system size as the minimum 
desired length of electrical conductivity allows an inflated critical density to be 
defined which will guarantee electrical conductivity at the desired length scales 
and in the majority of networks. As Figure 3.11d demonstrates operating at 
1.5𝑛99 results in almost 100% of the nanowires being connected to the percolating 
cluster. By plotting again the percentage of nanowires not connected to the 
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percolating cluster we can readily observe the reduction associated with the shift 
in density to 𝑛99 or 1.5𝑛99. This result is shown in Figure 3.12. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.12 Percentage of wires not connected to the percolating cluster at three different 
densities as a function of the ratio Ls/Lw.. 

As seen in Figure 3.12 working at a density of 1.5nc results in the number 
of nanowires that are non-percolating being less than 4% of the total nanowires at 
all length scales. This result suggests that working at a density of 1.5n99 is 
sufficient to satisfy the requirement that the majority of the nanowires be 
connected to the percolating cluster. This means that any significant loss in 
collection or injection efficiency will be a result of the carrier recombination 
during their diffusion in the surrounding material in the regions between 
nanowires and not due to the collection of electrons by wires not connected to the 
percolating cluster. An in-depth investigation into the collection or injection 
efficiency as a function of network density is provided later in this chapter in 
section 2.6. 

As a final validation of our simulation approach and results, we plot the 
nanowire density normalised to a nanowire length of unity as a function of Ls-1-1/v 

where v is 4/3 for 2D percolation systems. According to the literature[7,17,18] the 
normalised percolation threshold density for 2D stick systems should scale 
linearly as a function of Ls-1-1/v for large system sizes. The results are displayed in 
Figure 3.13 and indicate that the Monte Carlo simulations are behaving in the 
expected manner. 

Also plotted in Figure 3.13 are the normalized data for the density at 
different probabilities of percolation. np with P=1,25,50,75 and 99. It is interesting 
to note that although the P=50 (nc) scales linearly the other values do not. 
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Figure 3.13 Finite scaling in the 2D stick system, as suggested by Li and Zhang[7], Ziff[18] 
and Stauffer and Aharony[17] the nc scales linearly as a function of Ls

-1/-1/v 

This section has detailed the development and validation of Monte Carlo 
simulations for the ideal system of percolating 2D sticks (i.e. straight, widthless 
and constant length). We have compared these simulations with those in the 
literature and determined that there was a departure from the predicted 
behaviour at small system size. We explored this effect and proposed a modified 
formula to allow more accurate predictions of the percolation threshold across a 
broad range of system sizes and nanowire lengths. We also introduced the 
concept of an effective system size Lseff and discussed the impact of wire density 
on the percentage of wires connected to the percolating cluster. This then leads to 
a discussion of the realistic nanowire densities which would be required to 
produce a probability of percolation of 99%. When defining the probability of 
percolation as 99% as the critical density the percentage of wires which are not 
connected to the percolating cluster was shown to significantly decrease. We then 
showed that by increasing the density to 1.5n99 we were able to reduce the 
unconnected wires to less than 4% of the network at small system size and that 
this continued to decrease as the system size was increased. This value of 1.5n99 is 
also much more realistic in terms of determining the desired nanowire density of 
an actual device as it will ensure the operation of percolation-dependent 
conductivity in the majority of devices. A new formula was determined which 
can estimate the required density to achieve P=99. Finally the scaling behaviour 
of the model was plotted and observed to match that of 2D stick systems in the 
literature thus validating the model that we have developed. The following 
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sections will look at introducing realistic imperfections in this ideal system, 
similar to those which can be observed in the real world. 

3.3 Length Distributions 

The length of real, experimentally-produced, nanowires is very rarely 
exactly the same for all nanowires produced. Typically there is an average 
nanowire length with some distribution of lengths surrounding it. This section 
explores what the influence of such a distribution of lengths will be on the 
required critical density. 

 In the simplest view, one could look at the number of wires required at 
the critical density as a function of the nanowire length (shown in Figure 3.10), 
take a weighted average of the values according to the distribution of nanowire 
lengths and estimate what the required density would be. Doing so suggests that 
the introduction of a length distribution would result in an increase in the critical 
density of the system. This is a due to the fact that the number of nanowires 
required increases more rapidly as the length of the wire is decreased. This is a 
very simplistic view of the behaviour and is not necessarily valid. In order to 
determine what the real effect would be and to improve the estimation of the 
percolation threshold of real systems we have added length distributions to the 
Monte Carlo simulations for the determination of the percolation threshold. 

The distributions used are based on a normal distribution, initially 
suggested by Gauss[19,20] and further developed by Laplace this distribution is a 
common statistical distribution which can be described by the  mean value µ and 
the standard deviation σ. Using the normal distribution the probability of finding 
a wire with length x is given by the function:[21] 

 

𝑃(𝑥) =
1

𝜎√2𝜋
𝑒

−(𝑥−𝜇)2

2𝜎2 (3.4) 

 
In our particular case we set the value of µ=Lw and define σL the standard 

deviation of the lengths as follows: 
 

𝜎𝐿 =
𝐷𝐿𝐿𝑤

4
 (3.5) 

 
where Lw is the average wire length and DL is the length distribution 

parameter. This implies that the nanowires generated will be distributed around 
the average nanowire length with four standard deviations of the distribution 
being within ±DLLw Thus when DL is zero all nanowires are the same length, 
increasing DL to 0.1 results in a normal distribution around Lw such that the 
maximum and minimum values of Lw are ≈Lw±0.1Lw.  
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Figure 3.14 A series of histograms of nanowire lengths with different length distribution 
parameter DL and their resultant networks. Wire length is 37.5 µm and the system size is 

500 µm. Percolating cluster is indicated in blue. 
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Figure 3.14 demonstrates 3 different wire length distributions and the 
resultant network morphologies. Though the histograms in Figure 3.14 are 
roughly representative of the length distributions applied broadly to each 
simulation one must remember that the values are drawn from a random stream 
of values, hence the actual distribution of the nanowire lengths will approach the 
normal distribution defined by the program as the number of wires drawn from 
the random stream increases. 

For the simulations exploring the impact of the length distribution each 
network was again simulated 105 times and hence the actual distribution of all 
wires in all networks will be quite close to that of the expected normal 
distribution. The histograms and networks shown in Figure 3.14 are the 
particular results generated in one instance of the simulation and are meant only 
as a visual aid to allow one to see what the lengths of the wires in a system with 
the given distribution would look like. This is not representative of the whole of 
the cluster formation behaviour of each of these systems but is representative of 
the wire lengths. For these examples a reasonably-sized system was chosen to 
keep the number of nanowires small and allow the observation of the different 
nanowire lengths. 

Having defined the method to apply different length distributions to the 
2D stick simulations we proceeded to carry out 105 simulations with different 
values of DL. The results reveal a surprising trend and are displayed in Figure 
3.15. 

 

Figure 3.15 Density of a system with a given of value of DL divided by the density of the 
ideal nanowire system. The largest length distribution results in a downward shift of nc 

by 4.3%±0.1%. Error bars are smaller than the data points. 

Contrary to the simple argument discussed earlier the introduction of a 
length distribution causes a reduction in the density required to achieve 
percolation. Though slight, <5% for the largest distribution DL=1, this result is 
significant as it indicates that it is actually beneficial to the onset of percolation to 
have a distribution of lengths. As it can be quite difficult to isolate a single length 



76 
 

of nanowire from chemical growth processes this result allows some reprieve 
from the demand for a mono disperse nanowire supply. This reduces costs of 
production both through reduced material losses and reduced processing. The 
reduction in the onset of percolation can be ascribed to the ability of an 
individual nanowire to connect clusters increasing faster as the length increases, 
thus with the length distribution the longer nanowires contribute more 
significantly to the formation of a spanning cluster than the shorter nanowires 
detract from it. In reality the short wires are still less efficient at forming clusters 
and will contribute to the absorption or scattering of light and so ideally one 
would remove the majority of wires shorter than the average length if possible.  

For the nanowires used in the experimental components of this thesis we 
observed a length dispersion similar to that of DL=0.5. Which would suggest that 
we should observe the onset of percolation at roughly 1% lower than that 
predicted by the ideal stick system. Experimentally however this is not the case 
and percolation is only observed at densities higher than the predicted nc of the 
distributed length system. The reason for this is likely due to further 
imperfections such as angular anisotropy and wire curvature. These issues have 
not as yet been thoroughly investigated in the literature and we begin to address 
them in the following sections. 

3.4 Angular Distributions 

Having now explored the impact of wire length we decided to explore the 
impact of the angular distribution of wires on the physical properties of AgNW 
network. Some experimental techniques (most notably spin coating) result in an 
anisotropic angular distribution. The impact of the angle between intersecting 
wires on the formation of percolating clusters has been studied briefly in the 
past[22] but this work addressed the problem from the point of view of nanowire 
length and length distribution rather than the network density. It also used a 
small number of simulations, hence we attempt here to produce a more accurate 
result that addresses directly the value of nanowire density. This is an important 
redressing of the problem, as although it is possible to control the wire length 
during growth as demonstrated by Bergin et al.[13] and after growth by using 
sonication as shown by Sorel et al.[23] it is significantly more difficult 
experimentally to modify the length distribution or wire length than it is to 
control the density. Also the sonication approach only allows one to shorten the 
length of the wires which is detrimental to the opto-electrical properties of the 
network.  Therefore as it is simpler to control the nanowire density for a given 
nanowire geometry, it is useful to explore the impact that an angular distribution 
has on the critical density nc.  

In order to look at the impact of this we implemented an angular 
distribution within the Monte Carlo simulations of the percolation threshold. 
Similar to the length distributions discussed above the implementation of the 
angular distributions was achieved by defining an average angle and imposing a  
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Figure 3.16 A series of histograms of nanowire angles with different values of the 
angular distribution parameter Da and their resultant networks. As Da is increased the 

angular distribution approaches uniformity. Lw= 37.5 µm and Ls= 500 µm   wire density 
is nc of the ideal stick system for Ls/Lw. 
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Isotropic Da=4 Longitudinal Da=0.2, 
<θ>= π/2 

Transverse Da=0.2, 
<θ>= 0 

normal distribution of angles around that average. The angles generated were 

restricted such that all angles fell between 
𝜋

2
 and -

𝜋

2
 due to the symmetry of the 

wires this does not impact on the isotropy of the system. The width of the 
distribution was modified to allow a smooth transition between a sharp normal 
distribution and a uniform distribution of angles over the allowed range. This 
was achieved using an angular distribution parameter which we call Da to 
modify the standard deviation of the distribution of angles σa: 

𝜎𝑎 =
𝐷𝑎𝜋

4
 (3.6) 

The relationship between Da and the standard deviation is such that four 
standard deviations of the generated angular distribution will fall within ±Daπ of 
the mean angle. This implies that 99.99% of all angles generated are within this 
range. As Da is increased the width of the distribution increases however, as we 
have restricted the allowed range of angles generated, angles that are outside the 
allowed range are translated back to an equivalent angle within reduced domain. 
This results in a uniform distribution of angles for large values of Da.Da was 
allowed to vary between 0.1 and 4, with completely isotropic angular distribution 
occurring at Da=4. As the angular distribution decreases the connectivity of the 
wires in the network decreases as seen in Figure 3.16, this results in a loss of 
percolation even though the wire density is at nc of the ideal system for this 
particular combination of Ls and Lw. 

Of note is the fact that the network formation is no longer symmetric in 
the case of low width angular distributions, thus unlike in the isotropic case it 
becomes important which axis are defined as the electrodes in the system. 
Balberg and Binenbaum[22] also observed this and defined longitudinal and 
transverse percolation as two cases where the axis of percolation is either parallel 
or perpendicular to the average angle, respectively. In our case we use the same 
definition but maintain the top and bottom of the system as the electrodes of 

interest and set the average angle for each dispersion as either 0 or π/2. To check 
the behaviour of the onset of percolation in these two cases we explore the impact 
of varying Da on the critical number density of percolation in the longitudinal (Nc∥) 

and transverse (Nc⊥) directions. 
 
 
 
 
 
 
 
 
 
 

Figure 3.17 Three different angular conditions explored. The longitudinal and transverse 
cases refer to the relationship between the average angle and the direction of percolation. 

In all three cases percolation occurs when cluster connects to the top and bottom of the 
system. Percolating clusters are indicated in blue. Ls=500µm Lw=37.5µm 
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These two cases are depicted in Figure 3.17 along with the isotropic case. 
The networks depicted are at the density at which the first percolating cluster 
appears. It is quite evident that both the longitudinal and transverse cases require 
a significantly higher density than the isotropic case in order to form a 
percolating cluster. Of note is the fact that the longitudinal case has a lower 
density than the transverse case, this is to be expected as the average effective 
length (the distance that each nanowire covers in the direction of percolation 

Lwe=Lw.sinθ in the longitudinal case is close to Lw, however in the transverse case 
it approaches 0. As demonstrated in 2.2 decreasing the wire length results in an 
increase in Nc. In the case of the angular distributions we cannot directly 
associate Lwe with Lw, as the full wire is still capable of forming clusters, however 
it does provide a guide to the origin of the anticipated behaviour of the system.  

 

Figure 3.18 Critical density of percolation in the longitudinal (Nc∥) and transverse (Nc⊥) 
directions as compared to the value of the isotropic system (dashed line). 

 As yet we have been unable to determine a satisfactory equation to relate 
the behaviour of Nc to the angular anisotropy of the system, however the 
simulations here provide an interesting insight into the onset of percolation in 
anisotropic systems. The first observation is that the isotropic system has the 
lowest critical number and hence is the most desirable. Secondly the direction of 
the anisotropy in relation to the electrode geometry has an influence on 
formation of the percolating cluster. All of the experimental results provided 
within this thesis use spin coating as the deposition method which results in a 
radial anisotropy in the network. As such it would appear that the discrepancy in 
the onset of percolation discussed at the end of the length distributions chapter 
could largely be addressed by the required increase in density due to the angular 
anisotropy. 
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3.5 Curved Nanowires: Circles 

To date no research has been devoted to the impact of wire curvature on 
the onset of percolation in a 2D stick network. Straight sticks may be an 
acceptable approximation for CNTs and short metallic nanowires but in reality 
many of the metallic nanowires used for transparent conductive materials have 
sufficiently high aspect ratios that curved wires are more likely. A cursory SEM 
observation of silver nanowire networks with an average nanowire length of 37.3 
µm reveals that this assumption is realistic as shown in Figure 3.19. 

 

Figure 3.19 SEM image of Ag115 nanowires deposited via spin coating. 

The silver nanowires shown in Figure 3.19 have a broad distribution of 
curvatures and can in general be approximated, for a sake of simplicity, by a 
circular arc. This is not always entirely accurate as for some cases the curves are 
more parabolic in nature and in others the wires bend twice in opposing 
directions but as a first approximation we chose to employ circular arcs to define 
curved nanowires to study the impact of wire curvature on 2D stick percolation. 

In this approximation we make several assumptions: 
1. Nanowires take the form of a circular arc 
2. Wire arc is restricted such that the smallest radius of curvature 

results in a half circle 
3. A nanowire with a radius of curvature of 10,000 is a straight line. 

(Curvature is determined from the inverse of the radius of 
curvature and for small arc lengths this assumption is reasonable) 

The distribution of curvatures for the nanowires are selected such that the 
radii are uniformly spaced between the smallest allowed by assumption 2 and a 
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radius of 10,000. In order to generate nanowires with an appropriate length, their 
arcs were defined by the following coordinate equations: 

 
𝑥 = 𝑟𝑐𝑜𝑠𝜃 + 𝑥𝑐𝑒𝑛  (3.7)   𝑎𝑛𝑑   𝑦 = 𝑟𝑠𝑖𝑛𝜃 + 𝑦𝑐𝑒𝑛   (3.8) 

 
where xcen and ycen are the coordinates of the centre of the circle. Each 

nanowire is assigned a randomly-generated centre position and radius. The 
minimum allowed radius of curvature was defined as: 
 

𝑟 =
𝐿𝑤

𝜋
  (3.9) 

 
This definition restricts the wires to at most a half circle. For wires with 

radii of curvature larger than this we need to restrict the arc length such that the 
nanowire defined within the system will be the appropriate size. Defining the 
circular arcs in this form allows the use of the angular range to restrict the length 
of the arc. In line with our second assumption the angular range of magnitude θr 
was restricted such that the length of each wire was Lw this was achieved by 
defining:   

𝜃𝑟 =
𝐿𝑤

𝑟
   (3.10) 

 
Thus the equations for each of the nanowires could be defined such that 

the wires produced had the desired length and some radius of curvature r such 
that: 

𝐿𝑤

𝜋
≤ 𝑟 ≤ 10,000    (3.11) 

 
A set of nanowires satisfying this criteria with their angular ranges centred 

on –
𝜋

2
  and the same centre positions are displayed in Figure 3.20. 

 

Figure 3.20 Depiction of several wires with a constant wire length Lw = 37.5 µm and 
linearly spaced curvatures between rmin and r=10000.  
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For the addition of the generated nanowire to the system some 
modifications of their arc equations had to be made so that the centre was in such 
a position that the wire location was within the defined system. It is also 
necessary to add a secondary angle φ which allows rotation of the nanowires as 
they are added to the network to achieve an isotropic orientation of the network. 

