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Abstract

The thesis work pertains to experimental investigations and theoretical efforts

towards understanding electrical and thermal conduction properties of metal wire

networks and their effective usage as optically transparent conductors. As background

to the subject matter, Chapter 1 introduces various patterning tools and lithography

in device fabrication while citing examples of interconnected patterns in nature. The

discussion then extends to crack networks used as templates to obtain fine metal

meshes, their importance in transparent conducting electrode (TCE) devices as well

as literature efforts in modelling network based TCEs including an introduction to

Graph theory approach and electrical percolation.

Chapter 2 deals with different kinds of metal network based TCEs. Here, a

model of TCE based on graph theory is introduced and effective medium theory to

calculate sheet resistance based on network properties is also presented. The optimum

conditions for efficient TCE have been identified, which are minimum curvilinearity,

high compactness, low wire width distribution and a high degree of connectivity. An

algorithm developed for quantifying the current carrying backbone as against dangling

and isolated wires is presented. The backbone is also calculated based on analytical

treatments. The current distribution in the network obtained from a crack template

is compared with those found in networks formed by depositing metal nanowires.

Theoretical models dealing with metal mesh electrodes used in different contexts, solar

cells and strain sensors have been developed and presented in this chapter.

The crack formation by desiccation although spontaneous can be guided or manip-

ulated using external agents. Chapter 3 discusses few strategies for modulating crack
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templates for efficient TCEs. An attempt has been made to improve the understanding

of desiccation induced crack network formation using a spring fusion model. The

optimum mechanical parameters required for efficient TCEs are explored with this

approach. Repeated wet-drying cycles of already formed crack templates lead to higher

crack density and enhanced connectivity important for efficient charge collection in

solar cells. Instead of using a single solvent for crack dispersion, the azeotropic mixture

of water and isopropanol has proved useful to bring down the crack width, < 500

nm with a very high degree of connectivity. Further, a simple technique involving

gravity flow of the dispersion has been developed to obtain parallel grating type crack

patterns. The same is shown to be due to the gradient in the dried layer thickness

naturally created by the gravity flow.

Chapter 4 deals with thermal transport properties of metal networks when used

as Joule heaters. IR microscopy has been employed to measure the temperature

distribution in the network in the thermal background of the substrate. A theoretical

model is proposed to link the network structure with the steady state temperature.

The breakdown mechanism of the network-based heater has also been explored. Using

Green’s function approach, the transient heat transfer process has been examined to

study how the heat generated in the wire regions spreads down to and across the

substrate area to make the temperature uniform with time.

In crack networks, the crack width variation is inevitable. Chapter 5 explores

the hierarchy of crack networks- wide cracks to the narrowest ones, and how hierarchy

plays important role in efficient TCE fabrication.The chapter also presents a strategy

and the associated image analysis method which when applied on fully formed crack

pattern provides an insight into the time sequence of crack formation. The approach

has been generalized to include hierarchy among road networks, vein networks in

leaves etc. Finally, a Figure of Merit has been defined to compare various hierarchical

structures.

Chapter 6 discusses the scope of thesis and future possibilities.
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Chapter 1

Introduction



2 Introduction

1.1 Patterns in nature and technology

Fig. 1.1 Patterns in nature (a) periodic patterns in butterfly, (b) hierarchical pattern
in leaves, (c) tree pattern in lightning, (d) ripple pattern in sand, (e) tree pattern in
trees and (f) radial and connected pattern in spiral webs.

Patterns in Nature: Nature is filled with versatile beautiful patterns of different

shapes such as periodic, hierarchical, tree shape, spiral, waves, and myriad etc. as

shown in Figure 1.1. [159, 36, 118] The shape depends on compositions and combined

effect of forces acting on it and nature chooses a particular structure for its effective

functionality. As an example, the periodic line patterns are responsible for beautiful

colours in butterflies, branch structure in plants are important to gather light and

air and to supply the nutrients at minimum effort, honey bees choose close-packed

hexagonal structure to have a maximum number of cells for laying eggs at minimum

material etc. Similarly, the lotus possesses micro-nano structural architecture to

maintain its surface superhydrophobic, required for it’s self-cleaning and the golden

spiral arrangement of sunflowers provides a maximum number of seeds that can

be packed into the seed head. Nature creates this pattern to a very large scale

spontaneously using a few biochemical reactions.
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Patterns in technology: Patterns are important for various technological applications

as well (Figure 1.2 a-c). The electronic circuits, compact disks, casting rods, optical

gratings etc. have certain specific patterns for their functionality. The patterning is

important for devices such as touch screens, where patterns help in determining the

coordinate of finger touch. However, patterning at a micro and nanoscale is not so

easy and one needs to rely on various lithography techniques such as electron beam

lithography, photolithography, ion-beam lithography, soft lithography etc. which are

instrument and chemical expensive, involve multiple processing steps and are not

scalable. Figure 1.2d and Figure 1.2e shows the difficulty and the sophistication

required for the process. Thus, it is need of the hour to replace the conventional

lithography techniques with certain alternatives.

Fig. 1.2 (a) Patterns on integrated chips (b)compact disk (c) photonic crystals (d)
steps of photolithography (e) photograph showing the difficulty of the process. Source:
Google images.
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1.2 Crack patterns

Fig. 1.3 Examples of a few desiccating cracks. Source: Google images.

Fig. 1.4 (a) Crack patterns at different film thicknesses and (b) crack spacing and width
varying with film thickness. Reproduced with permission from ref [142]. Copyright
2014 John and Wiley Sons.

Desiccating cracks are another beautiful natural patterns forming self-similar

structure and can be widely seen in mud, wall and other films consisting of colloidal

particles (Figure 1.3). The crack pattern forms a well-connected structure to a

very large scale. These structures and scale of these patterns can be controlled by

varying the mechanical properties of the film and solvent evaporation conditions. As

an example, a decrease in the colloidal film thickness decreases the crack spacing and

crack width, however, below a certain film thickness a film does not form the cracks

(Figure 1.4). Substrate friction is an essential condition for cracking and thus crack

density increases with friction [44]. The stress formation during the desiccation has

been modulated using the electric field to obtain radial cracks, [76] and vibrational field
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to attain parallel cracks [89] etc. Typically cracks are undesirable as it deteriorates

film performance. However, recently these crack patterns are used as templates for

the lithography.

1.2.1 Crack networks as templates for metal meshes

Desiccation cracks with high interconnectivity and narrow width can also be used as

templates to obtain metal mesh structure [142] [55]. The process involves depositing a

colloidal film on a transparent substrate, allowing desiccation to obtain crack patterns.

Metals such as Au is deposited on the crack template with thickness lesser than the

colloidal film thickness. The crack template is further washed to obtain metal mesh

structure on a transparent substrate (Figure 1.5). The metal mesh on a transparent

substrate can be an important device in optoelectronics as a transparent conducting

electrode.

1.3 Metal network as transparent electrodes

Transparent conductors are the materials which are optically transparent and electri-

cally conducting. Transparent conducting electrodes (TCE) are an essential component

of optoelectronic devices such as solar cells, light emitting diodes and also necessary

for transparent heaters, smart windows etc. However, materials are either optically

transparent such as glasses or electrically conducting such as metals but does not

show both properties simultaneously. As for high optical transmittance, band gap

should be higher, while for high electrical conductance band gap should be zero. Both

these conditions are difficult to meet and only a few materials such as tin-doped

indium oxide (ITO) show these properties with proper band engineering. However,

ITO is brittle, expensive, require high-temperature processing. Graphene is another

alternative, however, high-quality graphene preparation is expensive and is not scalable.
Thus obtained metal network can ack as transparent conducting electrodes. Here,

voids are optically transparent while conducting network is electrically conducting as
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Fig. 1.5 (a) Steps of obtaining metal mesh from crack template (b) crack template and
corresponding (c) metal mesh (d) large area image of metal mesh. (a) Reproduced with
permission from ref [139] Copyright 2014 PCCP Owner Societies. (b-c) Reproduced
with permission from ref [142]. Copyright 2014 John and Wiley Sons. (d) Reproduced
with permission from ref [52]. Copyright 2014 American Chemical Society.

the wire width is just a few µm and thus network is invisible to the naked eyes (Figure

1.8). Other emerging candidates include networks of silver nanowires [98, 154, 45]

and carbon nanotubes [9, 64]. However, a nanowire-based network has shortcomings

such as high junction resistance and incomplete connectivity . To overcome it, metal

meshes are obtained from template-based techniques providing seamless junctions and

high connectivity such as templates of grain boundaries [46], organized polystyrene

beads [106], electrospun fibre meshes [174, 6], patterns formed in inorganic crystal

layers [104] and bio-inspired templates like leaf venation and spider webs [54] etc.

Other techniques include the formation of a network by self-assembly, examples being

printing holes by de-wetting solution [100], bubble template [162], self-assembly of

alkyl coated Au NPs [124] and inkjet printing of CNT using coffee ring effect [155] etc

(henceforth named as template based networks). Different experimental techniques
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Fig. 1.6 Metal networks obtained by different techniques. Metal networks from (a)
Ag NWs (b) electrospinning (c) bubble template (d) leaves and spider web templates.
(a) Reproduced with permission from ref [48] Copyright 2015 RSC Publications. (b)
Reproduced with permission from ref [6] Copyright 2014 Elsevier. (c) Reproduced
with permission from ref [162] Copyright 2015 American Chemical Society. (d-e)
Reproduced with permission from ref [54] Copyright 2014 Nature Publishing Group.

provide different kinds of network structures. It is important to know, which network

structure is suitable for high transmittance and low sheet resistance.

1.4 Modelling a transparent electrode

Transparent electrodes have an inherent trade-off between low sheet resistance and

high transmittance which depends on the network structure. For achieving high

transmittance, the wire density should be lower, while for low sheet resistance, the

wire density should be higher. Thus an optimum network is desired for the maximum
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Fig. 1.7 Schematic of a network based transparent conducting electrode.

transmittance and low sheet resistance. The conducting wires may be represented by

a graph with vertex being the points where wires meet and edges being the connection

between the junctions. Concepts of graph theory can be employed to understand the

metal networks.