This means that for nanowires with large radii of curvature their centres 
were actually located outside the defined system. The modification was made by 
setting the middle of the wire arc as the reference for the addition to the 
nanowire network, this was achieved by subtracting the position of the arc mid-
point from the centre points of the defined arc as given by equations 3.7 and 3.8. 
The rotation of the nanowires is achieved by the addition of φ such that: 

 
𝑥 = 𝑟𝑐𝑜𝑠(𝜃 + 𝜑) + 𝑥0 (3.12)    𝑎𝑛𝑑    𝑦 = 𝑟𝑠𝑖𝑛(𝜃 + 𝜑) + 𝑦0 (3.13) 

 
The terms xo and yo are also dependent on the rotation φ however for 

simplicity the presentation of this dependence is omitted here. Having defined 
the equations for individual wires and modifying them in the requisite manner 
the wires could be added to the simulation space. As each wire was added it was 
necessary to determine whether it intersected with other wires. This is essentially 
the intersection of two circles with a secondary condition that the point of 
intersection must exist within both the allowed ranges of each arc. The method 
employed for the identification of the points of intersection p2 and p3 used similar 
triangles to calculate their x and y coordinates. A graphical representation of the 
problem is shown in Figure 3.21. The known components of this system are the 
coordinates of c1 and c2 and the two circle radii r and R.  

 

Figure 3.21 Geometric depiction of the intersections of two circles, the MATLAB 
algorithm developed used the similar triangles indicated here in yellow, black and green 

to calculate the position of the intersections. 
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Using Pythagoras theorem and similar triangles it is quite straightforward 

to define the sets of equations which provide the coordinates of the intersections. 

𝑑 = √𝑥2 + 𝑦2     (3.14)           𝑟2 = 𝑎2 + ℎ2     (3.15)            

 𝑑 = 𝑎 + 𝑏 ⧴     𝑏2 = 𝑑2 − 2𝑎𝑑 + 𝑎2     (3.16)  

𝑅2 = 𝑏2 + ℎ2  ⧴     ℎ2 = −𝑑2 + 2𝑎𝑑 − 𝑎2 +  𝑅2     (3.17) 

Substituting equation 3.17 into equation 3.15 and rearranging for a 
produces:  

 
 𝑎 = (𝑑2+𝑟2 − 𝑅2)/2𝑑      (3.18) 

 
Then now that we have descriptions of a and h which rely only on the 

known values of the coordinates of c1 and c2 and the two circle radii r and R (as d 
is defined by equation 3.14) we can use similar triangles to equate the ratios of 
the different side lengths indicated in Figure 3.21.  

𝑥′ =
𝑎

𝑑
𝑥   (3.19),      𝑦′ =

𝑎

𝑑
𝑦   (3.20) 

𝑥′′ =
ℎ

𝑑
𝑥  (3.21),       𝑦′′ =

ℎ

𝑑
𝑦   (3.22) 

From here we can calculate the absolute positions of the required points 
from the position of the centre of the first circle and combinations of x’, y’ and x’’, 
y’’. 

 
c1=(x1,y1), p1=(x3,y3) 

𝑥3 = 𝑥1 + 𝑥′   (3.23)      𝑦3 = 𝑦1 + 𝑦′ (3.24) 

p2=(x4,y4) 

𝑥4 = 𝑥2 + 𝑥′′   (3.25)       𝑦4 = 𝑦2 − 𝑦′′  (3.26) 

p3=(x5,y5) 

𝑥5 = 𝑥2 − 𝑥′′  (3.27)        𝑦5 = 𝑦2 + 𝑦′′  (3.28) 

Once the intersections are identified they are then checked against the 
points defined by the arc equations of each wire to determine whether they exist 
for both wires. If at least one of these points exists for both wires then the wires 
are placed in the same cluster. The MATLAB program continues in the same 
manner as for the straight wires adding wires, checking for intersections and 
relabeling them as appropriate until a percolating cluster is formed. Once again 
105 simulations were performed for each ratio of lengths to system size.  
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Figure 3.22 Two examples of the outcome of a single Monte Carlo simulation of curved 
nanowires. Systems shown are just percolating, i.e.  the density is close to nc with the 

percolating clusters indicated in blue. In these examples Ls=500µm and Lw=37.5µm  
nanowire radii are randomly distributed between Lz/π and 10000. 

The outcome of two simulations based on the method outlined above is 
shown in Figure 3.22. The nanowires in the network are quite evidently curved 
and it can be seen that the cluster identification is able to identify the percolating 
cluster. In these examples the nanowires all have the same arc length meaning 
that the results from this simulation are comparable with the ideal system 
discussed in section 2.2. For the initial investigation of the impact of wire 
curvature we chose to explore the case that the nanowires had a uniform 
distribution of curvatures between completely straight and a half circle as 
defined by the assumptions above. This choice was based on the consideration of 
the physical networks as observed by SEM and appears to be a reasonable 
approximation of the physical networks.  

Results from the Monte Carlo simulations of curved nanowires are plotted 
in Figure 3.23a with the values of the ideal stick system for comparison. Again in 
this plot we see the quadratic behaviour as observed for the ideal stick system 
and can fit the function according to the equation: 

𝑁𝑐 =
6.06𝐿𝑠

2

𝐿𝑤
2 +

0.17𝐿𝑠

𝐿𝑤
+ 1.2      (3.29) 

From this fit and comparing it to equation 3.29 we can see that at low 
ratios of system size to wire length the curved wire system has a smaller Nc than 
the ideal system. At a ratio Ls/Lw=5 the critical number of the two systems is 
effectively equal, as the ratio is increased the value of Nc for the curved system 
grows larger than that of the ideal system. In Figure 3.23b we can see the 
relationship between the ideal Nc and the curved Nc more clearly. The curved 
system starts off with an Nc which is 66.6% of the value of the ideal system for a 
ratio of Ls/Lw=1. From here it increases rapidly with the ratio of Ls/Lw before 
asymptotically approaching a value of 107% of the ideal system. 
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Figure 3.23  Comparison of Monte Carlo simulations of curved sticks with those of the 
ideal straight stick system. a) Nc as a function of Ls/Lw : initially the circles have a lower 

critical number but as the system size is increased there is a cross over resulting in a 
higher Nc for values of Ls/Lw > 5 b) Normalization of the data by dividing by Nc of the 

ideal system to reveal the impact of simulating curved wires. Dashed blue lines indicate 
the cross over point. 

This behaviour suggests that the critical number of the infinite curved 
nanowire system with a uniform distribution of curves will be 7% larger than 
that of its’ straight stick counterpart. The exact origins of the transition in 
percolation as compared to the ideal system is difficult to discern from the 
information available and ongoing work is needed to explore it further.  

As a final qualitative comparison we can look at comparing 
experimentally obtained SEM images like that shown in Figure 3.19 with similar 
simulated nanowire networks. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.24 Comparison of physical network with a curved nanowire network generated 
by the MATLAB algorithm. Simulated network is at the same scale as the physical 

network and a length distribution and density were selected to approximate that of the 
physical network. 
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Such a comparison at this stage is only qualitative giving a general sense 
of the system and allowing one to see that the assumptions given on page 79 are 
reasonable. With further work to develop this tool it may be possible to use 
image analysis to quantitatively generate an exact replica of a given physical 
network, allowing the calculation of the network density with much higher 
accuracy. 

3.6 Collection or Injection Efficiency 

The use of Ag nanowires in devices such as solar cells or LEDs has already 
been demonstrated.[24–26] In such devices the transport of electrons from or to all 
regions of the active material is of critical importance. From a quick thought 
experiment one may consider that due to the fact that nanowire networks are not 
continuous films, charges will not be able to be collected at all locations in the 
film. From this idea some may assume that it implies that the collection efficiency 
of a silver nanowire network will play a restrictive role on the overall efficiency 
of a solar cell using silver nanowire electrodes. This section of the thesis explores 
this idea and attempts to demonstrate that due to the small size of the gaps in the 
nanowire network and the nature of charge generation in solar cells there is not a 
significant loss of charges. This section presents the work that we have 
undertaken to estimate the collection efficiency. Although the model we have 
developed so far has not yet reached a state where conclusive results can be 
determined the basic idea appears worth investigating in the future.. Therefore 
this section describes the thought process behind the development, the current 
state of the simulations and provides evidence as to why the model does not yet 
work and suggestions for possible future development. 

 In general charges will have a finite lifetime in the active region of the cell 
before undergoing recombination.[27,28] The average distance that an electron can 
travel before recombining depends on the carrier mobility and lifetime in the 
material, this distance is called the diffusion length (Ld). As a silver nanowire 
network is discontinuous in 2D, having some regions of the plane which are non-
conductive, the collection efficiency of such an electrode is dependent on two 
main characteristics of the system: 

1. The nanowire density: This determines the average size of the non-
conductive regions,  
2. The Ld of electrons in the material in contact with the nanowire network. 
 The neighbouring material could be the active region of the cell, where 

charges are generated or it may be a hole/electron blocking layer depending on 
the design of the solar cell. If the nanowire network is in direct contact with the 
active region then the exciton lifetime and mobility determines the diffusion 
length. If the adjacent material is a blocking layer then the lifetime of the majority 
carrier in the blocking layer will determine the relevant Ld. As diffusion lengths 
are inherently material dependant-dependent there is a large variation associated 
with different types of solar cells. 
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In organic solar cells the exciton Ld can be as short as 6nm[29,30] which 
represents a significant challenge for the use of nanowire networks directly in 
contact with the active region as the spaces between wires may be several times 
larger than Ld. A result that supports this argument was reported by Stubhan et 
al.[1]. I who compared organic solar cells with transparent electrodes based on 
silver nanowires, ITO and combinations of nanowires and ZnO. The efficiency of 
the cells with bare nanowire electrodes was found to be significantly lower than 
nanowires coated with ZnO with photon conversion efficiencies of 1.65% and 
2.46%, respectively.  

One could argue that the difference in efficiency was due to the flattening 
of the surface morphology associated with embedding the nanowire network in a 
TCO resulting in less short circuits and less loss of current through shunting of 
the cell. However, in this case both cells had similar shunt resistances; hence 
losses were not due to differences in surface roughness. In this arrangement the 
ZnO layer acts as a charge separation layer providing an electron-selective buffer 
layer between the nanowire network and the active region of the cell. As charges 
are injected directly into the conduction band of the ZnO they are free to move 
through the layer to the silver nanowires. Thus the ZnO with Ld≈100µm[31] 
provides local conductivity in the regions lacking silver nanowires. Due to the 
low thickness of the intrinsic ZnO layer its’ in plane conductivity is not sufficient 
to act as a macro scale TCO so the electrical properties of the electrode are 
dominated by the nanowire network. 

In other solar cell architectures such as silicon or Dye Sensitised Solar Cells 
(DSSCs) this is not such a problem as the diffusion length is significantly larger, 
on the order of 1-5µm in TiO2 DSSCs and as large as 1 cm in silicon.[32] Though 
this is of course dependent on the dopant concentration. In silicon solar cells, Ld is 
more typically on the order of 100-300µm.[14] However, for crystalline silicon cells 
the Ld of holes (12µm) is much lower than that of electrons (1100µm).[14] This 
means that the nanowire electrode should be connected to the n-type side of the 
cell to maximise collection efficiency. 

In considering the idea of collection efficiency in 2D nanowire networks 
there is a strong dependence on the diffusion length of the material from which 
the electrons need to be extracted. As yet this problem has yet not been studied in 
depth: the development of a model which would allow the estimation of the 
collection efficiency of a network at a given nanowire density with a given 
diffusion length will thus prove to be a vital tool for the application of nanowire 
networks to solar cells. 

A secondary issue also needs to be discussed: as mentioned in section 2.2, 
some regions of the nanowire network will not be connected to the percolating 
cluster. The number of wires not connected to the percolating cluster is 
dependent on the system size and the network density, but the treatment of these 
wires in a calculation of the collection efficiency is not straightforward.   
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Figure 3.25 Simple nanowire network schematic, percolating nanowires are indicated in 
blue. 

If one considers a simple nanowire network as depicted in Figure 3.25 
Electrons collected by the red nanowires cannot be extracted from the system as 
they are not connected to the percolating path and will undergo recombination. 
In working devices the actual network density should be sufficiently high so that 
the number of non-percolating wires will be low and losses due to them will not 
play a large role in the collection efficiency. However it is still important to 
consider these wires as part of the simulation, to identify how significant the 
contribution of these wires will be.  

Initially we used the work of Gonzalez-Vazquez and Bisquert[28] and that 
of Nelson[27] to develop a mathematical description of the collection efficiency of 
the nanowire network, this method proved to be incorrect as described below but 
may provide some usefulness as a basis for a future work. We therefore describe 
it here. 

 To minimise computation time, the estimation of the collection efficiency 
was made using the probability of finding an electron at a given distance from its 
point of generation as calculated by Gonzalez-Vazquez and Bisquert as shown in 
Figure 3.26. 

 

Figure 3.26 Probability of finding an electron at a given distance from its point of 
generation as determined from random walk numerical simulations of the diffusion of 
electrons (data points). Red line is a fit to the data with an exponential decay where the 

decay constant is the diffusion length of 1.33 µm.[28] 
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 The results of 2.26 were fitted with an decaying exponential function 
which yields the diffusion length. We used this probability distribution to 
calculate the probability of collection at a distance x from the nanowire. 
Performing this computation on a 2D mesh allowed us to make a spatial map of 
the probability distribution around a single nanowire based on the minimum 
distance from the point in space to the nanowire. This leads to the result of the 
simulated collection efficiency of a single wire, as depicted in Figure 3.27. This 
mathematical treatment is extremely rapid, allowing the calculation of ten 
thousand points in less than 1s and allows for high resolution estimation of the 
collection probability at each point. 

 

Figure 3.27 Probability of collection map of a single wire based on the probability of 
collecting an electron at a given distance from its point of generation. Parameters of the 
simulations include the following values: Lw=37.5µm Ld=1.33µm. The units of spatial x 

and y axes are in microns. 

Considering that the collection of an electron by a nanowire in the 
network is a mutually exclusive event, meaning that if one nanowire collects an 
electron it cannot be collected by another, we made the initial assumption that 
the probability distribution of each of the nanowires in the network could be 
directly added with the condition that the probability of collection at a given 
point was never greater than unity. This allowed the generation of collection 
efficiency maps of entire networks by simple matrix summations of the collection 
efficiency of the individual wires as depicted in Figure 3.28. 

 
 
 
 
 
 
 
 
 

Figure 3.28 Combined probability maps of individual nanowires to allow calculation of 
the network collection efficiency. Collection efficiency estimated here is 58.3% Lw=37.5µm 

Ls=200µm and Ld=1.33µm  
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After building this initial model and running several simulations we 
found out that the simulation was over-estimating the collection efficiency. This 
can be seen in Figure 3.28 as the network represents the first percolating cluster 
and as such would be expected to have a low collection efficiency. We can see 
from this figure that in the regions where nanowires intersect the collection 
probability becomes unity for a large area surrounding the junction. This was 
found to be due to two issues with the assumptions that we had made. Both 
issues are related to the probability distribution derived from the work of 
Gonzalez-Vazquez and Bisquert. Indeed, their work used random-walk 
numerical simulations to determine the probability of finding an electron at a 
given distance from its point of generation. In our initial simulation we had 
assumed that this was a one dimensional probability. However, the value given 
in Ref. [28] is actually a 2D probability of finding the electron at a given 
displacement from its origin in any direction. Thus, by using the values 
determined by Bisquert as a function of the minimum distance from the 
nanowire, the simulation was effectively integrating the 2D probability and 
assigning it to a single point. The second issue comes from calculating the 
probability based on only a single vector from the point of generation to the 
nanowire. The definition of the distance as the minimum distance to the 
nanowire creates a perfectly symmetric probability distribution which can be 
observed in 2.27 by the fact that the probability distribution is uniform around 
the entire nanowire. In reality one would expect that the probability for a given 
distance from the end of the nanowire would be significantly lower than the 
probability the same distance from the centre of the nanowire, as at the centre of 
the nanowire the wire extends in both directions away from the origin of the 
electron, allowing a much larger interaction cross section.  

In order to address these over estimations we have developed a random-
walk Monte Carlo simulation based on the diffusion of carriers within the layer 
adjacent to the nanowire network. Charges generated at some distance from a 
nanowire undergo a diffusion process with some chance of recombining before 
arriving at the nanowire. If the generated electron crosses a nanowire during its 
lifetime then we assume that the electron is collected. This model is 
computationally expensive as it requires very small steps in the electrons’ 
random walk and a large number of electrons at each point to determine the 
probability of an electron generated at this point being collected. For the 
development of this simulation the following assumptions were made: 

1. As all of the charges must be collected in the plane of the silver nanowire 
network, the material can be modelled as a 2D system with losses due to 
recombination in the regions between nanowires. 

2. All electrons which cross a nanowire during their random walk are 
collected. 

3. Nanowires not connected to the percolating cluster will have a negative 
impact on the collection efficiency. 
 

From these assumptions a MATLAB algorithm was made which simulated 
the random walks of electrons and their collection by a single nanowire. In order 
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to set the diffusion length of the electrons within the simulation we rely on the 
fundamentals of the random walk process. A typical random walk has a 
Gaussian probability distribution of being found at a given distance from the 
origin of the walk with the root mean square expected distance travelled being 
equated to the number of steps taken N and the size of the steps s by:[33] 

√< 𝑥2 >= 𝑠√𝑁 
Hence as Ld is the average distance the electron will diffuse during its 

lifetime we can define Ld in terms of N and s. Rearranging the equation to yield N 
as target function, we define the number of steps each electron should take on 
average before recombining. 

𝑁 = (
𝐿𝑑

𝑠
)

2

 

Using this method we can set the average number of steps that an electron 
will take during its random walk such that the average displacement of electrons 
at the end of their lifetimes matches the desired Ld. 

 

Figure 3.29 Six Monte Carlo simulations of electron diffusion as random walks around a 
single nanowire (thick black line). The electrons take a finite number of steps before 

recombining. If a step crosses the nanowire the electron is collected. 