1.4.1 Graph theory

Graph theory started with Euler who was asked to find a nice path across the seven

Köningsberg bridges. The path should cross over each of the seven bridges exactly

once. [16] Currently, it is used in wide applications such as understanding social

networks, transport networks, and biological networks. A graph G = (V, E) is a pair

of vertices (or nodes) V and a set of edges E, assumed finite i.e. |V| = n and |E|

= m. [16, 26] Graphs are represented visually by drawing a dot or circle for every

vertex, and drawing an arc between two vertices if they are connected by an edge,

with entries being nodes and interactions between entities as edges. If the graph is

directed, the direction is indicated by drawing an arrow. Graphs can be represented

as list structures or matrix structures. The list structure contains three columns edge

1, edge 2 and weight of the connection. The list structure is more suitable for sparse

graphs, to save computational memory, however, it compromises accessibility. On the
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Fig. 1.8 Schematic showing the typical transmittance and sheet resistance values of
different types of transparent conductors. Reproduced with permission from ref [90].
Copyright 2015 Elsevier.

other hand, the matrix structure is fast for computational accessibility and easy to

perform computation but consume more memory. Based on the requirement either

list structure or matrix structure is used. Matrix structure includes weighted and

unweighted incidence matrix and Laplacian matrix .

The adjacency matrix of a weighted graph G will be denoted A, and is given by

A(i, j) =


w(i, j) if (i, j) ∈ E

0 otherwise
(1.1)

The degree matrix of a weighted graph G will be denoted D and is the diagonal

matrix such that

D(i, i) =
∑

j

A(i, j) (1.2)
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The Laplacian of the matrix of a weighted graph G can be denoted as L and can

be written as

L = D − A (1.3)

Measure of graphs

The clustering coefficient of a node is the ratio of existing links connecting a node’s

neighbours to each other to the maximum possible number of such links.

The weighted path length, L(i, j) between i and j, is defined as the smallest sum

of the weights of the links throughout all possible paths from node i to node j. The

characteristic path length of a network is defined as the average of the path length

between two points.

Clustering coeficient of ith junction is

Ci = 2ei

Ki(Ki − 1) (1.4)

where, Ki is the number of neighbours of the ith node, and ei is the number of

connections between these neighbours. Efficiency of a network is defined as the

arithmetic mean of the inverses of the path length between the node and all other

nodes in the network.

E = 1
N(N − 1)

∑
i<j∈G

1
dij

(1.5)

A metal network is also a graph with junctions being the point of intersection of

wires.

1.4.2 Percolation theory

Percolation theory describes the nature and properties of connected clusters in a

random graph . Percolation theory tries to address what is the required void fraction

for a material to have transferred from one end to another. The model can be either

site or bond percolation. The percolation model is made on a regular lattice such
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Fig. 1.9 Example of bond percolation model with bonds being occupied with proba-
bilities (a) 0.25 and (b) 0.52. (c) probability of percolating cluster with site density.
Source: Google Images.

as square lattice with certain "occupying" sites (vertices) or bonds (edges) with a

statistically independent probability p to obtain a random structure as shown in Figure

1.9. If the probability of the site/bond is less than critical percolation density, clusters

are finite and there is no global connectivity. If the probability of site/bond is greater

than critical percolation density, an infinite cluster appears. While if the probability

equals the critical percolation density, clusters of all sizes are present, and there is a

fractal structure. Different lattices have different critical percolation densities. As an

example, in a square lattice for bond and site percolation, the values are 0.50 and 0.59

respectively.

Percolation and conduction

The percolation theory has also been explored in the direction of electrical conduction

(Figure 1.10). Last et al. [99] have taken a conducting graphite paper and punctured

holes in it at random positions to study its electrical properties. The conductivity was

expected to be proportional to the area fraction of graphene paper, however, it was

found to be lower. The reason could be due to non-participation of complete graphite

area in the network. Similar computational experiment with a binary mixture of two

materials was performed by Kirkpatrick. [83]
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Fig. 1.10 (a) Photograph of punctured graphite sheet of 0.268 density (b) fraction of
percolating path (c) conductivity variation. Reproduced with permission from ref [99].
Copyright 1979 APS Publications.

1.5 Experimental and computational tools

Transparent conducting electrodes are characterized using several microscopic tech-

niques. Scanning Electron Microscope (SEM) measurements are performed using a

NanoSEM 600 equipment ( FEI Co, Netherlands). The film thickness is measured

using Wyko NT9100 ( Veeco, USA) optical profiler and Dektak 6M ( Veeco, USA)

stylus profiler. The reflective metal wire surface and the exposed substrate surface

produce interfering beams from which the wire thickness is extracted. With the so-

phisticated optics provided with the system, Veeco NT 9100 sub-nanometer resolution

is possible for the thickness measurement. As the wire width is sufficiently larger than

the wavelength of the light used for the measurement, it may be approximated to

thin film scenario. UV-Visible spectra are recorded using a Perkin-Elmer Lambda 900

UV/Vis/NIR spectrometer. The optical images were obtained from the microscope of

Laben, India. The images were captured using pixel link software.

For computation, the work primarily uses self-written codes in Fortran and Python

languages. The shell scripts are developed for bulk processing. Matlab, Image J

and CIAS software by C. Liu (Nanjing University) are used for image processing.
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Depending on the task, computation time for a single calculation takes 10 minutes to

10 hours on a regular desktop with 16 GB RAM and I5 processor.

1.6 Scope of the present thesis

Fig. 1.11 Scope of the thesis

Chapter 1 discusses the importance of studying electrical transport in a metal

network. Chapter 2 deals with the optimum network structure for efficient transparent

electrodes. Chapter 3 describes the strategies to modify the crack patterns to achieve

efficient transparent electrodes. Chapter 4 discusses the thermal properties of the

metal network. Chapter 5 is an exploratory chapter discussing the hierarchical nature

of cracks and transport in hierarchical networks. Chapter 6 concludes the thesis and

discusses the summary and outlook. (Figure 1.11)





Chapter 2

Comparing different metal network

based transparent conductors
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2.1 Evaluating conducting network-based transpar-

ent electrodes from geometrical considerations

2.1.1 Summary

Conducting nanowire networks have been developed as a viable alternative to exist-

ing indium tin oxide-based transparent conducting electrode (TCE). The nature of

electrical conduction and process optimization for electrodes have gained much from

the theoretical models based on percolation transport using Monte Carlo approach

and applying Kirchhoff’s law on individual junctions and loops. While most of the

literature work pertaining to theoretical analysis is focussed on networks obtained from

conducting rods (mostly considering only junction resistance), hardly any attention

has been paid to those made using template-based methods, wherein the structure of

network is neither similar to network obtained from conducting rods nor similar to well

periodic geometry. Here, an analytical treatment based on geometrical arguments and

image analysis on practical networks is proposed to gain deeper insight into conducting

networked structure particularly in relation to sheet resistance and transmittance.

Many literature examples reporting networks with straight or curvilinear wires with

distributions in wire width and length have been analysed by treating the networks

as two-dimensional graphs and evaluating the sheet resistance based on wire density

and wire width. The sheet resistance values from our analysis compare well with the

experimental values. Our analysis of various examples has revealed that low sheet

resistance is achieved with high wire density and compactness with straight rather

than curvilinear wires and with narrower wire width distribution. Similarly, the higher

transmittance for given sheet resistance is possible with narrower wire width but of

higher thickness, minimal curvilinearity, and maximum connectivity. For the purpose

of evaluating the active fraction of the network, the algorithm was made to distinguish

and quantify current carrying backbone regions as against regions containing only

dangling or isolated wires. The treatment can be helpful in predicting the properties
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of a network simply from image analysis and will be helpful in improvisation and

comparison of various TCEs and a better understanding of electrical percolation.

2.1.2 Introduction

A transparent conducting electrode, widely known as TCE, is an essential component

of any optoelectronic device- liquid crystal displays (LCDs), touchscreens, organic

light-emitting diodes (OLEDs) and solar cells, all make use of at least one transpar-

ent electrode. Optoelectrical applications such as transparent heaters also rely on

transparent electrodes. As an active material of TCEs, tin-doped indium oxide also

known as indium tin oxide (ITO) is most widely used because of its high optical

transmittance and high electrical conductivity, a combination which is rather rare as

there is always a trade-off between the two properties. But the scarcity of indium,

non-flexibility of the oxide film and poor transmission in UV and IR regions limit

ITO applicability as a flexible TCE [94, 32]. Thus, there is intense activity globally

in industrial and academic circles to replace ITO with suitable alternatives such as

networks of AgNWs [98, 154, 45] and CNTs [9, 64], formed by depositing pre-prepared

wires or tubes at the desired concentration on a transparent substrate (henceforth

named as deposited wire networks). Here, optical and electrical properties are essen-

tially decoupled such that light finds its way out through void regions in between the

percolative conducting paths. However, such networks show high sheet resistance due

to the resistance associated with cross-bar junctions and incomplete connectivity. In

order to avoid increased resistance due to junctions, there is some effort in the litera-

ture to develop template-based methods, which serve as sacrificial layers during metal

deposition and produce metal patterns with seamless junctions. Spontaneously formed

crack networks [140, 55], grain boundaries [46], organized polystyrene beads [106],

electrospun fibre meshes [174, 6], patterns formed in inorganic crystal layers [104]

and bio-inspired templates like leaf venation and spider webs [54] are some examples

of template-based methods. Other techniques include the formation of a network

by self-assembly, examples being printing holes by de-wetting solution [100], bubble
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template [162], self-assembly of alkyl coated Au NPs [124] and inkjet printing of

CNT using coffee ring effect [155] etc (henceforth named as template based networks).

While templating methods have shown advancement in TCE fabrication, the sheet

resistance and optical properties do depend on the geometry of the network. There

is an only limited effort in the literature providing insight into how the geometry of

the template and the resulting metal structure influence the TCE properties. Here,

an influence of the geometry of the conducting wires in template-based methods on

electrical properties is explored.

Theoretical treatment in this area is mainly devoted to percolation of random

conducting rods representing Ag NWs or CNTs etc by Monte Carlo approach. The

studies have been successful in estimating the critical filler concentration for percolation,

the number of contacts per individual CNT [61] and parameters affecting percolation

thresholds such as anisotropy [28], waviness [112] and aspect ratio [125]. The variation

of conductivity with wire density is found to obey the power law with the exponent

(known as conductivity exponent) of 1.3 in case of 2D randomly conducting network [9,

125]. Motiso et al. [125] generated sheet resistance versus transmittance plot as

a function of the aspect ratio of rods, areal density and mixture of short and long

conducting rods. In all such cases, the treatment is restricted to percolating conducting

rods often with negligible rod resistance, following simply the Kirchhoff’s law on

individual junctions and loops. Percolation treatment has been developed alternatively

using effective medium theory on a perfect lattice with a certain fraction of edges

randomly removed [84]. Electrical transport properties of macroscopically homogeneous

metal and insulator composition are successfully studied by finite element method and

is computationally expensive [144]. Alternatively, the sheet resistance is considered

equal to area fraction of the film [183] which may not always be true due to the

incomplete and random connectivity of the network. Coleman and coworkers [24] have

paid attention to the Figure of Merit (FoM) in the context of percolation and defined a

percolative figure of merit by introducing certain corrections on the original definition

as
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Table 2.1 Sheet Resistance, Transmittance and Figure of merits of TCE defined by
Coleman et al. (FC)and Haacke (FH).
.

Method Rsn T FC FH comment
(Ω/sq) (%)

Using crack template [55] 4.2 82 430 3.2 × 10−2 t = 60 nm
Using crack template [52] 0.9 84 2445 1.9× 10−1

Using Nanotrough [174] 2 90 1742 1.7 × 10−1

Using Bubble template [162] 6.4 82 282 2.1 × 10−2 t = 4-30 µm
Ag Nanowires [23] 100 92 500 4.2 × 10−3

Ag Nanowires [23] 3.4 75 360 1.6 × 10−2

Ag Nanowires [154] 10.2 89.9 339 3.4 × 10−2

Cu Nanowires [47] 51 93 100 9.5 × 10−3

Cu Nanowires [47] 7.7 68.4 117 2.9 × 10−3

Cu Nanowires [47] 1.4 14 80 2.0 × 10−9

FC = σDC

σOP

= Zo

2Rs(T −1/2 − 1) (2.1)

Another commonly used Figure of merit is defined by Haacke [53] and can be

written as

FH = T 10

Rs

(2.2)

The typical values of sheet resistance, transmittance and FoM of various TCE are

shown in Table 2.1.

Emerging TCEs (See Figure 2.1) contain mesh-like conducting networks from

template methods that have to be treated rather differently, not simply as films with

finite fill fraction. Neither do they belong to regular periodic wire lattices [180] nor

do they resemble the percolating networks. They are close to fully connected regular

lattices, but they do contain some isolated wires. The wire width may also have

ample distribution. In addition, the wires may be zig-zag or curvilinear in nature

enclosing irregular cells. This warrants a study focused on mesh-like TCE, taking into

consideration of the above facts.
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Fig. 2.1 Emerging transparent conducting electrodes obtained by different methods
with corresponding features. (b) Reproduced with permission from ref [6] Copyright
2014 Elsevier. (c) Reproduced with permission from ref [124]. Copyright 2011 John
Wiley and Sons.(d) Reproduced with permission from ref. [55]. Copyright 2014 John
and Wiley Sons. (e) Reproduced with permission from ref. [140]. Copyright 2014 RSC
Publications. (f) Reproduced with permission from ref [45]. Copyright 2014 Nature
Publishing Group.

2.1.3 Scope of the present investigations

The aim of these investigations is to compute sheet resistances of TCEs from template

based methods reported in the literature. Here, analytical expressions of sheet resis-

tance of randomly conducting wire network as a function of geometrical parameters of

the network have been developed. To show the applicability, microscopy images of wire

network were converted into binary image followed by calculation of its geometrical

parameters such as the number of edges, curvilinearity, connectivity and compactness.

The theoretical model is compared with the experimental works and found to be in
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agreement. An algorithm based on image analysis for classifying current carrying

backbones, dangling wires and dead wires are evaluated in this work.The analysis has

shown that an ideal TCE must possess high edge density, minimum and mono-disperse

wire width, least curvilinearity and maximum compactness for better performance.

2.1.4 Results and Discussion

Theoretical model

A conducting random wire network obtained from a template is shown schematically

in Figure 2.2 which from an abstract point of view may be considered as a two-

dimensional graph. Here, a junction is a point where two or more wires meet in the

same plane and the junction is seamless so that the edges form the enclosed polygon.

Consider a random network with a sheet resistance of Rsn with size a x b with wire

thickness (height) t consisting of isotropically distributed wire segments (henceforth

termed as edges) with density (no. of edges per unit area) NE, mean edge length

Lam and assumed mono-disperse width w for the present case. The electric field E

(along a), is applied using the bus bar positioned on either side of the random network.

This bus bar geometry is taken as a simple example; the results obtained are however

general in nature as will be shown at the end. We are starting with simple case of

non-curvilinear edges, cuvilinear edges will be dealt later on. For a good transparent

conductor, the fill factor is always uniform irrespective of the electrode area (in other

words, it is assumed that edge density is considerably high with edge length << sample

size) and therefore, one may assume that the electric potential drops uniformly from

top to bottom (Figure 2.2a) and there are equipotential lines perpendicular to E.

Consider an edge of length Li placed in E at an angle θi (see Figure 2.2b).

The potential difference across the edge, Vi, therefore depends on the orientation of

edge- maximum if placed in the direction of electric field, and zero, if placed on an

equipotential line.

Vi = ELi cos θi (2.3)
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Fig. 2.2 (a) A schematic showing random conducting network placed in bus bar
geometry. Electric field is applied from top to bottom (b) Zoom in image of the
network showing a wire segment placed at angle θi with the electric field (c) Actual
curvilinear wire segment length and shortest wire segment length

Since θi and Li are independent, the mean potential difference, Vam across N edges

of random wires showing variable orientations (−π
2 to π

2 ) can be calculated as

Vam = 2
π

ELam (2.4)

The mean current, Iam passing through an individual edge of conductivity σ, can

be written as σAcsVam

Lam
, Here, Acs is the cross-sectional area of an individual wire which

equals wt in case of rectangular wires obtained from a template with rectangular

grooves.

Using the value of Vam from Eq. (2.4) one can write as

Iam = σwt

Lam

2
π

ELam = 2
π

σEwt (2.5)
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The current passing across an equipotential line, Ieq, depends on the current carried

by a single edge and the total number of edges on the equipotential line which equals
√

NE b by symmetry arguments.

Ieq =
√

NEIamb = 2
π

σEwt
√

NE b (2.6)

Using E = V
a

and applying Ohm’s law, resistance, R can be written as

R = π

2
ρ

wt
√

NE

a

b
(2.7)

Here ρ is resistivity of the material. Thus, sheet resistance of the network, Rsn (=

R b
a
) can be written as

Rsn = π

2
ρ

wt
√

NE

(2.8)

Here the first term depends on the symmetry of network which equals π/2 for

random orientation and varies for different lattice geometry.

It can be written in terms of the sheet resistance of the bulk film, Rs as

Rsn = π

2
1

w
√

NE

Rs (2.9)

Hence, the sheet resistance of a network can be reduced by increasing edge density

or by increasing wire width.

Table 2.2 compares wire networks from various literature examples obtained using

different templating methods. In the calculations, average values by drawing 5 -10

equipotential lines over the whole image leading to small standard deviations are taken.

In order to apply our method to varied examples, efforts to access ‘good’ quality

images of the wire networks from the literature were done. Currently, there are not

many experimental images easily available; wherever good images could be made

available, were used for the analysis. The sheet resistance values computed on the

basis of linear edge density and approximate mean wire width are compared with
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Fig. 2.3 An example showing calculation of edge density of a randomly conducting net-
work from two similar images. Reproduced with permission from ref [133]. Copyright
2015, AIP Publishing LLC.

the corresponding experimental values. Transmittance, T and 2- D metal fill factor

(fraction of area occupied by metal), F is also provided. As seen in Table 2.2 that linear

edge density,
√

NE shows large variation among the examples chosen, from 1.7 to 2000

edges per mm. Similarly, the edge width, w ranges from 90 nm to 75 µm. Nonetheless,

the theoretical sheet resistance values agree well with the experimental values. The

latter is slightly higher due to aspects which are not taken into consideration in

computation such as polycrystalline nature and impurities in the wires, which depend

on the metal deposition conditions while resistivity values used in theoretical treatment

are the bulk pure metal values. Rao et al. [140] showed that up to 40% reduction in the

sheet resistance can be achieved by joule annealing of the network. Thus, the model

can be useful in obtaining the lower limit of sheet resistance of a network geometry

beyond which one can’t reduce sheet resistance for a particular geometry. As an

example network obtained from bubble template show sheet resistance of just 0.06

Ω/sq (with w = 50µm, t = 25 µm and obtained
√

NE = 0.5) while experimental value

is 6.2 Ω/sq. The values are differing by 100, due to the dispersion of prepared wires
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Table 2.2 Comparison of various conducting wire networks. Here
√

NE was calculated
by drawing the equipotential line on the literature image similar to Figure 2.2 and
counting the number of intersecting edges on the line (as shown in Figure 2.3). This
step was repeated for 5-10 equipotential lines. *(corresponding data not available)
.

Method App.
√

NE w t Rsn ( Exp.) Rsn ( Theo.) Remarks
per mm µm µm Ω/sq Ω/sq

Grain boundary lithography [46] 2000 0.09 0.05 4.25 7 Rc
sn = 5.31 Ω/sq

TiO2 gel crack template [55] 115 2 0.06 2.3 1.8 T =66%, F =17.4%
Acrylic resin crack template [140] 60 2 0.22 3.1 1.5 T =87%
Polymer crack template [133] 37 2 0.05 6.8 6.74 T =86%, F = 14%
Self assembly [68] 7 5 3 15 2.4
Crackle paint template [86] 3 85 0.3 1 0.33 T = 77 %, F =20.4%
Leaf venation template [54] 1.7 75 * 3 —

forming cross-bar junctions having high resistance. Incidentally, the transmittance of

a network is related to 2D metal fill factor (F = NEwLam), thus it can be increased by

decreasing edge width, as expected. In the above treatment, edges are considered to

be straight and of uniform widths. In reality, networks often contain wires which vary

in width being curvilinear in nature and some staying out of the conducting paths. In

what follows, the treatment is modified to take these three factors into account.