Figure 3.29 shows several random walks of electrons from a single origin, 
note that some end at the nanowire (red, cyan and lime) and are considered as 
being collected whilst others (black, purple, royal blue and dark green) end in 
open space and are considered to have recombined.  

The step size used in the simulations should be associated with the 
diffusion mechanisms of the electron motion. Depending on the system of 
interest the scale of this may change significantly. In poly crystalline TiO2 as used 
in DSSCs, the conduction mechanism involves hopping from deep trap states, so 
the step size is associated with the trap density and is on the order of a few 
nanometres.[28] However, using step sizes as small as this is inhibitive to the 
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simulation process, as each electron path will have an enormous number of steps 
associated to it thus leading to an unacceptable amount of computational time. 
As the step size is in most cases much smaller than the diffusion length (except 
for organic solar cells without a buffer layer)), we have approximated the 
electron paths by using a set of larger steps which terminates at the electron 
position after a number of smaller steps. This approach is essentially a time 
averaging of the position, it causes a loss of time resolution and the average 
width of the electrons path is reduced but the spatial average is maintained. As N 
is proportional to 1/s2 even small increases of s provide a significant reduction in 
the number of steps needed. Through this approach we minimize the number of 
steps required to make the random walk and enable the random-walk model to 
be computationally feasible.  

Having determined the method to achieve the desired Ld we looked at the 
convergence of the probability of collection of electrons by a nanowire, P(C), as a 
function of the number of simulations at several different values of Ld and at 
several different distances from the wire x, the results are shown in  Figure 3.30. 

 

Figure 3.30 Convergence of P(C) for several different conditions. These results indicate 

that 1000 simulations are sufficient to determine P(C) ± 0.025 for each of the values of Ld 

and x. 

Having now determined the minimum number of simulations required to 
achieve a reasonable accuracy P(C) it was possible to run a set of simulations for 
a single nanowire. To ensure reliable results we used 104 simulations. 
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Figure 3.31 Spatial map of P(C) determined from Monte Carlo Random Walk 
simulations. Number of simulations= = 1000, Ld=1.33µm 

Figure 3.31 shows the anticipated anisotropy in the collection efficiency at 
the ends of the nanowires and also an effective decrease in collection efficiency at 
each site due to the correct estimation achieved by using the random walk model 
directly. The resolution of Figure 3.27 and Figure 3.31 are actually the same, but 
Figure 3.27 includes a much larger area so the pixels appear smaller. 
Comparatively the random walk method takes on the order of 108 times longer 
than the mathematical approximation but it determines the collection efficiency 
correctly. Ongoing work should focus on a mathematical fit of the data of Figure 
3.31 allowing the correct result to be defined mathematically instead of by a 
random walk process. Figure 3.31 is actually an image made from the simulation 
of ¼ of the nanowire. Indeed, thanks to the symmetry of the system it is possible 
to simulate just one part of the system and then apply symmetry operations to 
obtain the whole image. This also helps to reduce the calculation time. Figure 
3.31 shows signs of noise, which we attribute to an insufficient number of 
simulations. Even though the number of simulations used was 104, which is one 
order of magnitude above what the convergence study suggested would be 
sufficient. This is likely due to a spatial dependence of the convergence relating 
to the geometry of the nanowire, in the convergence tests the y position relative 
to the wire was held constant. 

In order to validate the assumption that nanowire collection was a 
mutually exclusive event we ran a simulation of a single wire and made the 
convolution of it with itself, but offset and rotated by 90°, and compared it to a 
simulation of two wires with the same geometry. Upon doing this it was revealed 
that at the junction, the convolution of the two nanowires from the individual 
simulation over-estimates the collection efficiency. For this single junction at 90° 
the over estimation is approximately 35% of the total collection efficiency of the 
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two wires. This demonstrated that we cannot use the combination of several 
single-wire probability distributions to tentatively estimate the collection 
efficiency of a network. 

From this study, we learnt that the random work model needs to be 
applied to the network as a whole, which unfortunately could not be achieved 
within this work. The origin of the problem is that although the collection of 
electrons by nanowires are mutually exclusive events, the electron has a lifetime. 
In the case of the single nanowire system, all electrons that can cross the wire in 
their entire lifetime do so and are collected. Hence, when the convolution is 
performed to create a two-wire system, it assumes that both wires collected all 
the possible electrons. In the case of the two wire simulation of the two-wire 
system, once an electron is collected by one of the two wires, its lifetime is cut 
short and it cannot, obviously, be collected by the other one. In order to perform 
the convolution correctly it would require tracking the temporal and spatial 
position of the electron and adding a condition based on the position of the 
nanowires. This method would actually be longer than performing the random 
walk model for the two individual wires. 

3.7  Closing Remarks 

This chapter has provided insight into the computer simulations which 
were undertaken in order to explore the percolating nature of perfect wire 
network as well as the impact of imperfect wires on the percolation threshold. 
The main contributions of this work include the extension of percolation 
threshold approximations into small-scale systems approaching the length of the 
nanowire, the redefinition of the percolation threshold to 𝑛99 allowing for the 
prediction of densities required for use in real devices and the introduction of 
Lseff as a defining system characteristic. Foundational work has been undertaken, 
including the implementation of curved nanowires into a percolation 
determination algorithm and the exploration of a method to simulate the 
collection efficiency of a network. Further work is needed to develop a clear 
understanding of the interrelation of angular anisotropy and the critical density 
of the system. Each of the percolation algorithms developed within this thesis 
have the potential to be employed in conjunction with Kirchhoff’s laws to enable 
the estimation of different networks electrical conductivity in a similar manner to 
that used by Žeželj and Stanković[34] however. However superior computational 
resources than those we have used for this work would be needed to perform 
those simulations within an acceptable time frame. We would like to highlight 
here that all of the simulations undertaken within this thesis were performed 
using MATLAB on a portable personal computer without the parallel computing 
toolbox. 

Further development of the collection efficiency calculations are needed in 
order to achieve a relevant network collection efficiency however. However, 
from the initial results, we have shown that direct convolution of the probability 
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distribution function of a single wire cannot be used to model the behaviour of 
the whole network.  
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Chapter 4  
Physical Properties of Ag Nanowire Networks 

4.1 Opening Remarks 

This chapter focuses on the physical properties of silver nanowire 
networks. One of its objectives is to assess whether this material will provide the 
necessary balance to meet the needs of emerging and existing TCM applications. 
In particular this chapter will provide a brief discussion of the potential 
application of silver nanowire electrodes as front electrodes for solar cells. This 
chapter represents a significantly modified and expanded version of an article 
published in “Solar Energy Materials & Solar Cells”.[1]  

There are many different routes through which silver nanowire network 
electrodes may be fabricated. Several of them are compared to explore how large 
a role the fabrication process plays in the final resulting optical and electrical 
properties of the network. In order to obtain a transparent silver nanowire 
electrode with optimal properties one can play with several parameters such as 
the morphology of the metallic nanowires (NW), the density of the NW network 
and the use of post-processing such as mechanical pressing[2,3], chemical 
treatments[4] and thermal annealing[2,5]. Within the scope of this work the 
influence of wire morphology, density and annealing on the physical properties 
of silver nanowire networks are explored.  

4.2 Experimental section 

For the previous three chapters the discussion has been focused on the 
simulation of AgNW networks using virtual wires. At this point in the thesis it is 
important to highlight some of the distinctions between the theoretical work and 
the experimental work. In the computer simulations performed in chapter 3 the 
AgNWs are assumed to be widthless sticks, in the experimental chapters 4 and 5 
of this work there were several different types of silver nanowires used. The 
AgNWs (Ag115, Ag60 and Ag25 in isopropanol) were purchased from SeaShell 
Technology.[46] These wires have an average length varying between 6-37.5µm 
and average widths ranging between 25 nm and 105 nm.  

These nanowires were obtained from the polyol process[18,47,48] for which 
NWs are grown in solution and are stabilized by polyvinylpyrrolidone (PVP). 
The stock solution was then diluted with isopropyl alcohol (IPA) to various 
concentrations allowing control of the network density of the deposited wires. 

 Deposition was performed at room temperature by spin-coating at 1500 
rpm as follows: 1 mL of solution was introduced onto the rotating substrate (25 
mm x 25 mm Corning 1737 glass slide) in a drop-wise manner of two stages (0.5 
mL each) with a 30sec pause between each deposition. The sample was 
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maintained at a constant rotation throughout the deposition. This produces 
random networks of AgNWs on glass substrates.  

 

Figure 4.1  Sample preparation for the spin coated samples discussed in this thesis. 

Square specimens of 12 mm x 12 mm were cut from the larger substrates 
and observations of the AgNWs were performed using a field-emission scanning 
electron microscopy (FESEM) ZEISS Ultra Plus microscope using an accelerating 
voltage of 10 kV. The density was determined by taking 2 SEM images at 4000x 
magnification close to each of the sites marked in red in Figure 4.1. Resulting in a 
total of 10 SEM images for a 12 mm x 12 mm sample, these images were then 
analysed using the software ImageJ to determine the total area covered by the 
AgNWs in each of the images. From the total covered area and the average 
nanowire dimensions an estimation of the total mass of silver per unit area of the 
sample was made. Measurement of the sheet resistance of these networks was 
performed using a 4 point probe and for the thermal studies discussed in chapter 
5 Ag paint electrodes were deposited on two opposing edges of the sample for in-
situ measurement of the electrical resistance of the AgNW network during 
thermal annealing. 

This was performed with a two-point probe system where the electrical 
resistance was recorded using a Keithley sourcemeter (model 2400). Temperature 
was PID-controlled and recorded via two thermocouples mounted inside the 
heating stage and on the surface on which the sample rests, respectively. Any 
annealing or pre-annealing was performed in air unless otherwise stated. 

 

4.3 Electrical and Optical Properties 

Of the properties that are desirable for Transparent Conductive Materials 
(TCMs), the obvious selection criteria are the transmission of light and the 
electrical resistance. Considering this, it is appropriate to make an initial 
comparison of silver nanowire networks electro-optical properties with those of 
TCOs. Figure 4.2 shows a comparison of the transmission spectra for bare glass, a 
silver nanowire network on glass and Fluorine doped Tin Oxide (FTO) on glass. 
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The substrate used for all optical measurements was 1.1mm thick corning C1737-
S111 Boroalumino-silicate glass microscope slides. Figure 4.2 illustrates the 
significant differences in the transmission spectrum of silver nanowire when 
compared to standard TCOs. They both have very similar transmission values 
from 250-1250 nm at which point a significantly higher rate of transmission is 
observed for the silver nanowire network in the region 1250–2500 nm. This stems 

from the plasmon absorption of TCOs: above a certain wavelength P (which 
depends upon the carrier density) the electromagnetic wave is damped thanks to 
the collective excitation of the carrier gas.[6] Increasing the carrier density (by 

doping) in most TCOs results in a decrease of P leading to a trade off in 
transparency to gain conductivity. This again illustrates the need to determine an 
optimal carrier concentration which balances conductivity and transmission. This 
provides an immediate advantage for silver nanowire networks integration for 
solar cells employing low band gap active regions or tandem cell architecture.[7] 
As the infra-red component of the solar spectrum can be transmitted into the cell 
it can be used for energy production. The origin of the absorbance of the TCO is a 
result of the material being a continuous thin film. Unlike TCOs which absorb 

light for  >P the nanowire networks provide a large amount of empty space 
between wires that allow light to pass between the wires without being absorbed.  

 

Figure 4.2 Total transmission spectra of a glass substrate (blue), a silver nanowire 
network (black) and fluorine-doped tin oxide (FTO) (red). The associated sheet electrical 
resistance for silver nanowire network and FTO are 9.5 Ω/sq, and 7.4 Ω/sq, respectively. 

The slightly higher average transmittance of the silver nanowire film in 
the 250-1250 nm range indicates that silver nanowires provide a promising 
alternative to some TCOs in terms of electro-optical properties. Furthermore, 
recent studies have shown that increasing the Haze factor(as defined in chapter 1 
as the ratio of diffuse light to total transmitted light) of a given transparent 
electrode can help to improve the efficiency of a solar cell.[8] Light scattering 
increases the path length of light through the absorber layer of a solar cell and 
consequently increases the current generated in the solar cell.[9]  The Haze factor 
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of a silver nanowire network is dependent upon several key factors: length and 
diameter of the wires used, network density and fabrication method. It is 
possible to achieve a significant increase in the haze factor with only a small 
trade-off in optical transmission. As shown in Figure 4.3 it is possible to achieve a 
3-fold increase (from ~10% to ~30%) in the average Haze factor and only takes 2-
3% from the optical transmission. This trade-off is also balanced to a certain 
extent in that the electrical resistance of electrode B is 9.5 Ω/sq as compared to 
17.3  Ω/sq for electrode A. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.3 Transmittance spectra (upper curves, dotted line is the bare glass substrate, 
dashed and solid lines are silver nanowire networks of different density: A) 57mg/m2 

and B) 117mg/m2) and the related haze spectra of the same samples (lower curves). 
Nanowire average length was 37.5 µm and average diameter was 105 nm 

 
As stated, the haze factor of a silver nanowire network is determined by 

NW density amongst other properties of the network. Intuitively, it would seem 
that decreasing the NW density per unit area, n, should lead to higher optical 
transparency. It is by no means a direct relationship, as complex scattering and 
graduated refractive indices convolute the relationship of density to 
transmission.[10] In a simple model though, it is possible to calculate the 
approximate transmission and this follows to some extent the intuitive idea, 
decreasing density results in higher optical transparency.  

 
However, the electrical resistance of the NW networks is also density-

dependent. Again the trade-off emerges with a three way balance that needs to 
be struck to produce the optimal network. The relationship of the network 
resistance to NW density can be defined as a percolation problem. Several works 
in the past have devoted effort to understanding the problem of 2D conductive 
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stick percolation. As discussed in Chapter 2 Pike and Seager[11] and Li and 
Zhang[12] produced some excellent theoretical results that defined the problem in 
its infancy and have led to further understanding. The theoretical aspects of this 
current work have also aimed to build a more accurate estimation of the required 
critical densities for realistic systems. Application of percolation theory so far has 
mainly been restricted to theoretical works and it is a good opportunity here to 
observe whether the theory supports the experimental data for silver nanowire 
networks. Coleman’s group has already applied percolation theory to 
Transmission data.[13] We incorporate these results and focus below more on the 
electrical properties.  

4.4 Impact of network density on the electrical properties 

The electrical properties of silver nanowire networks are dominated by the 
wire geometry, density and post-processing. For the sake of reproducibility all 
electro-optical properties that are discussed in this chapter were measured on 
silver nanowire networks after a thermal annealing step which was found to 
significantly decrease the resistance without having an impact on their 
transmittance. This post-processing step was identified by an in-depth study into 
the impact of thermal annealing on silver nanowire networks which is discussed 
in chapter 5. The changes of resistance are due to several factors that will not be 
discussed in depth here but in majority are caused by local sintering at the 
junctions between the nanowires (as shown by Figure 4.4). The local sintering 
occurs as a result of atomic migration to reduce the surface energy at points of 
high curvature. Figure 4.4 exhibits Scanning Electron Microscopy observation of 
two different junctions between two nanowires before and after annealing for 
two hours at 200°C in air. Although this is not the same junction before and after 
annealing these images represent typical morphologies. Local sintering at the 
junction is present after annealing, which leads to a decrease of sheet electrical 

resistance from 1000 sq to 8 sq. 
 

 

Figure 4.4 SEM images of silver nanowire junctions before (left) and after (right) 

annealing, the sheet resistance of this network reduced from 1000sq to 8sq. Scale 
bars indicate 100 nm. 
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The reduction of resistance via thermal annealing allows the production of 
highly conductive layers. Modifying the annealing profile enables networks with 

Rs<20 /sq to be created with 2 minutes at 250°C or if there is a temperature 
restriction the same can be achieved with a longer annealing at lower 
temperatures. At 200°C the network resistance continues to drop for 2 hours 
though the majority of the change occurs in the first 5 minutes. 

The resistance and transmittance of silver nanowire networks are 
dependent on the wire length and diameter as well as the density of the 
network.[14] The nanowire diameter plays a key role in the optical scattering 
properties of the network as highlighted by Preston et al.[10]  

It is common to plot the Transmittance as a function of sheet resistance[15]. 
Figure 4.5 shows that the general behaviour of transmittance is not drastically 
dependent upon the deposition method.  

 

 

Figure 4.5 a) Optical transmittance at 550 nm (including the substrate contribution) 
versus the sheet resistance after annealing, for different deposition techniques: spin 

coating, rod coating, drop casting and spray injection. The green line represent fits to the 
bulk regime while the red line represent fits to the percolative regime (see chapter 2 and 

De et al. [15] for more details on the equations used). 

A comparison of silver nanowire networks, silver flakes, carbon nanotubes 
and graphene was also made by De et al.[15] Their results concern NW networks 
created by vacuum filtration of a colloidal solution of silver nanowire onto a 
membrane to form the network, which is then transferred to a PET substrate. The 
experimental results of the current contribution are presented in Figure 4.5 for 
silver nanowire networks generated by the various techniques mentioned in the 
legend of the figure. The comparison of these results with those of De et al.[15] 
suggests that there is a dependence of electro-optical properties of silver 
nanowire networks on the deposition method used. The majority of the 
behaviour is dominated by the geometry of the wires. In strong agreement with 
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the work of De et al.[15], the data fits well in both regimes: the percolation regime 
for sparse networks and bulk regime for dense networks. As discussed below an 
optimal density has to be considered to reach a trade-off in order to get high 
optical transmittance T and low sheet resistance RS. Generally speaking a good 

quality transparent electrode for solar applications corresponds roughly to: T ≈ 

90% and RS ≈10 sq. When considering the substrate contribution, as in Figure 

4.5, such requirements would lead to T ≈ 80%. As depicted by Figure 4.5, silver 
nanowires already meet the requirements for being an efficient transparent 
electrode for solar cells applications. 