Curvilinearity and waviness of the wire

The conducting wires of the network in many cases are curved and zig-zag in nature

(see images of grain boundaries and electrospinning in Figure 2.1). In such cases wire

length between junctions, li is not equal to the shortest Euclidean distance, Li.

As discussed in Eq. (2.4), the potential difference across an edge depends on

shortest distance, L given by VMean = 2
π
ELi while, conductance of an edge is inversely

proportional to actual curvilinear distance, l given by Cd = σwt
l

. Similar to Eq. (2.58)

current passing through a single wire segment, Iedge can be written as

Iedge = (σwt

li
)( 2

π
ELi) (2.10)
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Thus obtained sheet resistance, Rc
sn for the network with curvilinear wire segments

can be written as

Rc
sn = π

2
ρ

wt
√

NE

( l

L
)am = l

L
Rsn (2.11)

Since, l/L > 1, the curvilinerity in the network increases the sheet resistance. Hence,

curvilinear networks obtained from grain boundary lithography [46] and similar tech-

niques are expected to show higher sheet resistance. For example, for the network

image shown in Figure 2.1 from grain boundary method, a l/L ratio of 1.25 was

obtained leading to calculated sheet resistance of 5.31 Ω/sq which is more closer

to experimental value of 7 Ω/sq; the uncorrelated value assuming linear edges was

4.25 Ω/sq. While the sheet resistance is bound to increase with curvilinearity, the

transmittance of the network would decrease as transmittance is given by T = 1 − aF

and F depends on actual curvilinear distance given by F = NEwl. Thus, curvilinearity

should be avoided as much to reduce the sheet resistance and increase transmittance.

Wire width distribution

A conducting network may not necessarily have mono disperse wire width [140, 105].

To account for this distribution, Lee et al. [105] used mean value as an effective

value of Ag-NW width in Monte-Carlo calculations. However, a random network is a

combination of parallel and series resistances and in this study it treats differently. The

equivalent width for wires in parallel arrangement is taken as their arithmetic mean

(AM) (weff = ∑
wi/n), while for series arrangement, it will be the harmonic mean

( 1
weff

= 1
n

∑ 1
wi

). Thus, equivalent width weff in a random network is therefore due to

both contributions and is expected to be closer to the arithmetic-harmonic mean which

in other words, is nearly equal to the geometrical mean (GM) by Bolzano–Weierstrass

theorem. The sheet resistance depends on weff , hence, w can be considered as

weff ≈ wgm.

Rwd
sn = π

2
ρ

weff t
√

NE

= wam

weff

Rsn (2.12)
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Thus, the correction factor due to width distribution is, CW D = wam

weff
, Here,

CW D > 1 as GM < AM hence, any increase in width distribution of wires leads to

increase in sheet resistance. Thus, one should use a network with mono-disperse wire

width to reduce the sheet resistance.

Compactness and geometry

The 2-D metal fill factor can also be written in other geometrical forms. We define

Pcell as the mean perimeter, Lam the mean edge length, ns the mean sidedness and

Acell, the mean area of individual cells. Thus, the 2D metal fill factor can be written as

F = Pcellw
2Acell

and in terms of edge density as, F = LamwNE. Using these and applying

Eq. (2.9)

Rsn = π

2
ρ

t

1
βF

√
P 2

cell

2Acell

1
√

ns

(2.13)

With Eq. (2.13) emerge some silent features of a random wire network in the context

of transparent conducting electrode. Here, the first term depends on symmetry of the

lattice which equals π/2 for a random lattice and its value for non-random lattices can

be calculated. The second term is the sheet resistance of film (ρ/t) which is a material

property, 1/F represents contribution due to 2D metal fill factor which is the deviation

from thin film due to open voids and P 2
cell/Acell is decided by the geometry. P 2/A is

defined as inverse of compactness of a geometrical structure [123] thus P 2
cell/Acell can

be considered as inverse of effective compactness of a network.

For minimum sheet resistance, at constant fill factor P 2
cell/Acell should be as low as

possible or in other words, compactness should be high. It can be achieved with the

maximum circularity of polygon or to put differently, with maximum sidedness and

regularity of polygons. P 2
cell/Acell value for regular hexagon, quadrilateral and triangle

are 6.92, 8.00 and 10.39 respectively. Thus, a random network generally consisting

of irregular sided quadrilaterals, hexagons and triangles, must have more fraction of

hexagons and minimum fraction of triangles and the irregularity in polygon sides should

be minimum. Thus, networks with the mean angle of 120 ◦ are better than a network
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Fig. 2.4 Algorithm for classifying different regions of networks

with junctions with the mean angle of 90 ◦. Eq. (2.13) can be applied to compare

different periodic lattices by replacing π/2 with suitable structural factor (mean of

cos θi) which is currently done experimentally [113] in absence of a straight-forward

treatment.

Unconnected wires

A network in many cases may not be fully inter-connected and active for current

conduction. A network consists of three regions (a) region connected to percolation

path as backbone for current transport, (b) region connected to a percolation path as

a dangling edge while not being part of the network backbone (ineffective for carrying

any current) and (c) the region not connected to any percolation path, isolated edges.

Figure 2.4a shows one such example of a network obtained from a crack template.
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Please note that out of these regions only conducting backbone (region (a)) effectively

participates in current flow [34, 144] and remaining regions merely block the light and

cuts down transmittance. Let β is the perimeter of the backbone of the network which

is only active for current transport (region a). Thus for a network with mono-disperse

width, the effective fill factor, FB = βF . To evaluate the emerging TCEs to classify

various regions of TCE images provided in this literature, self-written python [163]

programs were developed, (see Figure 2.4 for the algorithm).

In an example shown in Figure 2.5a, the crack template obtained from crackle

paint show 75% of region(a), 20% of region(b) and 5% of region(c) with β ≈ 75%.

Thus, 25% of area merely blocks the light. Similarly classification of various regions of

crack template of TiO2 gel [55] show 86% of region (a) and > 99% of combined region

(a) and (b) (see Figure 2.6). The templates should be designed so as to have β →

100%. For accuracy, the edge density and wire width should be calculated from current

carrying backbone (region (a)) of an image instead of image consisting of all regions

which are taken care in calculations of
√

NE for crackle paint crack template (Table 1).

Please note that regions (a) and (b) are important for solar cells and OLEDs while only

region (a) is relevant for transparent heaters and touch screen devices. This treatment

provides an approach of evaluating active regions important in a given context.
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Fig. 2.5 (a) An example of a metal network obtained from crack template [86] and (b)
obtained from deposited wire networks. [154] (c) and (d) show pie chart for contribution
of different regions in both network networks. See Figure 2.4 for detailed algorithm.
(a) Reproduced with permission from ref [86]. Copyright 2014 RSC Publishing.

Fig. 2.6 (a) An optical microscope image and (b) corresponding skeletonized image
of crack template [55] with active backbone edges (shown in yellow), dangling edges
(shown in blue) and isolated edges (shown in red) (c) Pie-chart showing fractional
contribution of different regions.
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Cross bar junction

The treatment discussed for template-based networks can further be extended to

deposited nanowire networks (dense networks). These networks differ from template-

based network in two aspects, firstly nanowire networks possess junction resistance

(say, Rj), secondly, the area of cross-section of individual wire, Acs is given by πD2/4

rather than wt.

Substituting these values, mean conductance of a individual edge can be written as

C = 1
4Lam

σπD2 + Rj

(2.14)

Carrying out similar calculations, sheet resistance can be obtained as.

Rsn = π

2
√

NE

( 4ρ

πD2 + Rj

Lam

) (2.15)

Above expression is very important if junction resistance is comparable to skelton

resistance by treatments on junctions[145]. Here, the first term is resistance due to

rod Rrod, while the second term is resistance due to junction Rj . Taking limiting cases,

if Rj << Rrod then,

Rsn = 2ρ√
NE D2 (2.16)

While if Rj >> Rrod which is a realistic case in case of metal NWs with untreated

junctions and CNT networks then

Rsn = π

2
√

NE

Rj

Lam

(2.17)

Thus, the sheet resistance increases linearly with junction resistance, which is in

good agreement with experimental studies performed for CNT networks by C-AFM

studies [129] and numerical studies for Ag NW network. [125]. A network should have

minimum junction resistance, maximum edge density and higher edge length to reduce
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the sheet resistance. Using the above expression, one can determine Rj of a network

prepared by any method, which may be helpful in optimization steps.

Connectivity quantification is performed in the case of deposited wire networks

as well. As an example image of AgNW networks of Sepulveda et al. [154] as shown

in Figure 2.5b show 68% of region (a) and 91% of combined region (a) and (b) (see

Figure 2.5d). The conductance of deposited wire networks is percolation limited

(β < 1) and depends on the aspect ratio of rods.

Figure of merit of a network

Transparent conducting electrodes is quantitatively compared with the value of Figure

of Merit values as the ratio of electrical and optical conductivity as given in Eq. 2.1

which should be maximum and >35 for industrial standards [24]. In the expression

sheet resistance of a network can be written as

Rsn = C
π

2
ρ

Acs

√
NE

(2.18)

Here,
√

NE should be calculated from current carrying backbone (region (a)) for

better accuracy and C is the combined correction factor due to width distribution and

curvilinearity correction. The fill factor can be related to transmittance [125] using

T = 1 − aF (2.19)

Here, parameter a can be obtained experimentally by plotting fill factor v/s transmit-

tance or by using FDTD simulations [12] which depends on film thickness, wavelength of

light and the geometry of network. The transmittance of a network with mono-disperse

width can be related to backbone fill factor, FB as

T = 1 − aFB

β
(2.20)
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Here, backbone fraction in case of templates can be written as

FB = NElamw (2.21)

And in case of nanowires as

FB = NElamD (2.22)

From Eq. (2.15) and Eq. (2.20), the trade off between optical transmittance and

electrical conductance is apparent. Moreover in case of NW networks, junction

resistance and percolation limited low value of β pose limitations to achieve high FoM.