Upon further research into the different network fabrication methods we 
determined that the spray injection method which used an ultra-sonication bath 
to separate the nanowires in solution before spraying them was causing the 
nanowires to break apart. This caused reduction of the optical properties for the 
spray injection data. This process is called sonic scission and is a process that 
leads to the cutting of long particles into smaller ones by the strain induced from 
cavitation bubbles. The mechanism for this process was described thoroughly for 
scission of carbon nanotubes by Hennrich et al.[16] and sonic scission has since 
been employed by Sorel et al.[14] to study the impact of wire length on percolation. 
After some optimization of the spin coating process we were able to obtain 
reproducible and uniform films with good electro-optical properties. A 
comparison of the same nanowire solution deposited by spin coating and spray 
injection after sonication is shown in Figure 4.6. 

 

Figure 4.6 Comparison of two different network fabrication techniques. There is a 
dependence of network properties on fabrication method, in this case due to 

modification of the wire length by ultrasonic treatment during the deposition process. 

This demonstrates the importance of handling procedures for silver 
nanowires in solution as sonication leads to detrimental impact on the electro-
optical properties of the networks when fabricated. In practice we have observed 
some radial alignment of nanowires as a result of the spin coating which, as 
described in chapter 3, should also result in sub-optimal optical and electrical 
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properties, however this method is clearly superior to the ultrasonic spray 
injection process. Isotropic nanowire networks generated by spray deposition 
without using ultrasonic treatment are however expected to produce even better 
results. 

From both Figure 4.5 and Figure 4.6 it is clear that the optical and electrical 
properties are interrelated, this relationship is tied together by the density of the 
nanowires in the network. For a given nanowire type (i.e. length and diameter) 
reducing the number of NWs per unit area creates a sparser network that may 
fail to form enough conducting paths across the network. At low density in the 
percolation regime, the properties of the network differ from the bulk material 
values. In this percolating regime the electrical resistivity ρdc depends on the 
nanowire density n and the critical density nc following the power scaling law: 

 (3.1) 

Where nc is the percolation threshold and t is the universal conductivity 
exponent (equal to 1.33) [17,18] equation 3.1 is valid when n is larger, but close, to 
nc. The percolation threshold of a system can be defined by the density of the 
sticks at which there is a 50% chance that a network with that density will have a 
percolating cluster that spans the network. For large systems with nanowires of 
length l, it has been found that the critical number density nc can be defined as:[12] 

 (3.2) 

Equation 2 clearly states that longer nanowires are associated with a lower 
percolation threshold density. Hence it is anticipated that at a given nanowire 
density longer wires will have better electrical (lower resistance due to the 
decrease of nc) and optical properties (higher transmission). This is in agreement 
with the electrical behaviour observed in Figure 4.6, the nanowires used for both 
deposition methods had identical diameter distributions however the spray 
injection process reduced the average nanowire length. Thus we can see the 
dependence of the electro-optical properties on the nanowire length. This was 
further confirmed experimentally by spin coating solutions of nanowires grown 
with different lengths as shown in Figure 4.7. However the diameters of these as 
grown wires also differ. 
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Figure 4.7 Electrical and optical properties of three different wire types. As the wire 
length increases so does the optical transmission at a given resistance. 

However equation3.2 is only valid in the consideration of large scale 
systems, while for the purpose of photovoltaics and many other applications this 
requirement is not always met. This description of nc is only accurate for large 
systems where the ratio of the system size to nanowires length is greater than 
30.[12] In the network shown in Figure 4.8a) and b) it is clear that there are some 
regions of the network which will not contribute to the conduction pathway or in 
a solar cell to the collection of photo generated electrons.  As discussed in chapter 
3, this will result in reduced collection efficiency for nanowire-based electrodes. 

 

Figure 4.8 a) Simulated image of the 1000x1000 m2 network, b) same network with 
wires that are not part of the percolating cluster removed, c) Graph showing the 

probability of percolation versus the silver nanowire network density for various 
characteristic lengths of percolation (LC). Decreasing the length of percolation results in 

an increase in the density required to reach the percolation threshold. 
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In order to determine the density required to produce a network which 
has a higher percentage of the network contributing to the percolating cluster a 
characteristic length can be defined. This definition allows one to define an 
experimental critical density required to achieve percolation at the desired critical 
length. Defining this length Lc as the minimum distance over which the 
probability of percolation at the given density nc is equal to 50% we can then 
simulate the required densities for various values of Lc. Figure 4.8c) is a result of 
Monte Carlo simulations performed using the fast Monte Carlo method of 
Newman and Ziff [19] and displays the effect of decreasing Lc which corresponds 
to an increase in nc. This result is rather intuitive since a high collection efficiency 
should be associated to percolation clusters occurring on a shorter scale which is 
associated with a higher silver nanowire network density. 

 For exploring the influence of the network density one should investigate 
the dependence of both the electrical resistance and optical transparency (usually 
considered at a wavelength of 550 nm). The electrical resistance of silver 
nanowire networks versus density is reported in Figure 4.9. 

The vertical dotted line indicates the value of nc as defined in equation 3.2. 
The electrical resistance corresponds to the minimum electrical resistance 
measured in-situ during a thermal annealing with a ramp of 15 K/min. As 
discussed above, thermal annealing causes a decrease of the resistance, by 
reducing the junction resistance between adjacent nanowires. However longer 
annealing or annealing at higher temperature can cause a morphological change 
of the silver nanowires (eventually leading to spheroidization) which prevents 
the network from percolating. Therefore a minimum of sheet resistance is 
observed during a thermal annealing ramp. 

The dark blue line in Figure 4.9 corresponds to a fit using both equations 
3.1 and 3.2 which consider percolation over an infinite size system. A good 
agreement is observed, showing that the percolation regime is valid for the whole 
network density range investigated. As already mentioned, any experimental 
values are certainly not necessarily associated with infinite size system but with 
finite system size over which the percolation is observed. Experimentally we 
observe the percolation and electrical behaviour in effectively infinite systems 
(Ls>>Lw so much so that the electrical behaviour is close to that of the infinite 
system), it is expected therefore that the electrical behaviour will match that of 
the theoretical infinite system. In fact as shown in Figure 4.9 a finite value of 
Lc=50µm constitutes a better agreement with experimental data. This does not 
suggest that the critical density is in some way restricted in these experiments, 
but indicates that the network density is in fact sufficiently dense as to provide 
percolation to a large proportion of the network.  
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Figure 4.9 a) Experimental resistance values as a function of network density. The blue 
line on the graph represents a curve fitted to the data using equations3.1 and 3.2, 

associated to an infinite system. The other curves are associated with two different Lc 
values (Lc=100 µm and 50 µm). SEM images exhibit a sparse network (b) and a denser 
one (c) (the areal mass density being ~15.7mg/m2 and ~108.7mg/m2, respectively. The 

scale bars represent 10 µm.  

The optical transmittance can also be investigated versus the nanowire 
density and the Lambert-Beer law is usually employed as a first approximation 
[15]. The data of the present study is in good agreement with this approach and is 
used to simulate the properties of the silver nanowire networks when calculating 
the figure of merit of the obtained transparent electrode. 

A commonly used figure-of-merit for transparent electrodes is  defined 
by Haacke [20]: 

 (3.3) 

where T is the optical transmittance and Rsh is the electrical sheet 

resistance. The experimental values of  are reported in Figure 4.10. An optimal 
density is observed close to a NW mass density of 120 mg/m2 which is associated 

to a sheet resistance of 9.5 sq and a total transmittance of 82.9% without 
removing the losses due to the substrate. Subtraction of the substrate leads to a 
total transmittance of about 90%. The dotted line of Figure 4.10 corresponds to 
the calculated figure-of-merit values using equations 3.1, 3.2 and 3.3 as well as 
the Lambert-Beer law. A reasonable agreement is obtained between the 
calculated and experimental values, especially considering the simplicity of the 
model used. This clearly indicates that the optimal silver nanowire density which 
is considered as the trade-off between high optical transparency and low 
electrical resistance is close to about 100 mg/m2. This would correspond to the 
same amount of silver (for a given area) as a thin silver film of 10 nm thick as 
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compared to 200-300 nm for usual TCOs. The observed optimal silver nanowire 
network density observed in Figure 4.10 is in rather good agreement with the 
results obtained by De et al.[13] who found optimal performances for a density of 
47 mg/m2 for a different silver nanowire morphology and using vacuum 

filtration to fabricate the network. Finally the value  obtained (16x10-3) is 
comparable to most TCOs except for the best ITO thin films.[6] 

 

Figure 4.10 Experimental (symbols) and calculated (dotted line) values of the Haacke 
figure of merit defined by equation 3.3 versus the silver nanowire network density. 

4.5 Impact of wire diameter 

Thus far the discussion of the electrical properties of silver nanowire 
networks has only considered the impact of wire length. In general for large 
aspect ratio wires this assumption that the nanowires diameter does not play a 
major role in the formation of the percolating cluster is valid. In the case of 
nanowire network conductivity the role of the diameter is slightly more subtle 
than the impact of the wire length, for large diameters (>100nm) the influence of 
the diameter on the electrical properties of the network is negligible, for small 
diameters, however, the impact is quite significant. This is illustrated in Figure 
4.11, in which the electrical properties of several different wire geometries have 
been normalized to remove the impact of the wire length by plotting the 
minimum resistance against the wire density minus the critical density for the 
given wire geometry. If the electrical properties of the network are independent 
of wire diameter then this plot should result in all 6 data sets overlapping the 
same line. 
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Figure 4.11 Resistance of nanowire networks fabricated from several different types of 
nanowires plotted against n-nc. Traditionally electrical properties are associated solely 

with the relative density as determined by equation 1 and 2. This implies that if the 
network density of a given nanowire network is the same amount larger than the critical 
density as another network then both networks should have similar electrical properties. 
This is observed for all curves with wire diameters >100 nm, however this is not the case 

for nanowires with small diameters. 

As seen in Figure 4.11 this is not the case and at low wire diameters the 
resistance of the nanowire networks increases significantly above that of the 
larger diameter networks. This is indicative of a strong dependence of the 
electrical properties on the wire diameter. Interestingly this phenomenon is not 
observed for the larger wire diameters. This provides a clue as to the origin of 
this effect. As the wire diameter approaches the mean fre path of electrons in the 
nanowire the wire diameter becomes increasingly important for the electrical 
properties of the system. This is an example of the properties of a material 
changing at the nanoscale, in this case the resistivity of the individual wires is 
increasing significantly as the wire diameter decreases. This phenomena was first 
described theoretically and compared to experimental results from mercury 
wires by Dingle[21] and further developed by Chambers[22] in 1950, since then it 
has also been reported for individual silver nanowires by Bid et al.[23] The origin 
of this effect is due to an increased influence of surface scattering of the electrons 
as the wire diameter decreases. As the diameter approaches the mean free path of 
electrons in the material the probability of electrons scattering at the surface 
increases dramatically. The equation that describes the relationship of the wire 
resistivity to the wire diameter as given by Bid is: 

𝜌𝑤 = 𝜌0 +
𝜌0𝜆0(1 − 𝑠)

𝑑
      (3.4) 
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Where ρ0 is the bulk resistivity (1.59x10-8 Ωm-1 for silver), λ0 is the bulk 
mean free path (30-40 nm at room temperature), s is the specularity which 
indicates the fraction of electrons which experience specular reflection at the 
surface of the wire and d is the wire diameter. Typical values for s in the 
literature range between 0.3 and 0.5, the value observed for silver nanowires by 
Bid et al. was 0.5. Assuming a similar specular reflection for the silver nanowires 
employed here equation 3 becomes: 

𝜌𝑤 = 𝜌0 (1 +
𝜆0

2𝑑
)      (3.5) 

This phenomenon provides some explanation for the behaviour observed 
in Figure 4.11 however the observed deviation is much higher than surface 
scattering alone predicts. As for the nanowires used in these experiments ρw has 
the range 1.1ρ0< ρw<1.7ρ0 one would assume that the value of Rmin would not vary 
by more than a factor of 2 from the normalised curves of large diameter wires. In 
Figure 4.11 however the value of Rmin is seen to vary by several orders of 
magnitude. The source of this discrepancy is likely the increased significance of 
grain boundaries and point defects in small nanowires, as the conduction 
pathway is constricted the likelihood of scattering from these sites is increased.  

4.6 Potential for incorporation into solar cells 

Many groups have already started to incorporate silver nanowires as front 
electrodes for solar applications.[24–27] As mentioned, high haze factors result in 
light scattering into the device and increases the effective absorption cross section. 
The ability of silver nanowire networks to produce high haze networks while 
maintaining sufficient electro-optical properties shows the real potential to 
integrate them into solar cells. Gaynor et al.[26] demonstrated an increase of 
approximately 10% in conversion efficiency of bulk organic hetero-junction solar 
cells, by using a silver nanowire composite electrode as compared to an ITO 
standard (ɳ=3.4% using ITO on plastic and ɳ=3.8% for Ag nanowire composite). 
Taking advantage of the metallic nanowire network transparency in the infra-red 
region of the spectrum Chen et al. [25] created polymer solar cells that were semi-

transparent in the visible region and had an ɳ ≈4%. These cells have an average 
transmission of about 61% in the 450-650 nm wavelength range.[25] This type of 
solar cell could for instance be used as an energy producing window tinting. 
Another advantage of silver nanowire networks as front electrodes for 
photovoltaic applications is that they allow production of flexible solar cells, [24] 
which is difficult to achieve with TCOs due to their brittleness. Within the field of 
photovoltaics there are many different device architectures which have 
restrictions associated with them, for some such as Dye Sensitized Solar Cells and 
CdTe, the transparent electrode must be deposited first with high temperature 
processes to follow for example TiO2 dye sensitized solar cells require annealing 
at 450°C,[28,29] CdTe  layers are deposited at 360°C and annealed at 420°C.[30,31] 
CIGS solar cells on the other hand generally require that the TCM is added last 
and has to be deposited at low temperature to prevent diffusion of the active 
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layers into one another. Depending in which application the silver nanowire 
electrodes are to be employed the processing steps required will differ. Kim et al. 
[32] demonstrated the incorporation of ZnO/silver nanowire/ZnO multilayer 
electrode into CIGS solar cells and also demonstrated that ZnO encapsulation 
improves the thermal stability of silver nanowires. Improved thermal stability by 
encapsulation has also been shown by several other groups,[33,34] and there are 
several low temperature routes to highly conductive silver nanowire networks,[2–

4,35]hence there are many options to support the application of silver nanowires to 
a broad variety of solar cell architectures. 

In considering the incorporation of silver nanowire networks into solar 
cells we must also consider the fact that the network presents a discontinuous 
film. This means that as a function of position relative to the network the 
probability of a photo-generated electron being collected will vary. This is 
especially important when considering the mobility of electrons in the active 
region of the cell. For cells where electrons and excitons can support a long 
diffusion length to the collecting electrode, silver nanowire networks provide an 
interesting and viable solution as a front electrode. When the diffusion length is 
below 1µm such as in organic solar cells, silver nanowire networks alone are 
insufficient. However, as shown by Kim et al. the incorporation of silver 
nanowire network embedded in a conductive matrix can aid in the collection 
efficiency.[32] In this case the silver nanowire network is used to provide the 
majority of the electrical performance of the electrode and the matrix material 
allows continuous conductivity. In this manner, materials which have a low 
mobility such as PEDOT:PSS may be enhanced. 

Let us also note that roughness can be an issue: if some nanowires are not 
well aligned along the substrate some short-circuits may occur. The use of high 
mechanical pressure has been shown to overcome such problems.[3] As a final 
remark it is worth mentioning that embedding silver nanowires within a 
transparent oxide such as ZnO or TiO2 could be interesting, for instance the silver 
nanowires stability (either chemical or thermal) could be improved and 
properties such as work function could be tuned. This might help as well with 
the integration of silver nanowires into a solar cell, since band alignment plays a 
crucial role for the solar cell efficiency. Some preliminary work in this regard was 
undertaken within this thesis, several different deposition methods such as 
hydrothermal growth (ZnO), Sol gel (TiO2) and Chemical Solution Deposition 
(CSD) (Al:ZnO and Nb:TiO2) were attempted with mixed results. The 
hydrothermal growth method for intrinsic ZnO appeared quite promising 
initially with apparent thermal stabilization to 540°C however it was difficult to 
reproduce the results. For the use of CSD method several different precursor 
solutions were tried with the most promising results coming for a butoxyethanol 
solution with zinc acetate dehydrate, aluminium nitrate nonahydrate and 
ethanolamine[36], these films provided excellent conductivity and optical 
properties but did not significantly improve the thermal stability of the 
nanowires. Further research is required to determine if these types of coatings 
can enhance chemical stability and the lifetimes of electrodes. One of the major 
advantages of an oxide-coated silver nanowire network over the standard 
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electrode is substrate adhesion. The bare nanowire network is completely 
destroyed by a scotch tape test, however with a 50 nm layer of Al:ZnO deposited 
on the network by CSD the electrical resistance of the composite electrode does 
not change after several attempts with the scotch tape test. The Nb:TiO2 CSD 
coatings were considerably more problematic as the organic precursors used for 
the CSD were completely removed only after annealing at 720°C in air. This 
generally resulted in degradation of the silver nanowire network and loss of 
conductivity. If the electrodes were annealed in forming gas at 720°C it was 
possible to maintain the wire network morphology due to the surface 
stabilization of the polyvinylpyrrolidone as discussed in the following chapter, 
however the other organics also remained and resulted in a black semi-
transparent film. Sol gel growth of TiO2 appears to successfully produce a 
transparent TiO2 film on the nanowires but the resistivity of the intrinsic oxide is 
too high to allow conduction through the oxide to the nanowire network.  

4.7 Closing Remarks 

Random Ag nanowire networks demonstrate electro-optical properties 
better than many TCOs and close to that of ITO. Their physical properties 
depend both on the morphology of the metallic nanowires and the density of the 
network. Post-processing treatments also play an important role in the resulting 
electro-optical properties. Several of these treatments are currently under 
investigation in the literature suggesting that the gap with ITO could be bridged 
in the near future. The influence of wire length predicted by simulation is a 
valuable tool to gain insight into the electro-optical properties and predict the 
properties of networks from different wire geometries. This chapter has shown 
that the optical transmission of nanowire networks is superior to that of TCOs in 
the infra-red region of the spectrum and comparable or better in the optical 
region. We have demonstrated that, as suggested by percolation theory, longer 
nanowires produce lower resistances for the same optical transmission. From this 
work, it is clear that silver nanowire networks currently provide sufficient 
electro-optical properties to be incorporated into solar cells. Although not yet 
matching the best ITO films in terms of optimal sheet resistance and 
transmittance, silver nanowires provide sufficient properties and are expected to 
continue to improve. They are amenable to low-deposition temperatures, 
solution processing, flexibility and variable haze of the resulting electrode. These 
aspects suggest that this material could become more important in emerging 
applications, particularly in the field of photovoltaics. 
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Chapter 5  
Thermal Annealing of Nanowire Networks 

5.1 Opening Remarks 

 In this chapter, we report on the study of the effects of thermal annealing 
on the electrical properties of AgNW networks. The main goal is to better 
understand their behaviour and to optimize the electrical properties of the 
annealed network. Since several physical mechanisms are at play, different types 
of annealing have been employed (isothermal, thermal ramps and pre-annealing) 
in order to disentangle the possible causes responsible for the variations of the 
electrical resistance observed in-situ. In addition we report the use of in-situ AFM 
to study the morphological evolution of the nanowires under thermal annealing. 
This chapter represents a significantly expanded version of an article which has 
been accepted for publication in Nanoscale.[1]  

Optimizing the electrical resistance and transmission of nanowire 
networks involves tuning several key parameters including the experimental 
conditions of deposition, wire geometry,[2] network density and post-deposition 
treatments such as mechanical pressing,[3] light-induced plasmonic 
nanowelding[4] or thermal annealing.[5–7] All of these post-deposition treatments 
have been shown to decrease the electrical resistance. However, thermal 
annealing has not yet been the subject of a detailed investigation. The impact of 
thermal annealing on the electrical resistance of metallic NW networks is 
dominated by desorption of organic residues and local sintering at the junction 
between neighbouring nanowires,[5,7] both of which lead to a significantly lower 
contact resistance. This is a clear asset of metallic NW network when compared 
with carbon nanotubes which suffer from high junction resistance between 
nanotubes.[8] 

Although thermal annealing can lower the electrical resistance of metallic 
nanowire networks, instability of the nanowires upon an excessive heating 
results in a critical limit of the thermal budget applied on the system, which 
requires investigation.[9] Cylindrical metallic nanowires are known to be 
energetically unstable and can fragment at temperatures significantly lower than 
their melting point.[10–13] This is the result of a morphological instability, called 
the Rayleigh instability, and is a critical issue for the long-term reliability of 
micro- and nano-electronic devices. These thermal instabilities place limitations 
on the thermal budget that an electrode may undergo during device fabrication. 
For example the use of AgNW electrodes in TiO2 Dye Sensitized Solar Cells 
(DSSCs) is restricted due to the need to sinter the TiO2 nanoparticle layers at 
450°C.[14,15] It has been suggested recently that a second instability may also be 
observed due to Joule heating when metallic nanowire networks are used with 

current densities similar to those found in a solar cell of ≈10% efficiency, leading 
to electrode failure in a matter of days.[16] Such instabilities and the mechanisms 
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leading to them need to be understood to enable the efficient integration of 
metallic NW networks in real devices.  

5.2 Electrical and morphological evolution during thermal annealing 

The most direct way to probe the effect of thermal annealing on the 
electrical resistance of AgNWs is to measure their resistance in-situ during a 
thermal ramp in air. The evolution of the electrical resistance of an AgNW 
network versus temperature during a thermal ramp at 15°C/min in air is shown 
in Figure 5.1 a). The electrical resistance varies by several orders of magnitude 
and clearly exhibits a minimum. Several mechanisms are responsible for the 
observed variations in resistance as a function of temperature.  

This type of annealing, with , where T(t) is the temperature 

at time t, T0 is the initial temperature and is the heating rate, is classically used 
for the quantitative determination of the desorption activation energy.[17] At low 
temperatures (50-125°C) several sudden drops of resistance R(t,T) can be 
observed in Figure 5.1a and f (both within the dashed frames) and will be 
discussed in detail below. In Figure 5.1 b) a SEM image of an as-deposited 
nanowire network is displayed. It can be seen that the nanowires are coated with 
a carbonaceous shell which is approximately 30 nm thick. This shell is a 
combination of polyvinylpyrrolidone (PVP) from the nanowire synthesis[18] and 
organic residues. The thickness of the PVP coating is approximately 2.5 nm as 
shown in Figure 5.2. With the remainder of the carbonaceous shell coming from 
the solution based deposition process. The removal of these organic 
contaminants and/or residual isopropyl alcohol (IPA) decreases the electrical 
resistance of the contact between NWs. The reduced resistance leads to the 
formation of efficient conduction pathways through the network.  

At higher temperatures (125-170°C) R(t,T)  continues to decrease with 
increasing temperature and becomes a continuous process which resembles an 
exponential decay. This can be assigned to the continued desorption of organic 
residues and the polymer coating (PVP) from the AgNWs. Figure 5.1c exhibits a 
SEM image of a specimen annealed at 200 °C for 10 minutes: it is clearly visible 
that the majority of the carbonaceous film has been removed, however the thin 
film (~2.5 nm) of PVP remains on the surface.  At ≈170 °C the rate of reduction in 
R(t,T) slows down as the desorption of organic components tails off due to the 
decreased concentration of remaining isopropanol and other organic residues. 
Above 200 ºC local sintering begins at NW junctions, as revealed by the SEM 
picture shown in Figure 5.1c. The rate of sintering is slow at first due to 
remaining PVP, thermo gravimetric analysis revealed that there is an exothermic 
reaction occurring between 250 °C and 270 °C. This result is similar to that found 
previously by Lee et al.[19]  and was assigned to the degradation of PVP. Above 
270 °C sintering starts to occur at NW junctions, as revealed by the SEM picture 
shown in Figure 5.1c. 
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Figure 5.1 a) Evolution of the electrical resistance of a Ag nanowire network during a 
continuous thermal ramp of 15°C/min from room temperature (associated with 

deposition solution of 0.75 mg/mL and an areal mass density of ≈105 mg/m2)  b-e) 

Scanning electron microscope (SEM) images of: b) as-deposited sample and of specimen 
annealed for 10 minutes at different temperatures: c) 200°C, first occurrence of 

observable sintering; d) 300°C all junctions are sintered; e) 380°C complete 
spheroidization of the network. Image e) is at a lower magnification than the others to 

demonstrate that although the nanowires are completely spheroidized the resultant 
nanoparticles are still aligned at the original position of the wires. The scale bars in 

images b), c) and d) are 1 µm whereas that of image e) is 4 µm. f) Resistance response of 
two specimens to a series of increasing isothermal anneals (associated with deposition 

solutions of 0.58 mg/mL and 0.375 mg/ml resulting in areal mass densities of ≈81 

mg/m2 and ≈53 mg/m2
, respectively). All data shown in Figure 5.1 were obtained using 

AgNW for which average wire diameter was 105 nm and average wire length was 37.3 
µm. Dashed boxes in a) and f) indicate regions of the curve which are explored in more 

detail in section 5.3 
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Figure 5.2 High resolution TEM image of PVP coating on silver nanowire. The 
crystalline nature of the nanowire can be observed. 

The rate of sintering is slow at first and does not have a significant impact 
on the sample resistance, above 270°C sintering occurs more rapidly resulting in 
a continued drop in resistance. Again, this takes the form of an exponential 
function. For this temperature range, as the population of unsintered junctions 
decreases the rate of junction sintering decreases. A minimum in R(t,T) is 
observed at about 300-320°C for the considered heating ramp (15°C/min). For 
higher temperatures R(t,T)  increases sharply. This is attributed to the onset of a 
morphological instability which results in spheroidization of the nanowires as 
observed in SEM image of Figure 5.1e.  

Since the mechanisms responsible for the changes in the electrical 
properties for a given thermal equilibrium state and kinetic effects are 
intertwined, it is difficult to determine the exact temperature ranges over which 
the above-mentioned stages occur from the data shown in Figure 5.1a 
(temperature ramp).  However, observation of Figure 5.1a-e leads to a general 
trend of the effect of temperature on silver nanowire networks electrical 
resistance, which can be described by three main stages: 

1- Reduction: Initially the resistance drops as the residual solvents and 
PVP are removed from the network. A second reduction phase is observed due to 
the onset of local sintering at the junctions. 

2- Stabilisation: As the number of unsintered junctions decreases the 
electrical resistance reduction rate slows down and the resistance value stabilizes 
briefly, this is associated with the minimum resistance. 

3- Spheroidization: Morphological instabilities of the nanowires occur and 
the resistance increases rapidly as the NW network evolves into separated 
spheres and loses its percolative nature.  

Experiments with in-situ monitoring of the resistance variation using a 
thermal ramp provide a nice overview of the thermal annealing effects. However, 
during a thermal ramp multiple processes may occur simultaneously as they 
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have not had enough time to reach completion before a second mechanism starts. 
One method to shed light on the thermal annealing effects is thus to consider 
isothermal annealing with plateaus at various temperatures, as reported in 
Figure 5.1f.  

The same 3 stages seen in Figure 5.1a are observed for the isothermal 
stepped annealing process depicted in Figure 5.1f. Due to the separation of 
kinetics and activation temperature the mechanisms at play occur at different 
temperature ranges compared to the ramped annealing shown in Figure 5.1a. 

Figure 5.1f also exhibits sharp drops in the specimen resistance at low 

temperature (≤ 100°C) again a detailed discussion of this behaviour is provided 
in section 5.3. At 100°C and above, R(t,T) exhibits an initial rapid decrease for 
each temperature plateau lower than 250°C. At 250°C the resistance plateaus and 
for a period of several minutes remains constant before R increases due to the 
onset of the morphological instability of the AgNWs. This then gives indication 
of both the optimized temperature where the electrical resistance of the network 
can be minimized through balancing the sintering effects and thermal stability of 
the AgNWs. The denser network exhibits a lower electrical resistance as a result 
of the increased number of conduction pathways and at the expense of a lower 
optical transparency. The network density results in a trade-off between high 
optical transparency (obtained for sparse networks) and efficient electrical 
conductivity (associated with a high NW density).[20]  
 

5.3 Quantized activation of Percolation 

The drops of electrical resistance observed in both Figure 5.1a and f can be 
understood in the following way; they correspond to the creation of the first 
efficient pathways through the network composed of AgNW and junctions 
between them. The junction resistances are high before thermal annealing and 
decrease as a function of time when the temperature is increased, as shown by 
Figure 5.1a and f. For all specimens studied the resistance drops occur at a 
resistance of several thousands of ohms, which is of the same order of magnitude 
as the resistance of a long hypothetical NW crossing the whole network. This 
estimate is based on Ohm’s law applied on an efficient percolating path (EPP) 

which is a cylinder of length L (in this case the width of the whole network ≈7 
mm long), cross-sectional area S and electrical resistivity ρ. The associated 
electrical resistance REPP can be written as:  

 (5.1) 

where K is a constant associated with the actual path length of the 
percolating path (which is longer than the network width due to the tortuous 
nature of percolating paths as schematically shown by Figure 5.3a, and therefore 
on the density of the network, as well as the electrical resistance of the junctions 
which act as series resistances along the conduction pathway. Therefore, K is 
expected to be larger than one.  
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The validity of using silver bulk resistivity (1.59 x10-8 Ωm) for nanowires of 
this size is questionable as the wire diameter is approaching the mean free path 
of electrons in bulk silver. The reduced diameter results in a significant increase 
in the impact of surface scattering on the resistivity of the wires. It has been 
demonstrated that the resistivity of nanowires is dependent on the wire diameter 
and increases above that of the bulk significantly.[21] In the case of AgNWs with a 
diameter 100nm, Bid et al. found the resistivity to be 2.78 x 10-8 Ωm.[21] 
Considering the NW diameter (105 nm on average), REPP is on the order of a few 
thousand ohms, in good agreement with the steps in resistance observed at low 
temperature in Figure 5.1a and f. 

 

Figure 5.3 a) Schematic representation of a NW network; under thermal annealing, some 
of the junctions become efficient (indicated by red dots). When a sufficient number of 
junctions are activated, an efficient percolating pathway forms between the top and 

bottom electrodes. b) As heating continues, additional efficient pathways form. c) The 
pathways can be considered as n resistances REPP in parallel with an initial system 
resistance Rs. d) Experimental data exhibiting plateaus in resistance which can be 

assigned as equivalent resistances 𝑅𝑒𝑞
𝑛  which are the parallel sum of Rs and n resistances 

REPP, where n is an integer which increases as thermal annealing proceeds. 

  
This first efficient percolating pathway (EPP) (represented schematically in 

Figure 5.3a by thicker red NWs) exhibits an electrical resistance, named REPP, 
which should contribute in parallel to the resistance of the initial network, noted 
RS. A second EPP appears slightly later, as shown in Figure 5.3b and again acts as 
an additional parallel resistance REPP, which leads to another drop of R as shown 
experimental by Figure 5.1a and f. Therefore the simplest model defines the 

electrical resistance  of the network after the nth resistance drop as the 
n

eqR
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equivalent resistance consisting of RS in parallel with n electrical resistances REPP 
(as shown in Figure 5.3c, leading to the following expression: 

 (5.2) 

The experimental values of  are schematically shown on Figure 5.3d. 

RS can be defined by the experimental resistance before the appearance of the 
first drop. REPP can be determined by equation 5.1 where all parameters are 
known except K which remains the only fitting parameter of the model and is 
kept constant for all resistance drops observed on a given specimen. The regions 
which exhibit steps in the resistance from Figure 5.1 a and f are enlarged and 

compared in Figure 5.4a and b to the  values calculated by fitting K using 

equations 5.1 and 5.2 (shown as solid lines to the right of the experimental data). 
Despite the simplicity of the model, the agreement between the 

experimental data and the calculated values is excellent. From Figure 5.4c it is 
clear that the resistance is described well by equation 5.2 and that the fitting 
parameter K for equation 5.1 can be calculated. Rs and REPP values were 
determined from a linear fit of the experimental data (see Figure 5.4c) according 
to equation 5.2. The Rs values obtained from these fits correspond well to those 

observed experimentally, while REPP values are larger than , in agreement 

with equation 5.1. The latter enables calculation of the K values which are 1.15, 
1.31 and 1.91 for specimens associated with solution concentration of 0.75, 0.58 
and 0.375 mg/mL, respectively. 

In Figure 5.4d a comparison is given between experimental data and 
values calculated with equations 5.1 and 5.2, showing excellent agreement with a 
K value varying between 1.15 and 1.91 as the network density decreases. It is not 
surprising that the value of K increases as the density of the network decreases, 
as K is a proportionality factor relating to the actual length of the individual 
conduction pathways. In a dense network there are many more junctions per unit 
area and the probability of finding a direct path is much higher. As the network 
density decreases the path becomes more tortuous thus increasing the effective 
distance between electrodes, and hence the value of K.  

As with all models there are simplifications that must be made, the 
proposed model assumes that all pathways are independent and electrically 
connected in parallel. In reality the system can be more complicated and partial 
pathways and series connections between pathways may also appear (a 
schematic way to imagine such a pathway is to consider a Y shape for the partial 
pathways and a H shape for the series connections between paths). Examples can 
be seen in Figure 5.4b where the plateaus indicated by blue arrows do not match 
a calculated data point, these plateaus might be considered as partial pathways 
connecting to one of the existing efficient conductive paths. 
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Figure 5.4 Experimental electrical resistance drops observed during thermal annealing 
(continuous line) for samples of different densities and comparison with the proposed 

model (dashed lines). Data shown in a) corresponds to the highlighted section of Figure 
5.1a (i.e. during a thermal ramp) while data in b) corresponds to the highlighted section 
of Figure 5.1f (along a temperature plateau). Arrows in the plot indicate plateaus which 

were identified as partial percolating pathways. c) Plot of 
1

𝑅𝑒𝑞
𝑛  as a function of plateau 

number n extracted from the experimental plateaus of the curves in Figure 5.4 a and b.  d) 
Comparison of the predicted values to experimental electrical resistances, the dashed 
line represents a slope of one indicating a perfect correlation. The used K values were 
1.15, 1.31 and 1.91 associated with deposited solution concentration of 0.75, 0.58 and 

0.375 mg/mL, respectively. All of the  data shown in this figure comes from nanowires 
with an average diameter of 105 nm and an average length of 37.5 µm 

Initially when the number of efficient junctions is low the probability of 
observing the formation of a new EPP is low. As annealing continues more 
junctions are sintered and the chance to form an EPP increases. After the 
formation of the first efficient percolating path it is expected that the efficient 
junction density is sufficiently high that other pathways also begin to form in a 
more and more rapid succession. When plotted in the time domain (Figure 5.4b) 
this should be seen as the length of plateaus decreasing on average as the number 
of plateaus increases. However this is a statistical process, so the length of the 
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plateaus are somewhat random, hence the experimental variability of the plateau 
length. As the number of EPP increases it becomes increasingly likely that new 
efficient paths overlap with existing paths, thus as n increases so too does the 
probability of partial path formation, this results in the loss of quantized steps in 
the R(t,T) decrease as the number of plateaus increases and a continuous drop in 
resistance is eventually observed (typically for values lower than 1000 Ω) for long 
annealing or at higher temperature. 