On the other hand in case of template-based networks, though wire width and

edge density show the similar trade off between optical transmittance and electrical

conductance, the wire thickness (practically the film thickness) is an additional param-

eter which can reduce sheet resistance without compromising optical transmittance,

in principle. Additionally, they do not possess junction resistance and can show β

→ 1. Hence, template-based conducting networks may be more promising randomly

conducting TCEs. Collective expression connecting transmittance and sheet resistance

involving various corrections can be written as

T = 1 − π2

4 a
1
β

l

w

l

L

ρ2

t2R2
sn

(2.23)

Thus, the high transmittance for constant sheet resistance can be attained by lower

value of curvilinearity l/L, lower value of a ( extra-ordinary transmission), the high

film thickness (t) and maximum connectivity(β). Above formula should be modified

for low w and t as ρ is no longer constant with w and t comparable to mean free

path of electrons (which is 20-30 nm for Ag) or grain boundaries [14]. Similarly, T

depends on film thickness (as a is a function of t), but in the networks obtained from

templates with high t, it will have no virtual effect as shown in experimental work as

compared to variation in electrical properties [142]. However, in this context, FoM as

defined in Eq. (2.1) is not a competent indicator as it depends only on average sheet
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resistance and transmittance properties of complete film and hence is incapable to tell

about associated spacial uniformity and functional resolution of TCE which is equally

important. In other words, apart from high value of FoM, a network must have high

Local Figure of Merit [50] which is important for good optoelectronic performance (like

resolution of touch screens, uniformity in heating in case of transparent heaters and

effective charge collection of solar cells which have exciton mean free path < 100nm).

Edge density (considering connectivity quantification) defined and computed in this

section can help in giving information about resolution in addition to sheet resistance

and transmittance. Increase in edge density increases the ensemble size leading to

uniform properties from pixel to pixel. Higher is the edge density, smaller can be

the pixel size of a device. Thus, the networks showing low edge density (< 5) from

bubble template [162], leaf venation template [54] or from wide crack template [86]

are less suitable for high resolution TCE, while finer crack templates [140, 55] and

grain boundary templates [46] produce networks with high edge densities, which may

be more suitable. Moreover, it can be seen that the value of edge density is sensitive

to template preparation conditions [55]. Proper care should be taken in comparing

templates by FoM as it is not just dependent on network efficiency but depends on

metal film thickness, thus must be normalized with t and ρ for template comparison.

A TCE should have uniform values of mean wire width and edge density in different

samples and different regions to have consistent optoelectronic properties. Apart from

optoelectronic properties, a TCE should be robust for accidental damage of few edges.

More is the edge density, more will be robustness. Thus information of edge density

and wire width can give superior information than FoM. For a better optoelectronic

properties, high resolution and better robustness a network should have high edge

density and less wire width.

On comparing deposited wire network (like CNT or Ag NW) and network obtained

from crack template, in case of random deposited wire network complete backbone

fraction is never possible as a newly introduced nanowire (CNT or AgNW etc) in

percolating cluster can either act as isolated, dangling or backbone depending on
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its location which is not under control [34]; but, on the other hand a new and

secondary crack always interconnect primary cracks for maximum stress release and

hierarchical nature of crack formation [15] and can essentially lead to complete backbone

connectivity under controlled conditions. Thus, in terms of connectivity networks

obtained from crack template [55, 140] are superior than deposited wire networks such

as Ag NW and CNT networks.

2.1.5 Conclusion

A generalised method for evaluating randomly conducting wire networks has been

developed. It is solely based on the geometry of the network characterized by random

wire orientation, curvilinearity, wire width distribution, polygonal area and perimeter.

It is found that for low sheet resistance and high transmittance, the edge (wire) density

should be maximum with minimum wire width. It has been shown that curvilinearity

and wire width distribution increase the sheet resistance. The sheet resistance not

only depends on the 2D metal fill factor but is also affected by the compactness of the

network. A network polygon should have a higher value for sidedness, least irregularity

and the maximum number of tri-junctions (hexagonal structures are more compact

than square structures). The sheet resistance values from our analysis compare well

with the experimental values, the later value is somewhat higher due to defects of

smaller length-scales. A treatment is provided to evaluate the fraction of an active

region of a network, a parameter important for device fabrication. It is found that if

lower wire widths can be managed (as with chemically prepared metal network), the

template based networks can score over non-template based nanowire networks as the

former possess higher compactness, higher interconnectivity and seamless junctions

with negligible junction resistance. In a typical template method, the well connected

active region can be as high as 86% (compared to 68% in deposited wire networks)

with dangling wires accounting to 13% and completely isolated, 1%.
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2.2 Current distribution in conducting nanowire

networks

2.2.1 Summary

Conducting nanowire networks find diverse applications in solar cells, touch-screens,

transparent heaters, sensors, and various related transparent conducting electrode

(TCE) devices. The performances of these devices depend on effective resistance,

transmittance, and local current distribution in these networks. Although there have

been rigorous studies addressing resistance and transmittance in TCE, not much

attention is paid to studying the distribution of current. Present work addresses

this compelling issue of understanding current distribution in TCE networks using

analytical as well as Monte-Carlo approaches. We quantified the current carrying

backbone region against isolated and dangling regions as a function of wire density

(ranging from percolation threshold to many multiples of threshold) and compared the

wired connectivity with those obtained from template-based methods. Further, the

current distribution in the obtained backbone is studied using Kirchhoff’s law, which

reveals that a significant fraction of the backbone (which is believed to be an active

current component) may not be active for end-to-end current transport due to the

formation of intervening circular loops. The study shows that conducting wire-based

networks possess hot spots (extremely high current carrying regions) which can be

potential sources of failure. The fraction of these hot spots is found to decrease with

increase in wire density, while they are completely absent in template-based networks.

Thus, the present work discusses unexplored issues related to current distribution in

conducting networks, which are necessary to choose the optimum network for best

TCE applications.

2.2.2 Introduction

Transparent conducting electrodes are essential components of various optoelectronic

devices such as solar cells and organic light emitting diodes. [90, 151] TCE also
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find applications in other modern devices such as touchscreens, sensors, transparent

heaters, thermo-chromic and electrochromic devices etc. [23, 94] As conventional

oxide-based transparent conductor films suffer from several disadvantages such as

brittleness, non-flexibility and high cost [122], there have been tremendous efforts in

the literature in the recent past to replace it. [90] The promising candidates include

networks of 1D conducting objects such as carbon nanotubes and Ag or Cu nanowires

as against transparent thin layers of graphene and metal thin films. Networks of highly

conducting 1D structures are preferred for assured electrical conductivity. Template

based techniques such as crack templates [52], electrospinning of nanofibers [174] have

also been employed to produce such networks. Here, light transmission takes place

through the void regions while electrical conduction comes from the interconnected

tubes or wires. Thus, the visible transmittance and the sheet resistance essentially

decide the figure of merit of the electrode [50] which depends on current distribution

in the network. The downside of network-based TCE is obviously the reluctant wires

staying out of percolative current paths. Although the effective electrical resistance

and transmittance of these networks have been explored in detail using analytical,

numerical as well as experimental approaches, not much attention has been paid to

understand current carrying fraction of the wires in the percolative network and the

current distribution in these networks. In this work, both these aspects are carefully

investigated. Wire networks may be broadly classified into two categories, namely

networks based on randomly placed wires such as AgNW and CNTs, and templated

patterns based on interconnected cracks or grain boundaries of the template as well

as electrospun networks. In both categories, a wire in the network may be part of a

current carrying percolative backbone, be it dangling being a part of the percolative

network but not carrying current, or be it entirely isolated from any current carrying

region. [92] The dangling regions are important for charge collection in the applications

like solar cells [91] but does not contribute to reducing the sheet resistance of any

derived device. Below, the literature efforts giving insight into different modes of wire

participation are examined. Using conducting Atomic Force Microscope (C-AFM),
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Coleman et al. [23] and Boland et al. [33] have obtained current maps of AgNW

networks while biasing one edge of the electrode. With this biasing geometry, the

percolating region could be identified effectively; however, the dangling was also shown

as part of the current carrying network. In another study, [152] nano-manipulators

have been used to obtain resistance between two points on the network; however,

this method would not allow one identify the different categories mentioned above.

Similarly, IR microscopy would not be helpful as regions not carrying current also

attain similar temperatures owing high thermal conductivity of the metal. Recently,

sophisticated thermoreflectance measurements have been performed which relates

emissivity, temperature and resistance. [19] However, no information regarding dangling

and isolated regions were made available. It is rather challenging to identify active

current carrying regions using experimental techniques, especially when the electrode

area is large. There have been theoretical studies related to electrical transport in

wire networks focusing mainly on the variation of parameters such as the effective

resistance and the percolation threshold of the network with respect to aspect ratio [12],

waviness [112] of the wires as well as variation in the length. [125] The studies show that

conductivity follows a power law with wire density as σ = σo(N − Nc)t with N is the

rod density, Nc the critical density of percolation and t, the conductivity exponent of

value 1.3. Using Monte Carlo approach, current maps have been examined to identify

active junctions participating in the electrical transport, generally considering only

junction resistances while neglecting wire resistances. [33] Žežel et al. [186] have shown

the variation of the conducting exponent (t) for different ratios of junction and wire

resistances. Das et al [22] defined effective thickness to express equivalent thickness of

percolating networks. Recently, Chan et al. [19] using finite element method obtained

current maps of template-based networks and derived the hot spots in the network.

Very recently, Callaghan et al. [130] developed an effective medium theory for AgNW

networks and obtained effective resistances of the networks. In this direction, earlier

work attempted [92] as discussed in Section 2.1 to classify the different regions in

random networks assuming uniform current flow; however, the work was limited to
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experimental image analysis, not discussing the variation of the size of the current

carrying backbone with wire density and was silent on distribution of current and

presence of hot spots in the network.

2.2.3 Scope of the present investigations

This work addresses the important issues of electrical properties in network by system-

atically studying backbone fraction of NWs of different densities using analytical as well

as Monte-Carlo approach. The current distribution of these networks using Kirchhoff’s

law are studied. Strikingly the whole backbone is not effective for current transport

and there are hot spots in the network. Current distribution in the template-based

network and conducting rod based networks of different densities are also compared.

2.2.4 Results and Discussion

Conducting wires based network

Nanowires were distributed at random positions and angles computationally using

uniform random number generators (see Figure 2.8a). The intersection points of

these wires were identified and the junction numbers were assigned to the points of

intersection and similarly, wire segment (edge) numbers were assigned to wire segments

joining neighbouring junctions. The three regions namely (a) current carrying backbone

(b) dangling wire connected to a percolating region but ineffective for current transport

and (c) isolated wire not connected to any region, have been classified for different

densities and shown in Figure 2.7 and Figure 2.8a-f.

Connected Fraction = Backbone + Dangling

Backbone + Dangling + Isolated
(2.24)

and

Backbone Fraction = Backbone

Backbone + Dangling + Isolated
(2.25)

Corresponding fractions are plotted in figure 2.8g with red and blue squares respectively.

Consider L to be the wire-length, n, number of wires in the area L2 and nc, the critical
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Fig. 2.7 (a-b) Conducting wire-based networks of different densities with (c-d) corre-
sponding backbone

wire density, which is 5.6372. The approximate backbone of a dense network can

also be analytically calculated based on the intersections. A wire with k contacts

(junctions) forms k +1 segments, but the outermost segments (two) do not take part in

the backbone (see Figure 2.9). Thus in a network, only the k−1
k+1 fraction participates in

the backbone, while 2
k+1 fraction is lost as dangling. Please note that the argument is

valid if there are negligible isolated wires (in other words, almost all wires participate

in the percolation network, which is the case for higher densities), else the analytical

treatment tends to overestimate the backbone fraction. In a network, the number of

contacts a wire makes is highly varied, anywhere between zero (dangling) to small

numbers (up to say 10) in sparse networks but the number can be quite high in dense

networks. The number of contacts made by a rod in a random network has been

evaluated using geometrical and statistical approaches. [61] The distribution of the

number of intersecting contacts (k) per rod is given in terms of Poisson’s distribution
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as

Fig. 2.8 (a) -(c) Conducting wire based networks of different densities. nc represents
critical percolation density. (d-f) represent corresponding backbone. (g) Plot of
variation of connected, backbone, and void fraction with density of conducting wires.
Numerical results go well with analytical for higher densities. (h) the binary image of a
typical templated metal mesh obtained from a crack template and (i) its corresponding
backbone.

Pc(k) = (cn)ke−cn

k! (2.26)

Here, c is a constant with a value of 0.2017π obtained with analytical as well as Monte

Carlo treatments. As an example, for n =1.5nc= 1.5 × 5.6732, the probability of 3

contacts is 12.32%. We have applied this distribution to evaluate the backbone fraction

of the network. For the sake of generality, the backbone fraction (β) can be written as

(after removing two outer wire segments from all):
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Fig. 2.9 (a)Schematic of nanowire network. (b) Two outermost wire segments (shown
in red) are not participating in backbone.

β =
∞∑

k=1
Pc(k)k − 1

k + 1 (2.27)

From Eq. (2.26) which can be written as:

β =
∞∑

k=1

(cn)ke−cn

k!
k − 1
k + 1 (2.28)

On series expansion, which can be expressed as:

β = 1 + e−cn + 2
cn

(e−cn − 1) (2.29)

Eq. (2.29) may be used to obtain the backbone fraction at any given network density.

An example is given in Figure 2.8g comparing with numerical results. There is good

agreement between the two except at lower wire densities, where analytical treatment

(Eq. (2.29) overestimates the numerical backbone fraction, as it considers all wires

to be part of the backbone. Calculated backbone fraction can be further applied in

obtaining resistance value using our geometrical model (section 2.1.4) or the effective

medium approach. [130] As shown in section 2.1.4, we calculated variation of resistance

in terms of the total number of wire segments (NE), wire diameter (D), junction

resistance (Rj) and mean wire segment length (d).

Rsn = π

2
√

NE

( 4ρ

πD2 + Rj

d

)
(2.30)
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Here, the first term represents resistance contribution due to junction resistance while

the second term represents contribution due to wire segments. However, NE and d

were not evaluated in the previous treatment. The wire density of backbone depends

on wires as well wire segments of individual wires, which can be obtained using contact

probability and hence, the wire density can be written as

NE = n
∞∑

k=1
Pc(k)(k − 1) = n(cn + e−cn − 1) (2.31)

Similarly, the average length of wire segment in backbone (d) can be written as

d =
∞∑

k=1

Pc(k)
k + 1 =

∞∑
k=1

(cn)ke−cn

(k + 1)! (2.32)

On series expansion it becomes

d = 1 − e−cn − e−cncn

cn
(2.33)

Thus, sheet resistance of a network with only wire resistance (neglecting junction

resistance) can be obtained by substituting Eq. (2.31) in Eq. (2.30).

Rsn = 2ρ√
n(cn + e−cn − 1)D2

(2.34)

While sheet resistance of a network with only considering junction resistance can

be written as Rsn = π
2
√

NE

Rj

d
from Eq. (2.30) which can be rewritten after substituting

√
NE form Eq. (2.31) and d from Eq. (2.32) as

Rsn = πRj

2
√

n(cn + e−cn − 1)
cn

1 − e−cn − e−cncn
(2.35)
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Fig. 2.10 (a) Effective Wire network resistance (neglecting junction resistance) and
(b) Effective junction resistance in a network (neglecting wire resistance) w.r.t wire
density.

Both these expressions Eq. (2.34) and Eq. (2.35) representing the contribution of

wire segments and junctions respectively are plotted in Figure 2.10 which shows sheet

resistance decreases with density in both the cases. The variation in wire segment

resistance with density is more significant than junction resistance variation with

densities. In other words, effective network junction resistance varies only a little with

wire density as compared to variation in effective wire segment resistance with density.

However, a point should be noted that the treatment is valid only if equipotential lines

are parallel to each other which is true only at high densities (typically n > 2). The

obtained values of sheet resistance can be very useful in estimating the temperature

rise ∆T of a transparent heater obtained from these wire networks by substituting

Rsn value in the following equation from Sorel et al. [158]

∆T = V 2
o

Rheffab
= V 2

o

Rsnheffa2 (2.36)

Here, Vo is the applied voltage, R and Rsn are the resistance and sheet resistance of

network of size a × b (with a in the direction of the field and b along perpendicular

direction of the field), and heff is the effective heat transfer coefficient considering

convection and radiation losses to the surroundings. The thermal properties of metal



2.2 Current distribution in conducting nanowire networks 45

networks on a transparent substrate are studied in detail in future section 4.1.3. The

optical transmittance of the network also depends sensitively on the wire density [12].

The transmittance has been studied experimentally as well as using finite difference

time domain (FDTD) and is found to be proportional to void fraction (1-fill factor,

the latter being the area fraction occupied by metal wires) of the network with the

proportionality constant depending on wavelength of light and also on the material

property etc. The area fraction occupied by a single wire is wL
L2 , thus the area fraction

occupied by n wires would be nwL
L2 . However, it is noted that the contact area (where

two wires meet) was added twice in the earlier treatment. [12, 137] While this does

not make much of a difference at low wire densities, but may become significant

for wire densities higher than 2nc or in other words, higher fill factors. A network

with n wire density with Pc(k) probability of k contacts per wire, makes a total of

n
∑∞

k=1 Pc(k)k contacts in a network which accounts for the total area fraction of the

contacts,nw2

L2
∑∞

k=1 Pc(k)k. Hence, considering the fill factor and the total area fraction

of contacts, the percentage void fraction, V can be written as:

V = 1 − nw

L
+ n

2
w2

L2

∞∑
k=1

(cn)ke−cn

k! k (2.37)

On series expansion it can be obtained as

V = 1 − nw

L
+ c

n2

2
w2

L2 (2.38)

The second term in the above equation becomes significant only at higher wire

densities; for example for n = 3nc, V values are 83.0% and 84.8% without and with

the contact area correction, respectively. An increase in the wire density increases the

backbone fraction (Eq. 2.29) while it decreases the void fraction (Eq. 2.38) which is

shown in Figure 2.8g. However, as seen from Figure 2.8g, the percolating backbone

fraction is small (<50%) for low wire densities ( n between 1 and 1.2). For example,

for 1.2nc assuming an aspect ratio L/w of wires as 100, the void fraction turns out to

be 94%. However, the backbone fraction is just 38% implying that most of the wires
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in the network area are out of the percolative path for electrical transport, merely

blocking the light. Notably, even very high density of wires (>2nc) does not lead to

complete backbone fraction (β= 1). Doubling the density (2nc) takes the backbone

fraction to 71.4% only; the void fraction, however, stood close to 89%. Interestingly,

despite wires being nearly random in the network, the wires in the obtained backbones

are not quite evenly spread out, dense in some places and sparse somewhere else

(compare networks in Figure 2.8 a, c, and e with the corresponding backbone portions

in Figure 2.8 b, d and f, respectively). The unevenness of the wire distribution in the

backbone is found to be an inherent property of the network and is seen significantly

irrespective of random configurations. Moreover, current being unidirectional possess

another limitation for the overall current flow. Thus, the uniformity of dispersed

nanowires does not guarantee the uniformity of the backbone and in turn, the electrical

properties.

To understand these aspects in more detail, electrical properties of the obtained

backbones are studied. The analysis is performed by biasing the two opposite bound-

aries and applying Kirchhoff’s law on individual local current loops formed by polygonal

arrangements of wires in the network. Each loop was solved numerically. Figure 2.11a

shows the current map of backbone for 1.5nc with the current scale normalized in such

a way that the mean current in a wire from the backbone is set to a value of 1.0. The

wires not forming the backbone (carrying zero current) have been removed for clarity.