Let us finally consider that while stick percolation is generally a density 
problem, in the present case the model works at a constant stick density upon 
which a network of junction resistances is applied which play the role of the 
percolation sites. Each site has a given resistance which is reduced by thermal 
annealing; conduction through the system will occur predominantly through low 
resistance junctions. These junctions represent a very large population (measured 

experimentally as ≈107 cm-2 for a specimen with similar density to that shown in 
Figure 5.1a) with a large distribution of junction resistances. In the as-deposited 
state the majority of the junctions have a high electrical resistance. By heating, 
some of these junctions become more conductive. As the annealing proceeds, 
clusters of nanowires are connected by efficiently conducting junctions. When a 
large enough number of junction resistances are reduced, an efficient percolating 
pathway is formed spanning the network resulting in the sudden drops of the 
resistance reported in Figure 5.4. The sudden electrical resistance drops observed 
in Figure 5.4 can therefore be considered as quantized activation of percolation.   

5.4 Pre-annealing 

Another way of studying the effects of thermal annealing is to perform a 
pre-annealing at low temperature (in the present paper, a pre-annealing is 
considered as an isothermal anneal performed after the AgNW network 
fabrication and before a continuous ramp annealing). The effects of such pre-
annealing on an experiment similar to the one reported in Figure 5.1 (i.e. thermal 
ramp) are shown on Figure 5.5. Pre-annealing was performed at 100°C, 150°C 
and 200°C for 8, 6 and 2 hours, respectively. The appropriate duration of each 
pre-anneal was determined by monitoring in situ the resistance of the network: 
when the resistance became stable the pre-anneal was considered to have reached 
completion. This allows the exploration of temperature ranges over which 
different mechanisms are active. 



124 
 

 

Figure 5.5 Temperature dependence of the electrical resistance R(t,T) of silver nanowire 
networks (concentration of 0.75 mg/mL) during a ramp thermal annealing of 15°C per 

minute for 4 different samples: as-deposited and pre-annealed at 100°C, 150°C and 200°C. 
The dashed curve is associated with the temperature-dependence of bulk silver 

resistivity, showing a good agreement between the slopes deduced from experimental 
data and from phonon-induced increase of bulk silver resistivity for the 200°C pre-

annealed specimen up to 200°C.  

The effects of the pre-annealing is drastic for the R(t,T) dependence in the 
low temperature range (i.e. below 270°C). There is a continuous effect of pre-
annealing for which a higher associated temperature corresponds to a lower 
initial resistance for the subsequent thermal ramp. Then for the higher 
temperature range the R(t,T) behaviour remains similar for all specimens: the 
pre-annealing does not appear to influence the onset of the NW instability.  

Note that for the pre-annealing at 200°C, the increase of the R(t,T) versus 
temperature (below 200°C) corresponds rather well to the increase of the 
electrical resistivity of bulk Ag associated with the scattering of electrons by the 
phonon population. This corresponds to the resistivity temperature dependence:  

 

  (5.3) 

 

where  is equal to 2.8 x 10-3 K-1 for bulk silver.[22] Such dependency is 
shown as the dashed line in Figure 5.5: the experimental slope of the 200°C 

preannealed AgNW network is close to the one calculated with the bulk silver  
value (although such a simple calculation does not consider the junction 
resistances between adjacent NWs).  

The key observation of the pre-annealing study is the demonstration that 
annealing at 200°C until the resistance is stable produces a network with a 
resistance comparable to the minimum resistance obtained for samples on a 
thermal ramp. This demonstrates that it is possible to optimize the resistance 
with a controlled temperature and extended time.  
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5.5 Physical mechanisms at play during thermal annealing: 

We discuss now the relevant physical mechanisms at play for the 
evolution of the networks electrical properties during thermal annealing. These 
mechanisms are: solvent desorption, PVP desorption, sintering at contacts 
between adjacent nanowires and spheroidization. The first three mechanisms act 
to decrease the electrical resistance of the network while the last one leads to a 
drastic increase of R(t,T). We will discuss these four mechanisms and their 
impact on the experimental results presented above.  

The prevailing mechanism at play at low temperature (30-140°C) is 
desorption. At first, physical desorption of organic residues is responsible. 
Organic residues in the form of a very thin shell as visible in Figure 5.1b are 
present between AgNWs due to capillary effects and act as electrical barriers, 
resulting in a high electrical resistance. The physical desorption of these residues 
enables a more intimate contact between NWs reducing the electrical resistance. 
After a pre-annealing at 100°C for 8 hours is performed, the R(t,T) curve exhibits 
a continuous behaviour (no more sudden drops are observed) and R(t,T) values 
are much smaller, indicating that there are already a large number of efficient 
conduction paths through the network. At 150°C the glass transition temperature 

of PVP is reached, the thin shell of PVP coating the AgNWs (≈5nm) begins to 
flow; this allows a more intimate contact between adjacent AgNWs, also 
decreasing the electrical resistance.  

At higher temperatures (150-250°C) the PVP undergoes thermal 
degradation and is completely removed from the surface of the wires (at least in 
air while different behaviour can be observed under vacuum[23]). The reduction 
in R(t,T) observed from 200-250°C in Figure 5.1f originates from the onset of local 
sintering, as indicated by the SEM observations (see Figure 5.1c and d). It is 
important to note that for ramped annealing as shown in Figure 5.1a and Figure 
5.5 this drop in R(t,T) due to sintering is observed at higher temperature (275-
300°C).  

This difference is due to the kinetics of the system. As both the 
experiments depicted by Figure 5.1a and Figure 5.5 are performed as thermal 
ramps at 15°C/min there is insufficient time for all of the PVP and organic 
residues to be removed in the temperature range 200-250°C, which results in a 
delay of the sintering. The preannealing shown in Figure 5.5 allows some 
separation of the kinetics and critical temperatures of various mechanisms. 
Comparing the R(t,T) of the as deposited sample to the initial resistance of the 
preannealed samples reveals that for each of the preanneal treatments the initial 
resistance corresponds closely to a plateau in the as-deposited R(t,T). These 
plateaus result from a kinetic pinning of the onset of different mechanisms; as the 
samples are exposed to a thermal ramp the temperature continues to increase 
before each mechanism has reached completion.  

By performing isothermal anneal until the resistance stabilizes at different 
temperatures before performing the thermal ramp we reveal what the final 
resistance of the network obtained is once the mechanisms activated at the given 
temperature reach completion. This leads to the observation that sintering 
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processes can reach completion at a temperature as low as 200°C if sufficient time 
is provided. 

Sintering is the term usually used to describe the increase in mechanical 
strength and decrease in porosity of powder particle network when heated at a 
temperature approaching, but below, its melting point.[24,25] In the present study, 
as the sintering mechanism concerns only the contacts between adjacent NWs, 
this process is called local sintering. This corresponds to the initial stages of the 
usual sintering phenomenon in powder metallurgy. The associated driving force 
for sintering is the reduction of surface energy. In general the smaller the particle 
size the lower the temperature where sintering will be observed. For instance the 
investigation of the sintering effect on the morphology and conductivity of Ag 
particles of 40 nm in diameter showed that sintering occurred at 100°C and 
probably even below,[26] while the melting point of silver is 962°C.[22] In the case 
of AgNWs, sintering appears to be nearly complete after a pre-annealing at 200°C 
for 2 hours since no further R(t,T) decrease is observed as shown in Figure 5.5 (as 
compared to the specimens pre-annealed at 150°C or below). 
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5.6 Spheroidization 

When submitted to a thermal annealing, nanowires can fragment into a 
chain of nanospheres above a certain temperature.[27,28] This well-known 
morphological instability is often called Rayleigh or Plateau-Rayleigh instability 
and has been the subject of many investigations since its first study in the 
nineteenth century.[29,30] Due to the major role played by metallic and semi-
conductor nanowires in nanoelectronics and optoelectronics,[31] the 
morphological Rayleigh instabilities of these materials have been investigated in 
the past. Studies of the role of wire diameter, temperature and annealing on the 
nanowire morphology evolution have already been reported.[27,28,32] The physical 
origin of the Rayleigh instability is also the reduction of the surface energy. If one 
considers a liquid cylinder with initial radius r and a sinusoidal perturbation 
along its axis, i.e.   

 (5.4) 

 
simple calculations show that the perturbations with wavelength λ >2πro 

will increase spontaneously in amplitude and thus lead to a fragmentation of the 
initial cylinder.[33] In reality, the morphological instabilities of a solid wire are 
slightly more complicated but the overall trend that is experimentally observed 
still remains the same.[10,11,34] For instance the average distance between Ag 
nanoparticles in Figure 5.1e is about 750 nm, a value larger but of the same order 

of magnitude as 2r (330 nm) (the difference stemming from the substrate 
influence, the fivefold twin structure of the wire as well coalescence which occurs 
after spheroidization). The Rayleigh criterion (λ >2πro ) is valid for all wire sizes, 
but since nanowires exhibit much higher surface to volume ratio the associated 
kinetics are much faster for nanowires with small diameters. The origin of this 
diameter-dependent kinetics stems from the dependence of the Rayleigh 
instability on surface diffusion. Smaller diameter wires have a higher ratio of 
surface to volume and a lower total volume. This means less atoms are required 
to move before spheroidization occurs and a higher proportion of the atoms are 
moving at a given time. This morphological instability leads to a loss of the 
percolation character of the network and hence a sharp increase of the electrical 
resistance at high temperature as observed in Figure 5.1 and Figure 5.5. Figure 5.6 

demonstrates that the diameter of the wires is an important factor for the onset of 
the Rayleigh instability, as the wire diameter decreases so does the temperature 
of spheroidization.  
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Figure 5.6 The impact of diameter on the response of AgNW networks to temperature 
when thermal ramps are used from room temperature at a rate of 2°C per minute. The 

three AgNW networks have similar areal mass density of ≈50 mg/m2.  

 
Knowing that in order to improve the electro-optical properties of AgNW 

networks, NWs with small diameter and large aspect ratio are often preferred,[2] 
underlines the significance of the Rayleigh instability which becomes more of a 
limitation when the NW diameter decreases. Another possibility for the increase 
in electrical resistance observed at high temperatures during thermal annealing is 
the thermal grooving of grain boundaries which will be discussed in section 5.9.  

Finally a rather direct comparison can be outlined between the present 
work and the investigation of Chou et al.[26] who studied the thermal effects on 
the properties of a film composed of Ag nanoparticles (also surrounded by a PVP 
layer). In both studies, in spite of the large difference in the morphology of the 
Ag nanostructures, the electrical resistance of the network exhibits a minimum 
versus the annealing temperature. In the study of Chou and co-authors, 
desorption of PVP and sintering lead to a decrease of R(t,T) at low temperatures 
50-200°C, while above 200-250°C (depending on the nanoparticle size), R(t,T) 
increased and the networks lose their conductive properties above 400°C due to 
the growth of both Ag particles and pores and the eventual breakdown of 
conduction pathways. These observations on spherical nanoparticles by Chou et 
al. are partially analogous to the thermal behaviour presented here for Ag 
nanowires. 
 

5.7 Individual Junctions In-Situ SEM Observations 

In order to further investigate the impact of thermal annealing on silver 
nanowires, in particular exploring the evolution of individual junctions during 
thermal annealing, we employed a FEI Quanta 250 environmental Field Emission 
Scanning Electron Microscope equipped with a thermal stage. This allowed us to 
observe a specific site of the nanowire network and watch for changes in the 
nanowire morphology as we exposed the sample to a thermal ramp. The aim was 
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to observe the morphological changes and identify on a local scale at which 
temperatures they occur. This section is an updated excerpt of the work which 
was reported at the EMRS 2013 fall conference and resulted in a proceeding 
publication in the International Journal of Nanotechnology.[35]  

The networks, deposited on p doped silicon in order to prevent charging 
whilst imaging, were initially heated from room temperature to 600°C, under 
vacuum conditions (10-4 Pa). No morphological changes were observed in this 
temperature range, even though the nanowires have previously been seen to 
undergo Rayleigh instability in air at much lower temperature. Heating to above 
700°C, the nanowires start to disappear. Figure 5.7 shows the evolution of a given 
location of the sample at three different temperatures. The traditional 
morphological changes highlighted earlier in section 5.2 do not appear to occur 
under vacuum and there is no evidence of local sintering or spheroidization.  

 

 

Figure 5.7 In-situ annealing observation of Ag nanowires at different temperatures a) at 
30°C, b) at 620°C, and c) at 717°C. 

Contrary to what was observed when annealing in air, spheroidization 
does not occur. Above 700°C, the silver directly evaporates, leaving behind an 
empty carbonaceous shell. It is suggested that this shell is the remnants of the 
PVP coating which cannot undergo decomposition under vacuum due to the 
absence of oxygen. Similar behaviour was also observed by Mayoral et al.[23] 
under TEM for individual AgNWs. Ramasamy et al.[36] also report similar 
observations of TiO2 coated silver nanowires under in-situ annealing up to 750°C 
and ascribe the stability of the wires to the presence of the TiO2 however, in light 
of this work and the work of Mayoral it is more likely that the thermal stability 
observed by Ramasamy is a result of the presence of organic components (in their 
case 2-mercaptoethanol) and the lack of oxygen during the annealing process. In 
Chemical Solution Deposition tests performed for the growth of Nb:TiO2 on 
silver nanowires we found that the TiO2 layers were not sufficient to stabilize the 
wires above 350°C in air but that the wires were stable in vacuum and under 
forming gas (10% Hydrogen 90% Nitrogen) up to 720°C for at least fifteen 
minutes. 

When considering this behaviour in relation to the network properties 
when submitted to a thermal treatment, the in-situ SEM provides evidence that 
PVP acts to stabilize the AgNW and prevent morphological changes. In order to 
assess whether the stability was due to the inherent PVP layer or an interaction 
with the SEM electron beam, we measured the resistance of a silver nanowire 
network while annealing under vacuum (0.1 Pa). The nanowires remain stable 
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under a thermal ramp up to 500°C (temperature limit of the in-situ resistance 
setup) and a resistance similar to the minimum resistance achieved (at around 
320°C) during annealing in air is obtained. The resistance of a sample annealed 
under vacuum initially remains almost constant until 150°C which corresponds 
to the glass transition temperature of PVP. This may suggest that some local 
rearrangement of the PVP can occur without actually removing it from the wires. 
This rearrangement may allow local relaxation of the wire surfaces between two 
nanowires at a junction though no sintering is observed.  

Due to the presence of the PVP and the absence of oxygen in the SEM 
chamber it was not possible to observe the morphological changes in-situ. This 
led to the use of atomic force microscopy to attempt to characterise the annealing 
behaviour of nanowires in air.  

 

5.8 AFM Observations of Individual Junctions Before and After Annealing  

Atomic Force Microscopy (AFM) is an excellent technique for exploring 
the properties of small scale objects and particularly the surface topology of a 
sample. AFM in itself is an enormous topic which will not be covered here as it is 
already well known and covered much more thoroughly in published media. If 
the reader is unfamiliar with this technique (or familiar in practice but not in 
theory) I would suggest the book “Atomic Force Microscopy: Understanding Basic 
Modes and Advanced Applications” by Greg Haugstad.[37] This text covers the 
technique in an easy-to-read manner which gently introduces the reader to the 
physics of AFM before delving into the fundamental mathematical origins of the 
technique and advanced concepts.  

For the purpose of this work we are mainly interested in the height data 
from silver nanowire networks and its evolution with time and temperature. Due 
to the physical nature of the AFM tips interaction with the sample there is always 
a convolution of the tip shape with the sample morphology. Recognizing that this 
convolution is strongest in the lateral direction we will focus mainly on the 
height data of the highest points in the regions of interest. As these locations are 
the least likely to experience variations due to changes in the tip morphology. All 
height measurements were made relative to average height of the substrate at the 
closest available location and these locations were kept as constant as possible for 
each of the consecutive measurements. In this work two different approaches 
were made for the observation of the impact of thermal annealing. In this section 
several sites on a sample were measured with AFM before annealing at a given 
temperature for 30 min, the same sites were then reimaged after the sample had 
cooled to room temperature. This process was repeated with the same sample at 
180°C and 240°C. The second approach is discussed in the following two sections 
and involved in-situ observations of a single site whilst annealing at a range of 
temperatures in air. 

All AFM measurements were performed on an Asylum Research MFP-3D 
BIO AFM using standard Nanosensors NPP-NHCR Silicon AFM cantilevers with 
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a guaranteed tip radius <10nm. Heating was achieved with the MFP-3D polymer 
heating stage which is pictured in Figure 5.8 

 

Figure 5.8 MFP-3D PolyHeater stage, the stage consists of a metal heating element 1.5cm 
in diameter (centre of the image) surrounded by a Teflon insulating layer (inner black 

ring) which is then framed by a Polyether ether ketone (PEEK) support (beige outer ring). 
This heating stage is designed to allow in-situ AFM measurements at elevated 
temperature in air or a controlled gas environment. Allows heating from room 

temperature to 300°C.[38] 

As described in section 5.2 the silver nanowires are initially coated with 
residual isopropanol and PVP as a result of the growth process and spin coating. 
This film of organics varies in thickness depending on the deposition conditions 
and the length of time since deposition and sample storage conditions. It is 
expected that thermal annealing will completely remove the organic coating and 
thus we anticipate that the height profiles of the silver nanowires should decrease 
relative to the surface of the substrate. 