The map in Figure 2.11a clearly shows that the current distribution in the backbone

is highly non-uniform with large fraction of wires (8%) carrying negligible current

(< 0.1 of the mean current) as shown in Figure 2.11b and significant (2.7%) rather

high current (∼ 5-10 of mean current) as shown from Figure ( 2.11c); this leads to

two scenarios namely loops which feed current into other loops thus enabling further

distribution of current and loops which feed nearly within themselves. See locations

1-2 showing regions of negligible current (zoomed in for clarity). In location 1, current

carrying path A-B-C-D is quiet greater than minimum path A-D, hence its resistance is

higher leading to low current. It is in agreement with our previous results which shows
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Fig. 2.11 Current map of (a) conducting wires based network (created by Monte Carlo
for density = 1.5 times critical percolation density). It is clear in conducting wires
based network there is a significant area with (b) negligible current and (c) hot spots.
Current map of (d) templated metal mesh. Here, (e) wires carrying negligible current,
is negligible and (f) there is no wire segment with the very high current. (Empty!
represents there is no region with hot spots). Inset showing Locations 1 and 5, carrying
negligible current due to loop not enabling current distribution, location 2 represents
wires with negligible current due to wire ends lying on equipotential lines, location 3
enables further current distribution and is good for the network while location 4 shows
hot spots. Current distribution is studied only for networks within the brown coloured
square to avoid errors due to boundaries.
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Fig. 2.12 (a) Conducting wires based network with 2nc density and (b) corresponding
backbone. (c) Current map of the central region of obtained backbone and regions of
(c) negligible current and (d) hot spots.

Fig. 2.13 Current distribution for two other networks having 2nc density.
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curvilinear wires have higher resistance. ( section 2.1.4 and our paper [92]) Location

2 may be carrying low current due to its end points lying on equipotential lines. The

locations 3 are loops which are enabling further current distribution and good for

electrical transport. Furthermore, a significant area carries too high currents (> 5

times mean current) which are indicated in Figure 2.11c. The regions are the hotspots

of the network forming a bottleneck as indicated in the zoom-in image of location 4

where two wires carry the current load to connect two clusters. As shown by Behnam

et al. [11] in case of CNT networks, the bottlenecks may be potential points of failure

at high current densities and decides the failure of the network. Breakage of these areas

can lead to cascade effect leading to complete breakdown of the network. [11] Thus, it

is clear these networks limit the maximum working current density, which reduces the

maximum achievable temperature of the derived heaters significantly proportional to

( Imax

Iavg
)2. A similar analysis was performed for a network with higher density, 2nc as

shown in Figure 2.12 and 2.13. The features are similar, however, the fraction of

lower and higher current carrying region is reduced which is quantified later. Thus,

networks with increased density of wires can sustain a relatively higher current density

before failing.

Templated metal mesh

Templated metal mesh is another important TCE candidates which are obtained from

cracks [52, 56] grain boundaries and electrospinning [174] etc. Figure 2.8h shows a

typical template metal mesh obtained from a crack template. To understand the

backbone of these microscopic images, CIAS software [115] is used to extract wire

segments and corresponding wire widths. The obtained wire segments information is

filtered for image artefacts and corresponding backbone is obtained from our algorithm.

As shown in Figure 2.8i the network shows high void and backbone fractions of 86%

and 87% respectively. As a benchmark, it may be noted that to achieve such a high

backbone fraction in an equivalent conducting wires based network, the required

density of conducting wires is 4.3nc which would have a void fraction of just 77% (in
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Fig. 2.14 current density map of template based network (a) current map and (b)
frequency distribution (in %).

contrast to 86% in case of crack template). Furthermore, backbone wires of template

metal mesh are evenly distributed unlike conducting wire network. The uniformity

in backbone leads to uniform current flow in the network as shown in Figure 2.11d.

Only a very little region in these networks carry negligible current (Figure 2.11e)

which are mainly in the regions having multiple paths between two junctions. As an

example in location 5 there are three paths between EI that are EI, EFHI and EFGHI;

however, the current is negligible in the longer path EFGHI. More importantly, here

no hotspots or regions (Figure 2.11f) having very high current is observed. The

absence of bottlenecks in the network can allow high current density to be used in

these networks without the danger of failure. The current density also shows similar

characteristics as shown in Figure 2.14.

The uniformity of current in the backbone is quantified in the form of frequency

distribution as shown in Figure 2.15. In case of conducting wires network (see green

plot) maximum area does not carry current, significant fraction carries high current

and a very few fractions carries current that is close to mean current. With the increase

in density (see blue plot) of wires, the fraction of low and high current carrying region

reduces. Thus, increase in density increases the uniformity of current distribution. On

the other hand, in case of template metal mesh (see red plot) most of the area carries
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Fig. 2.15 Current distribution in conducting wires at two different densities and
templated metal mesh.

Fig. 2.16 (a-c) Current maps varying from periodic to the random network. R =c
represents point is randomly distributed anywhere between 0 and c where 1 is the unit
cell spacing. (d) the current distribution of these networks.
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around average current and fraction of low and very high current carrying region is

very low. To understand the effect of polygon size distribution in electrical transport,

a square lattice is deformed incrementally to a random network by introducing random

deformations but with a given limit (see Figure 2.16). It may be noted that for

square lattice, the distribution is two delta functions as wires in the direction of field

carry equal maximum current while wires perpendicular to the electric field do not

participate the electrical transport. As shown, increase in the deformation from square

lattice leads to broadening of distribution and the formation of hot spots. Thus, a

network should have uniform polygon size for even current distribution. As shown,

template metal mesh outscores conducting wire network based networks in terms of

current uniformity, which is due to more uniform polygon size in the backbone.

It is evident that the template-based network exhibits high backbone fraction,

uniform current and absence of hot spots despite having unequal wire width, wire

spacing and irregular polygonal geometry while networks obtained from nanowires

possess a low fraction of uneven backbone with a lot of hot spots despite containing

evenly distributed equal sized nanowires. The numerical analysis can be utilized to

obtain the sheet resistance of a network. We used two points resistance method [172]

to determine sheet resistance of crack network by adding electrodes in the left and

right side. The calculation involves determination of eigenvalues and eigenvectors of

network and using following equation from Wu et al. [172] .

Rαβ =
N∑

i=2

1
li

∥Ψiα − Ψiβ∥2 (2.39)

Here,li are non-zero eigenvalues with corresponding eigenvectors Ψi and α and β are

nodes, in between resistance is measured. We calculated eigenvectors and eigenvalues

of our metal mesh networks. The obtained sheet resistance value is found to be 19.1 ρ
t

with ρ being resistivity of the film while t being thickness of the film. For a typical film

of Ag of 100 nm which translates to 2.8 Ω/�. The conventional method [39] based on
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fill factor Rsn = 1
F

ρ
t

calculates it as 1.13 Ω/�. From the section 2.1.4, our analytically

obtained sheet resistance of these networks can be written as

Rsn = π

2
1√
FB

√
l

w

ρ

t
(2.40)

Here, FB is backbone fill factor,l is mean wire segment (edge) length and w is mean

wire width. The analytically obtained value is found to be 1.7 Ω/� using average l
w

as 5.67. Thus, Eq. (2.40) is closer to numerical value as compared to conventional

approach considering only fill factor. However, Eq. (2.40) still, underestimates the

sheet resistance value; it could be due to circular loops and multiple paths between two

junctions as indicated in inset of Figure 2.11b. These kind of multiple paths should be

minimum in a network for enabling effective current distribution.

Thus, the study shows that an understanding of the current distribution in the

wire network is an important aspect, in choosing a network for TCE application.

The conducting wire-based networks possess incomplete connectivity and a significant

fraction of wires not participating in electrical transport, which is an inherent property

of the distribution and may not be possible to improve. On the other hand, template

metal mesh has high connectivity (86% in the typical example), which can be further

improved by optimizing the conditions of template preparation. Furthermore, the

backbone obtained by conducting wires is uneven and show irregular polygonal shapes,

while templated metal mesh show regular and even polygon shape hosting uniform

current distribution and absence of vulnerable hot stops. Thus, the work shows that

the templated metal mesh is closer to being ideal than deposited nanowires based

network.

2.2.5 Conclusion

The work studies and compares the current carrying fraction of randomly placed

conducting wires based network and templated metal mesh. It is shown that, near the

percolation density (n between 1 and 1.2), a very small fraction (<50%) of the network
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participates in the electrical transport, while rest of the network merely blocks the

light. The current distribution in the current carrying backbone contains numerous

current loops suggesting that most of the backbone is also ineffective in electrical

transport. Such networks possess hot spots where the wires carry high currents, which

may lead to the breakdown at high current densities. The template-based networks,

on the other hand, show high backbone fraction (86% in the typical example) and a

homogeneous current flowing in different wires. Thus, template-based networks can be

more suitable TCE candidates if wire density and wire width can be further reduced.
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2.3 Aspects related to charge collection by a metal

network

2.3.1 Summary

Efficiency of a solar cell is directly correlated with the performance of its transparent

conducting electrodes (TCEs) which dictates its two core processes, viz., absorption

and collection efficiencies. Emerging designs of a TCE involve active networks of

carbon nanotubes, silver nanowires and various template-based techniques providing

diverse structures; here, voids are transparent for optical transmittance while the

conducting network acts as a charge collector. However, it is still not well understood

as to which kind of network structure leads to an optimum solar cell performance;

therefore, mostly an arbitrary network is chosen as a solar cell electrode. Herein, it is

proposed a new generic approach for understanding the role of TCEs in determining

the solar cell efficiency based on analysis of shadowing and recombination losses. A

random network of wires encloses void regions of different sizes and shapes which

permit light transmission; two terms, void fraction and equivalent radius, are defined

to represent the TCE transmittance and wire spacings, respectively. The approach

has been applied to various literature examples and their solar cell performance has

been compared. To obtain high-efficiency solar cells, optimum density of the wires

and their aspect ratio as well as active layer thickness are calculated. Our findings

show that a TCE well suitable for one solar cell may not be suitable for another. For

high diffusion length based solar cells, the void fraction of the network should be high

while for low diffusion length based solar cells, the equivalent radius should be lower.