In order to maintain comparability between measurements and to ensure a 
minimal error in the measurements all heights were referenced to the average 
substrate level of the image. As much as possible the same locations were 
measured at room temperature after deposition, after annealing at 180°C and 
after annealing at 240°C. The images are not perfectly aligned and there is some 
lateral expansion due to changes in the tip morphology with usage but the height 
profiles of the highest points are expected to remain accurate. Three images for 
one of the locations observed are displayed in Figure 5.9. In total six different 
sites on the sample were observed, allowing for the measurement of 28 different 
wires and 25 individual junctions. From each set of images each of the individual 
nanowires was measured to determine the average height of that particular wire, 
this was achieved using the image processing software Gwyddion. For each 
nanowire a segment of the nanowire was chosen as the region to measure the 
average height of the nanowire. The region was selected such that the nanowire 
was sitting flat on the substrate surface. The same section of the nanowire was 
measured for each of the three temperatures, within this region the maximum 
value of each scan line was taken, this provides the highest points along the 
length of the given nanowire.  

The average of these values was then taken to give an average height of 
that particular wire. For the measurement of junction heights the same process 
was used but only the highest point in the region of interest was used, i.e. no 
average was taken. This was done to ensure that the highest point at the junction 
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site is used as a reference, as the nanowires sag on either side of the junction 
(unless another junction is close by). . By using the highest point as the reference 
value of the junction height we ensure that the height changes with temperature 
observed are associated with the same point. 

 

Figure 5.9 AFM images of one of the six sites. From these three images the average 
heights of the wires and junctions after each temperature were measured. Notice that 
between the 25°C and 180°C images there are no immediately obvious changes to the 

network morphology. After annealing at 240°C we can see several changes to the 
junctions in the centre of the image.  

Due to the distribution of wire diameters in the solution there was a range 
of different wire heights (corresponding to diameters) measured by AFM 
furthermore as some junctions involved more than one wire the distribution of 
junction heights was even broader. In order to limit this only junctions involving 
three or less nanowires were used for the junction height measurements. The 
wire and junction heights sorted in ascending order of the initial height are 
displayed in Figure 5.10. 

 

Figure 5.10 a) Average wire height as measured by AFM at 25°C, and after annealing at 
180°C and 240°C. b) Maximum junction height in the same conditions as a). 

The initial distribution of nanowire heights and the variations in the 
amount that the nanowires change in thickness after each annealing step is in 
part due to the random nature of the network formation. As the wires are 
deposited at room temperature and the boiling point of isopropanol is at 80°C 
depending on the local environment of the nanowires different thicknesses of 
isopropanol are left behind. Similarly for the PVP shell the thickness will vary, 
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initially as the nanowires start growing the concentration of PVP in the growth 
solution is high as the nanowires grow the PVP adheres to the sides of the wire 
causing the anisotropic growth as outlined in chapter 1. This depletes PVP from 
the growth solution and means that new wires forming late in the growth process 
may have less PVP. These two factors combine to produce a large amount of 
variability on top of the intrinsic wire diameter distribution. This said, it is still 
possible to observe the general trend in the data. As shown in Figure 5.10 a) and 
b) both the wire diameters and junction heights in general decrease as the 
annealing temperature increases. The initial decrease between 25°C and 180°C is 
expected to be due to the removal of solvents and low molecular mass organic 
residues. Between 180°C and 230°C little change is anticipated however thermo 
gravimetric analysis suggests that a degradation of the PVP begins at around 
200°C but significantly increases in rate above 230°C. As shown by a decreased 
heat flow into the sample and a shift in the mass behaviour as seen in Figure 5.11. 
The reaction reaches its fastest rate at about 270°C and rapidly tails off by 285°C 
suggesting that the PVP is completely removed at this stage. As degradation of 
PVP starts at around 200°C the same result should be achievable by a sustained 
annealing step at lower temperatures. This is in agreement with the results of the 
pre-annealing studies. 

 

Figure 5.11 Thermo-gravimetric analysis data for PVP coated silver nanowires from 
room temperature to 500°C. 

 Taking the average of all wire and junction heights in each of the three 
conditions (i.e. non annealed and annealed at 180°C and 230°C)   allows us to 
view the trend in a clearer manner these results are shown in Figure 5.12.  
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Figure 5.12 Trend observed in ex-situ AFM measurements for the as-deposited (25°C) 
sample, after annealing at 180°C and after annealing at 240°C. Error bars represent one 

standard deviation of the data at each point. 

This confirms the expected behaviour, one may note that the standard 
deviation is quite large but as mentioned previously this is due to the fact that 
many different nanowires and junctions have been measured and each wire is 
unique. As expected the reduction of the junction heights is on average 
approximately double that of the individual nanowires, however we had also 
anticipated that it would be possible to observe some local sintering resulting in a 
junction height that was lower than the combined average width of the two wires 
involved. On average this was the case with an additional 3.7 nm of height lost 
over the expected result from a combination of the changes in thickness of the 
wires involved. However of the 25 junctions investigated only half of them 
exhibited a reduction in excess of the wire reductions, thus this result is not 
entirely conclusive. Further studies including a much larger sample of junctions 
would provide additional information. 

5.9 In-situ AFM observation of Thermal Grooving 

The second type of AFM performed involved in-situ measurements while 
heating the sample. This measurements are quite challenging as there is a critical 
balance between the position of the AFM cantilever head relative to the sample 
whilst heating. One of the advantages of the MFP-3D AFM system is that it does 
not employ a tube piezo for the x,y,z scanning. This allows a complete decoupling 
of the height scan from the x and y axes. This is achieved by mounting the sample 
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on a specific stage with x and y piezo flexures which allow the substrate to be 
rastered in the plane of the sample surface. The tip is mounted on a separate 
cantilever holder which contains the z piezo responsible for the control of the 
cantilever height. The feedback is controlled in the typical way with a four-
quadrant light-sensitive diode and a laser reflected off the back of the cantilever 
tip. The x and y axes have a 90 µm range of motion and the z piezo has a range of 
140 µm. The MFP-3D polyheater stage can be used in either an open or closed cell 
configuration, with the closed cell achieving thermal equilibrium faster and 
allowing the use of controlled atmospheres. In our case we chose to mimic the 
open system used in the afore mentioned thermal annealing with in-situ 
resistance studies to view the behaviour of the nanowires, thus the open cell was 
used.  

Whilst heating the sample stage, sample itself and the cantilever head all 
undergo thermal expansion. If the experiment is not carefully monitored this can 
result in either a loss of contact with the surface or more likely the crashing of the 
cantilever into the surface. The MFP-3D is equipped with manual micro-
positioning dials to allow a coarse positioning of the sample and movement of 
the cantilever as the thermal expansion of the apparatus and sample were larger 
than the z range of motion the height had to be constantly monitored to ensure 
that the z axis was in the centre of its range of motion, this was a challenging task 
as it meant manually manipulating the cantilever head without moving it in the x 
or y direction to allow the same location to be measured constantly whilst 
annealing. Also as a consequence of the heating there was a small amount of 
thermal drift in the in plane axes as well though typically this was significantly 
less than the range of motion and could be compensated in part by the AFM 
software. 

The in-situ observations follow two different behaviours. In this section 
we discuss the thermal grooving of grain boundaries of silver nanowires as 
observed by AFM in-situ during thermal annealing, in the following section we 
describe the degradation of nanowires and hence the loss of network 
conductivity. While the thermal annealing studies discussed so far provide 
insight into the electrical properties of the network as a whole in-situ AFM 
studies allow us to follow the morphological evolution of a few individual wires. 
While the ex-situ SEM images reveal beyond doubt that in the case of a thermal 
ramp the dominant mechanism for the loss of electrical conductivity is the 
Rayleigh instability as described in section 5.6 we anticipate that grain 
boundaries within individual nanowires will fail before spheroidization occurs. It 
is currently unclear the origin of grain boundaries in silver nanowires, typically 
the silver nanowires grown by the polyol process wires start from a single seed 
nanoparticle. The anisotropic growth is maintained by the preferential binding of 
PVP to the {100} crystal plane, it is expected that this would lead to perfect single 
crystals without grain boundaries however upon observation by SEM and TEM 
as shown in Figure 5.13 grain boundaries are observed. 
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Figure 5.13 Images of silver nanowire grain boundaries. From left to right : low 
magnification SEM, the grain boundaries can be recognized as distinct kinks in the 

nanowires, high magnification SEM of an individual grain boundary and TEM image of 
grain boundary. In the TEM image the PVP can be observed at the edges of the wire. In 

the centre of the wire it is also possible to observe striations which are related to the five-
fold twinned structure of the silver nanowires. 

The origin of these grain boundaries is beyond the scope of this thesis but 
could either arise from the joining of two nanowires during the growth process 
or surface defects on the exposed {111} growth faces resulting in an offset of the 
growth direction. 

Regardless of their origin grain boundaries are expected to play a role in 
the electrical behaviour of silver nanowire networks as they will increase the 
resistance of the wire due to the smaller diameter at the grain boundary and 
electron scattering associated with the local change in lattice structure. They also 
present regions which are more likely to degrade under thermal processes. This 
section aims to observe the process of thermal grooving, as initially reported for 
crystal grains in polycrystalline metals by Bailey and Watkins[39] and further 
developed by Mullins[40] by observing a grain boundary during thermal 
annealing. In traditional thermal grooving atoms migrate away from the grain 
boundary causing a groove to develop surrounding the grain. In the case of 
nanowires the thermal grooving is confined to a ring around the central axis of 
the nanowire resulting in a pinching off of the nanowire as the groove forms. In 
the opening paragraphs of Mullins paper[40] he introduces the fundamental 
theory behind the origin of thermal grooving which is the balance of the surface 
tensions of the two grains with the tension inherent in the grain boundary itself. 
An equilibrium state is reached when the angle β of the surfaces at the grain 
boundary relative to the flat surface of the material (in this case the nanowire) is 
related to the surface free energy γs and the boundary free energy γb by:[39,40] 

2 sin 𝛽 =
𝛾𝑏

𝛾𝑠
   (5.5) 

Kudrman and Čadek[41] found values for the ratio γb/γs of 0.216±0.002, 
Mullins points out that this equilibrium state is reached by the movement of 
atoms away from the grain boundary such that the local angles at the interface 
match β. This flux of atoms results in a ridge next to the junction boundary, this 
sharp convex ridges produce a high local surface energy and hence tend to 
preferentially flatten by surface diffusion or evaporation.[40] From AFM 

10nm 
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measurements of the angle β we identified ratios of γb/γs ranging between 0.79 
and 1.13. Unfortunately as these measurements were only of a single junction 
and it is not sufficient to quantitatively compare these results to those of 
Kudrman and Čadek, however these results are quite large in comparison to the 
expected ratio for silver. This suggests either a high grain boundary energy or 
low surface energy. Experimental observations of Cr nanowires supported by a 
CuAg matrix performed by Raabe and Ge[44] suggests that for grain boundaries 
in a thin filament such as a nanowire the extent of thermal grooving is 
exacerbated resulting in deeper thermal grooves and faster groove formation. 
Recent work by Klinger and Rabkin[42,43] have expanded upon Mullins work to 
apply it to polycrystalline filaments, however their predictions for stable 
nanowire radii are still about 1/3 lower than observed experimentally.  

Formation and flattening of ridges in close proximity to the grain 
boundary can be observed in Figure 5.14 as a local maxima which changes size 
and position as a function of temperature and time. Traditionally this is expected 
to occur in a symmetric fashion however in this case it is only observed on one 
side of the grain boundary. 

 

Figure 5.14 AFM profile of the highest points in each scan line across a single nanowire 
this nanowire came from a batch of nanowires with an average diameter of 105nm and 

average length of 37.5µm. Nanowire was annealed at each temperature for about 30min. 

The flattening and dispersion of this ridge geometry is the as a result of 
surface energy minimization drives the growth of the thermal groove, as when 
the material is dispersed it upsets the equilibrium at the grain boundary causing 
another reconstruction of the surface and leading to the growth of another ridge. 
This process continues until the ridges are located sufficiently far from the grain 
boundary that their dissipation no longer impacts the balance of tensions. Due to 
this mechanism of growth the channel width is proportional to the depth and 
approximately the same side slopes are observed throughout the thermal groove 
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growth process. In Figure 5.15 it can be seen that there is little to no change 
between the 200°C and the 210°C profiles, the 230°C profile presents an increase 
in the depth and width of the thermal groove and the 240°C presents a decrease 
in the wire diameter of approximately 10 nm and a significant increase in the 
groove size. To the right of the groove a significant ridge can be observed this is a 
result of the increased temperature and the relatively rapid migration of atoms 
occurring away from the grain boundary. At this temperature the dissipation 
mechanism for the flattening of the ridges is restricted to surface diffusion as we 
are too far below the melting point (720°C below the melting point of 960°C) to 
have a significant vapour pressure. Locally at the grain boundary the meeting of 
the surface with the grain interface tension creates a high driving force for 
surface diffusion, hence the atom flux away from the junction is higher than at 
the surface resulting in the formation of the observed ridge. 

 All of the heights measured in this section were again taken relative to the 
glass substrate surface. The sample was heated to a given temperature and held 
there for 30 minutes while AFM images were obtained, then the temperature was 
increased by 10°C at a rate of 1°C per minute. Again AFM images were taken 
during the thermal ramp, however due to thermal expansion as the sample and 
cantilever were not in equilibrium these images were not reliable so were 
excluded during the analysis. The grain boundary results in a ring shaped groove 
around the long axis of the nanowire, in 2D under AFM this is observed as a 
saddle shaped geometry as seen in Figure 5.15.  

 

Figure 5.15 AFM image of a grain boundary, colour bands represent regions of similar 
heights, the approximate position of the saddle point is indicated by the arrow, average 

wire height would be measured from the average height of the purple section of the wire 
on the left or the dark brown section of the wire on the right.  

For the purpose of observing the evolution of the grain boundary groove 
under thermal annealing the saddle point of the groove was used as the point of 
reference. At each temperature several AFM images were taken and the height of 
the wires and the saddle point were measured for at least 5 separate images at 
each temperature. The average results at each temperature from these 
measurements are plotted in Figure 5.16. 
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Figure 5.16 Evolution of wire height and thermal groove with temperature. At each 
temperature the sample was annealed for 30 minutes several AFM images were taken in-

situ. The data shown here represents the average maximum heights of the nanowires 
and the average height of the saddle point of the grain boundary.  Error bars represent 

one standard deviation of the averaged data. 

The increase in the standard deviation of the results as the temperature 
increases is likely due to the increased rate of change of the surface morphology. 
It is clear that the nanowire diameter is stable up until 220°C and then begins to 
decrease at 230°C and continues decreasing at 240°C. The behaviour is similar for 
the saddle point of the wire although initially it unexpectedly increases between 
200°C and 220°C, the origin of this increase is expected to be an artefact of the 
imaging technique, this is supported by the loss of detail and lateral smearing 
observed for the images obtained at 220°C as shown in Figure 5.16. Due to the 
groove geometry the saddle point height is much more sensitive to changes in 
the tip than wire height. Initial increase aside the behaviour at 230°C and 240°C is 
clear: there is a significant decrease in the saddle point height corresponding to 
an increase in the thermal groove depth and the pinching off of the nanowire at 
the grain boundary. 

0.00

20.00

40.00

60.00

80.00

100.00

120.00

190 200 210 220 230 240 250

H
ei

gh
t 

(n
m

) 

Temperature (°C) 

Wire Grain boundary



140 
 

 

Figure 5.17 AFM images of a single nanowire grain boundary, taken in-situ at the 
temperatures indicated on the left. Images on the right are the 3D profiles viewed at 10° 
from the plane of the substrate along the line of the grain boundary. The 3D profiles are 
not all the same scale but act as a guide providing the relative difference from top of the 

nanowires and the bottom of the trench to the substrate.  
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These results provide a clear idea of the behaviour of silver nanowires 
under thermal annealing it is apparent that the thermal grooving has an 
activation temperature around 230°C above which thermal grooves develop 
rapidly. Coupling this with the TGA data presented earlier suggests that the PVP 
provides stabilization against thermal grooving and spheroidization alike.  

5.10 Observation of wire break down in-situ 

The second in-situ AFM experiment focused on the observation of in-situ 
spheroidization. Unfortunately due to constraints of the AFM cantilever head at 
high temperatures the cantilever holder of the MFP-3D had to be switched to an 
alternate system in order to go to temperatures above 240°C. This meant that it 
was no longer possible to observe the same locations as had previously been 
imaged. The sample was then heated back to 230°C but due to the fact that the 
PVP had already been removed by the prior thermal annealing process the 
nanowires were already beginning to undergo spheroidization. 

The theory of the Rayleigh instability suggests that a perturbation of the 
nanowire surface should be observed before the formation of isolated spheres on 
the surface of the glass substrate as described in section 5.6. In the ex-situ 
experiments the spheroidization is observed after a thermal ramp to 500°C and is 
quite a beautiful sight with uniform spheres aligned along the previous path of 
the nanowires. 

 

Figure 5.18 Spheroidized nanowire network after being annealed on a thermal ramp of 
12°C/min to 500°C. SEM image captured at 2000x magnification using an accelerating 

voltage of 5.00 kV. Scale bar in the image is 30µm 

In the case for the in-situ observation the temperature was significantly 
lower and a slightly different mechanism was observed. This is most likely due to 
the extended period of time that the nanowires were annealed in the in-situ 
experiments. In the ex-situ experiments the temperature was elevated at a rate of 
12°C/min constantly and the total annealing time was 40 minutes, in the in-situ 
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studies the nanowires were annealed at each progressive temperature for 30 
minutes giving a total annealing time of over 3 hours. Also as the end 
temperature was much lower than in the ex-situ case it is possible that we had 
not provided the system with sufficient energy to complete the morphological 
change associated with Rayleigh instability.  It is possible to see the onset of the 
Rayleigh instability in the ex-situ AFM discussed in section 5.8 in the form of a 
periodic perturbation of the nanowire height if an appropriate height scale is 
selected as shown in Figure 5.18. 

 

 

Figure 5.19 A single nanowire as-deposited and after annealing at 180°C and 240°C for 
half an hour. The height scales in these images as depicted by colour have been restricted 

to the first 10 nm of the nanowire. 

For the as deposited nanowire the height is reasonably uniform along the 
whole length of the wire, in contrast with the annealed wire we can observe a 
series of bands of different heights. This is in agreement with the onset of 
Rayleigh instabilities which should then lead to spheroidization.  

However at 230°C once the PVP was removed the degradation observed 
in-situ of the nanowires did not quite reproduce the anticipated uniform 
spheroidization pattern. As AFM is a rastered imaging technique it takes a 
certain amount of time to generate each image thus the changes observable in the 
network during thermal annealing have a rate limit, if they occur faster than the 
acquisition rate then the steps in the process cannot be observed. Coupling this 
with the required time for the system to stabilize at thermal equilibrium made in-
situ observation of the spheroidization a challenging task. To enable imaging a 
small scan size was selected to minimize the acquisition time, the initial scan 
location had to be selected blind due to the large initial temperature step (room 
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temperature to 230°C) the large amount of thermal expansion anticipated meant 
that the cantilever had to be raised from the surface and manually lowered once 
the sample reached equilibrium. This type of manual manipulation often results 
in a shift in scan location due to the design of the MFP-3D. If the mechanical 
micrometre positioning system was electronically-controlled greater precision 
may be possible. As the initial position was selected blind some small 
adjustments were made during the set of scans shown in Figure 5.19. The initial 
degradation of the wires occurred much faster than anticipated and can be seen 
already in the first image (A1) time progression is from left to right and then by 
rows. 
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Figure 5.20 In-situ AFM depicting nanowire degradation, amplitude traces are shown. 
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The series of AFM images in Figure 5.20 shows the degradation of silver 
nanowires in-situ. In row 1 it can be seen that the junction on the left-hand edge 
of the image breaks and begins to coalesce. In row 2 the droplet coalesces and 
breaks away from the parent nanowires. It is possible to observe the break down 
of the diagonally oriented wire in the top right quadrant of images C1 and D1. In 
row 3 the scanned region on the surface of the sample is shifted slightly to the left 
over the course of the first 3 images, in the fourth image the scan region is 
increased and the coalesced droplet changes position during the scan, the scan 
direction is upward from the bottom of the image. It can be seen that the droplet 
is initially visible but as the scan crosses its bottom third the droplet is no longer 
visible. The droplet then reappears attached to the remainder of the top section of 
its parent nanowire as the scan continues.  

In row 4 the scan position is adjusted to bring the parent nanowire that the 
initial droplet has re-joined into the centre of the scan region, this shift of view 
reveals that coalescence has also occurred at the junction at the other end of the 
parent nanowire which was previously out of view. This results in a small section 
of original nanowire between two large droplets as seen in D4. Partial 
coalescence can also be observed on the left edge of the images in row 4 with the 
extension of the diagonal nanowire mentioned previously coalescing into a 
horizontal ‘T’ shape in the top left hand quadrant of image C4. This ‘T’ shape 
changes slightly in size and is still visible in image A5, just beneath it a segment 
of wire can be seen that disappears in the following image B5. The droplet 
formed by the ‘T’ and this wire moves out of the scan region in image C5 but 
returns and adheres to the top of the wire segment in the middle of the scan area. 
The new droplet begins to coalesce with the existing droplet at the top end of the 
wire segment in image A6, this is quickly followed by the convergence of the top 
and bottom droplets and the absorption of the remainder of the initial wire, in 
the remaining images the consolidation of these two droplets can be seen 
resulting in a decrease in size of the final droplet. 

From these observations it is clear that the coalescence occurs faster at the 
nanowire junctions. Contrary to expectations the nanowires did not spheroidize 
in the typical manner associated with Rayleigh instability. In the prior AFM 
images morphological changes in the wires were observed but it appears that at 
230°C the thermal energy is still insufficient to provide a perturbation greater 
than 2πro meaning that the spontaneous degradation of the wires into equally 
spaced spheres as observed in Figure 5.18 does not occur. Instead, the surface 
diffusion driven by the reduction of the total surface energy leads to sintering 
and coalescence at the junctions. This leads to necking of the nanowires near the 
junction and the reduction of the network conductivity.  

These morphological changes only occurred after the complete removal of 
PVP which was achieved by annealing at 240°C for 30min. Further work is 
needed to determine the onset temperature for actual spheroidization. 
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5.11 Closing remarks 

The effects of thermal annealing on the electrical properties of AgNW 
networks were investigated. Several thermal annealing methods including 
thermal ramp, annealing with successive plateaus and pre-annealing were 
applied. While the associated kinetics were different in each type of annealing 
process, the electrical resistance of the network exhibits in all cases a minimum 
for an annealing temperature spanning from 200 to 320°C. Four physical 
mechanisms have been identified at the origin of this resistance variation with 
temperature: desorption of organic residues, desorption/degradation of PVP, 
local sintering and Rayleigh instability of the NWs. All these mechanisms were 
discussed and their effects described. Such an investigation enables the 
determination of the thermal treatment required to produce the minimum 
electrical resistance for a given NW density. As demonstrated by the pre-
annealing study discussed in section 5.5 annealing at 200°C until the resistance is 
stable produces the minimum resistance for the given nanowire network. 

This work clearly demonstrates that thermal annealing can drastically 
lower the electrical resistance of AgNW network post deposition. For instance 
annealing an AgNW network fabricated with wires of 105 nm in diameter and 
37.3µm in length at 200°C for 2 hours results in a reduction in the sheet resistance 

from approximately 107 □ to 9.5 □ associated with an optical transmission 
of 90% at 550 nm (once the substrate transmission losses are removed) resulting 
in state-of-the-art transparent electrodes.[20] Moreover sudden drops of the 
networks’ electrical resistance were observed and interpreted as the creation of 
efficient percolating pathways through the network. A simple model was 
proposed and describes well the experimental observations. The thermal 
annealing behaviour was observed in-situ in vacuum by SEM and in air by AFM. 
The behaviour of the wires under these two conditions is very different and is 
ascribed to the stabilizing nature of the PVP layer which inhibits diffusion of the 
silver atoms in vacuum. In air this layer undergoes thermal degradation and is 
removed allowing silver atoms to diffuse and allowing sintering to occur. This is 
observed in the AFM data as a reduction of the height of the nanowires. Thermal 
grooving was observed in-situ and found to have a critical temperature below 
which it does not occur, this was again assigned to the thermal breakdown of 
PVP and confirmed by TGA. Above 230°C, thermal grooving occurs rapidly 
resulting in the necking of grain boundaries and the pinching-off of the 
conduction pathway in this local region, this is expected to be detrimental to the 
networks conductivity but may not necessarily play a huge role in operational 
devices as the network density should be sufficiently high enough to allow the 
current to bypass these regions of high resistance.  

In-situ observation of the nanowires at high temperature revealed a 
different mechanism of degradation than observed from ex-situ SEM images of 
samples subjected to a thermal ramp. Due to the inherent challenges of AFM at 
high temperature arising from thermal expansion of the sample and the 
cantilever assembly, it was not possible to perform a similar ramp in-situ. 
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Based on the results of the present research, there is a clear direction that 
future investigations should focus on improving the thermal stability of 
nanowires. If one could replace the PVP layer with a thin film which is stable at 
high temperature in air such as a transparent oxide layer, it could provide an 
efficient method to prevent morphological instabilities. This idea has already 
been considered with thin transparent oxide films (ZnO or TiO2) for which higher 
thermal stability was achieved.[45] Finally the quantitative estimation of the 
different kinetics involved for each physical mechanism and especially the 
determination of the surface energy and grain boundary energy would enable 
better separation of their relative influences and would help identify their 
importance during thermal annealing. This could yield an efficient way to foresee 
the evolution of the morphological and electrical properties of metallic nanowire 
networks as induced by thermal annealing and allow further optimization of the 
physical properties of metallic nanowire networks. 
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Conclusions and future work 

“The whole purpose of education; 
 is to turn mirrors into windows”  

Sydney J. Harris 
 
Silver nanowire networks are an extremely promising emerging 

transparent conductive material. However many efforts are still needed to better 
control and/or optimize their deposition and to better understand the role of the 
key parameters such as network density, silver nanowire morphology or post-
treatments such as thermal annealing on their physical properties. As well efforts 
should be focused on more fundamental aspects to better understand the 
physical mechanisms responsible for their properties. The present work provides 
a general approach and contributes from both experimental and modelling 
aspects. Despite numerous works devoted to this research topic, much effort is 
still needed to better understand the percolation mechanisms occurring in these 
networks particularly in relation to the finite system size and the behaviour of 
imperfect nanowire systems. Within this work we have developed and 
demonstrated a range of algorithms which allowed us to reach a better 
understanding of the onset of percolation in 2D stick networks through 
simulations. We have introduced several new ideas, which will enable better 
predictions of the required nanowire density for specific device applications, 
among which is the introduction of a formula for the calculation of n99 and the 
concept of defining an effective system size Lseff to ensure percolation at the 
required length scale. By combining experimental work with simulations we 
have developed models for imperfect 2D nanowire networks and demonstrated 
their pertinence for the interpretation of experimental data. These models notably 
allowed us to investigate the effects of nanowire length distributions, angular 
anisotropy and wire curvature on the onset of percolation.  

The addition of length distributions to the 2D percolation model results in 
the reduction of the percolation threshold. This important result is counter-
intuitive to what one would expect from looking at the relationship of nc to Lw 

which corresponds to the inverse of a parabolic dependence. From that 
perspective, one would assume that the addition of some small wires and some 
large ones, such that the average length remains the same, would result in an 
increase in the critical density. The reason for this behaviour arises from the 
ability of longer nanowires to connect clusters much more efficiently than the 
short nanowires. The addition of a length distribution to the simulation results in 
an increase of the maximum wire length. As the addition of a length distribution 
results in the reduction of the nc it appears that the maximum length is more 
critical than the average wire length. 

The results that we present related to the angular anisotropy are in line 
with expectations: the larger the anisotropy of the system, the higher the critical 
density becomes. Experimentally we observe that the onset of percolation occurs 
at a significantly higher density than expected from the 2D ideal stick percolation 
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simulations; this is likely due to the angular anisotropy induced from the spin-
coating deposition method that we used to fabricate our nanowire networks.  The 
impact of the angular distribution on both longitudinal and transverse 
percolation was explored and it was found that percolation in the longitudinal 
direction always occurred at a lower density than in the transverse direction. This 
result is of critical importance to experimentalists as it signifies a potential 
method to minimise the impact of an angular anisotropy. Ideally one would 
chose to use a production method which will produce isotropic networks 
however this is not always feasible. In the case of spin coating and some forms of 
gravure or Mayer rod coating process, an angular anisotropy in the nanowire 
network is inherent to the fabrication process, knowing which direction the 
average angle will be allows the orientation of the electrodes on the surface such 
that they are perpendicular to the average angle allowing longitudinal 
percolation.  

To our knowledge we present the first instance of the simulation of 
percolation in a system of curved nanowires. There is still a significant amount of 
work that needs to be done in this area such as looking at the impact of length 
distributions on percolation of the curved nanowire system and applying 
Kirchhoff’s laws to estimate the electrical resistance of such systems. 

Initial work has been performed on the simulation of the collection 
efficiency of silver nanowire networks and some key issues related to this field 
have been identified. A random walk based Monte Carlo method has been 
developed to estimate the collection efficiency. However at this stage, we were 
unable to run the simulation on a suitable system size within the time frame of 
this project. Much work is still needed in order to produce an accurate estimation 
of the collection efficiency of silver nanowire networks. This could take the form 
of improvements to the current algorithm, developing a new and faster algorithm 
or re-writing the current simulation for parallel processing on a supercomputer.  

Computer simulations of nanowire networks have shown to be a very 
useful tool to explore the onset of percolation. Currently, very little work has 
been done exploring the impact of nanowire density and geometry on the optical 
properties of such networks. Although our work did not did not focus on the 
simulation of the optical properties of nanowire networks, it is evident that this is 
an area to which substantial effort should be dedicated in the future. 

Experimentally we have explored several different techniques for the 
fabrication of silver nanowire networks. We have shown that the use of 
sonication to disperse nanowires damages them and results in adverse effects on 
the electro-optical properties of the resulting networks. Through the optimisation 
of the spin-coating method we were able to obtain nanowire networks with 
electro-optical properties comparable to that of ITO. In comparison to TCOs, 
silver nanowires provide a clear advantage due to their flexibility and the 
possibility to deposit them using low-cost, solution-based, methods. 
Experimentally, we observe the trend that is predicted by the 2D stick percolation 
models: as the length of the wires increases the electrical resistance for a given 
optical transmission decreases. This arises from the decrease in the percolation 
threshold as the wire length increases. Furthermore we showed that there is a 
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dependence of the network conductivity on the wire diameter. This result is not 
expected to be due to changes in the onset of percolation but is much more likely 
to be due to changes in the resistivity of the silver nanowires as the wire diameter 
approaches or indeed falls below the mean free path of electrons in the material. 
We demonstrated this by plotting the resistance of the nanowire networks 
against a length-normalised effective network density. If the network properties 
were solely dependent on the nanowire length, all of the curves for different sets 
of nanowires would overlap in the length normalised density plots, this is true 
for large diameter wires however when the wire diameter is less than two times 
the electron mean free path we start observing an increase in the resistance. 

Ongoing work is exploring the impact of wire density and wire diameter 
on the electrical and optical properties of silver nanowires. Currently, we 
anticipate that the electro-optical properties of silver nanowires will continue to 
improve as the nanowire synthesis methods are refined to produce longer wires 
with fixed diameters. As all of the best results presented in this thesis represent 
networks fabricated via spin coating we anticipate that the fabrication of truly 
isotropic networks with will lead to a significant reduction in resistance at a 
given optical transmission. This requires a method which can support the spray 
deposition of very long nanowires, with minimal use of ultrasonic. Recent works 
in the literature have shown that this can be achieved with the use of an airbrush 
type spray head and high pressure. An alternate route that we are currently 
developing involves an ultrasonic spray head. In this case the nanowires are only 
exposed to a short pulse of ultrasonic power as they pass through the nozzle of 
the spray head, this results in the formation of very small droplets and the 
dispersion of the nanowires within them. We anticipate that this will lead to 
anisotropic networks without damaging the nanowires. However this project is 
yet to be completed. 

Finally we performed a thorough exploration of the behaviour of silver 
nanowire networks under thermal annealing. We used two-point-probe 
measurements to explore the resistance behaviour in-situ under thermal 
annealing and were able to identify several different mechanisms which were 
responsible for the initial reduction in resistance and final rapid increase. Further 
work in this field is being undertaken to explore the impact of heating rate and to 
try to determine the kinetics of each of the mechanisms. 

For the first time we have observed the quantised activation of percolation 
within a physical system of silver nanowires. This original phenomenon was 
observed when the electrical resistance of the nanowire networks was measured 
as a function of time on thermal plateaus and as a function of temperature during 
a thermal ramp. We were able to observe resistance plateaus and drops for which 
we propose a simple model based on the addition of efficient percolating 
pathways as resistors in parallel between the two system electrodes. This model 
provided excellent agreement with the experimental data. Further work related 
to this phenomenon is now focusing on the influence of nanowire morphology 
along with experimental trials to really “see” these efficient percolating pathways. 

From the observation of different wire diameters under thermal annealing 
we demonstrated that the maximum thermal load a network can withstand is 
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diameter-dependent. This fact is related to the diffusion of the silver atoms: for 
smaller wires there is a much higher ratio of surface to volume and fewer atoms 
have to move before loss of conductivity occurs. We observed via in-situ AFM the 
process of thermal grooving occurring at a grain boundary in a single nanowire 
and the morphological evolution of a nanowire network. 

Further work should focus on two aspects of the post-treatment of silver 
nanowire networks. The first one concerns the stabilisation of the nanowires at 
high temperatures. We have attempted several different methods for achieving 
this, all based around the encapsulation of the nanowires in a TCO. 
Unfortunately none of these methods produced reproducibly-stabilised nanowire 
networks in the case of silver nanowires coated with either ZnO, Al:ZnO or 
Nb:TiO2 we found that the thermal stability of the networks was increased 
slightly but the networks still failed. In trying to match the requirements for the 
use of silver nanowires in TiO2 dye sensitized solar cells we recognised the need 
for nanowire networks to with stand a temperature of 450°C for at least 1 hr. At 
this stage this is not achievable, however from the work that we have undertaken 
we believe that it will be possible to stabilise the nanowires if the PVP layer is 
completely removed first and the deposition of the oxide can be performed below 
200°C. The second focus should be looking at non-thermal nanowire network 
treatments. Some of the devices for which transparent conductive materials are 
desired are very sensitive to thermal loads, such as organic solar cells, CIGS and 
CZTS solar cells. Therefore, improving non-thermal methods to optimise the 
electrical properties could open new applications to the use of silver nanowire 
networks. 

In conclusion, we believe that silver nanowires represent a very promising 
emergent transparent conductive material which will continue to find growing 
applications over the next few years. While no one material will be able to satisfy 
all of the demands of applications requiring transparent electrodes, we suggest 
that silver nanowires will play a key role in the future of this field. 

 

 