The network with less wire spacing compared to the diffusion length behaves similar

to continuous film based TCEs (such as indium tin oxide). The present work will be

useful for architectural as well as material engineering of transparent electrodes for

improvisation of solar cell performance.
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2.3.2 Introduction

Transparent conducting electrode (TCE) is an essential component of solar cells

regardless of its type, geometry and material. Illuminated side of a solar cell must

have high optical transmittance for charge carrier generation in active material and

high electrical conductance for efficient charge collection. However, the criteria of

high conductance and transmittance are generally not met simultaneously in the

same material and only a few oxides, such as indium tin oxide (ITO) fulfil this

criteria. However, ITO is brittle, expensive and non-flexible and hence there have been

tremendous efforts in the direction of its suitable alternatives. The promising candidates

include carbon nanotubes [146, 1] (CNTs), silver nanowires [175, 185, 97, 154] (AgNWs),

conducting periodic [181] or random meshes [142] and hybrids [82]. In such network

architectures, voids act as transparent windows for light harvesting while wire network

acts as a charge collector. These are fabricated by various printing techniques, roll to roll

process [5], spray coating [146], self-assembly of nanoparticles [100] and template-based

techniques, such as crack [142, 55, 143] grain boundary [46], electro-spinning [6] and

bio-inspired strategies [54]. Electrodes obtained from these techniques are extensively

demonstrated in silicon [185, 82], polymer [146], perovskite and dye /quantum dot

sensitized solar cells [107]. There have been efforts in optimising work function and

bettering interface contact between TCE and active material [59]. However, the

conducting networks are arbitrarily used for such purposes with no specific attention

being paid on how these influence the solar cell performance.

The efficiency of a solar cell, η broadly depends on absorption efficiency (fraction

of photons absorbed ηa), dissociation efficiency (fraction of electrons and holes that

are dissociated, ηd), and fraction of dissociated charges that reach the electrodes, ηc.

η = ηa × ηd × ηc (2.41)

Choosing a suitable network structure for TCE is highly essential in enhancing

solar cell efficiency as it decides absorption as well as collection efficiencies. The
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high density of wires increases the shadowing losses (decreasing absorption efficiency)

while the low density of wires increases recombination losses (decreasing collection

efficiency) due to long distance travelled by charge carriers to reach the electrode

network. Thus, an optimised TCE network is desired to serve high absorption and

collection simultaneously. The bulk recombination losses depend on diffusion length of

active material. The probability of charge carrier, Nc to be collected at a distance x

in a medium of diffusion length, γ can be written as:

Nc = e− x
γ (2.42)

Diffusion length is a material property which is a function of diffusion coefficient,

D and time constant, τ which can be given as γ =
√

Dτ . It can be measured using

time of flight, double injection transients, charge extraction by linearly increasing

voltage etc [136]. Thus, different solar cells made from a different type and quality

of active material have different diffusion lengths (their typical values are provided

later). Theoretical treatment in understanding optimised structure of solar cells is

always essential for improvisation of solar cell efficiency [35, 74]. Despite increasing

interest in network-based TCE, it remains elusive how the network structure decides

absorption and collection efficiency and which network structure is suitable for best

solar cell performance. Variable parameters like wire width, wire spacing, polygon

size, hierarchical structure of networks make it difficult in terms of evaluating solar

cell performance.

2.3.3 Scope of the present investigations

The present work proposes an approach for estimation of solar cell efficiency based

on calculating the distance travelled by charge carriers to reach the nearest electrode

followed by calculating their probability to be collected. The result reveals the optimum

network structure for best performance solar cells. The work comapres the solar cell
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performance of continuous film based TCE with network based TCE and also calculate

optimum active layer thickness for maximum absorption and minimum recombination.

2.3.4 Results and Discussion

2-dimensional case

In solar cells, charge carriers are collected by top (TCE) and bottom electrodes based

on their polarity. To begin with, let us consider a simple case of 2-dimensional geometry

with negligible solar cell thickness (realistic 3D case of the solar cell of finite thickness

will be dealt later on). Consider a conducting ring of radius R acting as a charge

collector for charges generated within the ring (see Figure 2.17a). Further, assume

uniform charge carrier flux within the circle (the number of charge carriers within the

circle per unit time), N0. Thus, the number of charge carriers generated in an arbitrary

ring of radius, r and thickness dr, can be written as NG(r) = No
2πrdr
πR2 . Therefore, the

distance travelled by a charge carrier generated at r to reach the nearest point on the

ring is (R − r). Considering recombination losses on the way with diffusion length, γ,

according to Eq. (2.42), the number of charge carriers,Nc (r) collected from the ring of

radius r, is given by

Nc(r) = NG(r)e− (R−r)
γ (2.43)

Thus, total number of charge carriers, N total
c collected from complete circle can be

written as

N total
c (r) = No

∫ R

0

2πr

πR2 e− (R−r)
γ dr (2.44)

N total
c = 2No

γ

R

(
γ

R

(
e− R

γ − 1
)

+ 1
)

(2.45)

Hence, collection efficiency can be written as ηc = 2 γ
R

(
γ
R

(
e− R

γ − 1
)

+ 1
)
, which

is plotted in Figure 1a exhibiting collection efficiency increases with diffusion length.

Furthermore, the increase is sharp in beginning and saturates afterwards. As an



2.3 Aspects related to charge collection by a metal network 59

Fig. 2.17 (a) Collection efficiency of conducting ring (shown in yellow) collecting
charge carriers generated within it. Schematic showing charge carrier generated in an
arbitrary ring of radius r and thickness dr moving towards conducting ring of radius
R. (b) An example of binary image of a metal network obtained from crack template
with inset showing nearest wire distance of two random points, P and M to be PQ
and MN (c) Nearest wire distance map (minimum distance travelled by charge carrier
at the point to reach the wire) (d) charge collection probability map for λ = 10µm
and (e) for 20 µm with inset showing the zoom in image of a polygon with scale bar
of 50 µm (f) Efficiency based on charge collection shown by solid squares and fitting
for equivalent radius. Best fitted radius represents random network behaves equivalent
to a conducting ring of radius R = 30 µm.
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Fig. 2.18 (a) A 9-pixel image demonstrating the concept of nearest wire distance.
Here, black represents metal and white represents void. (b) Nearest wire distance map
calculated by determining distance between the pixel from nearest black pixel (c) The
nearest map data is converted into color map.

example, charge collection efficiency at γ = R is 2
e

= 73.58% and γ = 3R is 90%

respectively.

Now, consider a random conducting network as a charge carrier collector. Figure

2.17b shows an example of typical metal network obtained using crack template. [142,

143]. Here, the charge carriers are generated in the voids (shown in white) and are

being collected by conducting wires (shown in black). The charge carriers generated at

a certain point prefers to move towards the nearest point on the wire network due to

the high potential of the network (potential decreases with distance hence, the nearest

point of wire network attracts the charge carrier with maximum force). For instance,

charge carriers generated at P and M are collected by Q and N respectively (which are

corresponding nearest points on the network) and travel PQ and MN distance before

being collected. The nearest wire distance for all individual pixels of the image are

calculated using self-written Fortran and Python codes (see Figure 2.18 for details)

which is shown in Figure 2.17b. As seen, the nearest wire distance is lower for the

pixels closer to wires (see blue colour near the wires) and it increases going along the

centre of a polygon (see red colour in the centre of polygons). Figure 2.17d-e shows

charge collection probability maps for two different materials with different diffusion

lengths, (γ = 10 µm and 20 µm) based on Eq. (2.42) by substituting x with nearest wire

distance at the pixel. Charge collection probability decreases with increase in nearest

wire distance and increases with diffusion length. In other words, charge carriers
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Fig. 2.19 Comparison of different transparent electrodes in terms of calculated equiv-
alent ring radius (R), void fraction (V) and efficiency (η) at 1µm. The calculation
procedure is based on Figure 2.17. (a) Reproduced with permission from Ref. [46]
Copyright 2014 Nature Publishing Group. (b and g) Reproduced with permission from
Ref. [54]. Copyright 2014 Nature Publishing Group. (c) Reproduced with permission
from Ref. [181]. Copyright 2015 OSA Publishing. (d) Reproduced with permission
from Ref. [6] Copyright 2014 Elsevier.(f) Reproduced with permission from Ref. [100]
Copyright 2014 Royal Society of Chemistry.

generated near the conducting wires have a higher probability of being collected while

charge carriers generated in the centre of polygons (especially for bigger polygons) have

a lower collection probability due to enhanced charge recombination. Furthermore,

since light is not absorbed by the metal network, the collection probability in metal

region is taken as zero. Let us consider F to area fraction of metal and V to area

fraction of voids we have V + F = 1; in this particular image V is 80%. The overall

efficiency is computed by taking the mean of collection probability of all pixels (mean

value of charge collection probability map). The collection probability map for differnt

diffusion lengths are obtained similarly and corresponding efficiencies are shown in

Figure 2.17f by solid squares. As seen, the efficiency increases with diffusion length

and saturates to void fraction of 80%, limited by shadowing losses of F . As the random

network possess variable polygon sizes and shapes thus it is interesting to know what

is its effective mean polygon size. To obtain it, the collection efficiency of the network

is compared with a circular ring of different radii. In Figure 2.17f, solid lines represent

collection efficiency w.r.t diffusion length for rings of radii 10-40 µm based on Eq. (2.45).

The curve (R = 30 µm) best fits with the solid square network points representing

that the network behaves effectively equivalent to a charge collecting ring with inner
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radius (R) (to be called as equivalent radius henceforth) 30 µm. In other words, the

random network of variable polygon size behaves as if it has only equal-sized circular

voids of radius 30 µm throughout the film with the void fraction of 80%.

Comparision of various networks

Fig. 2.20 Comparison of efficiencies of solar cells for different network structures with
respect to diffusion length. The rate of increase depends on the equivalent radius
(R) and the void fraction (V). Labels (a-g) represent various networks mentioned in
Figure 2.19. (a) Grain boundary lithography, (b) spider web layers, (c) electron beam
lithography, (d) electrospinning (e) Ag NW by dip coating (f) coffee ring effect (g) leaf
ventilations.

The proposed approach can be utilised in a similar way for comparison of different

network structures obtained by using other techniques. Figure 2.19 shows selected

networks having varying geometrical features (wire width, wire spacing, polygonal

geometry). To compare these complex structures, the proposed approach is applied

to these cases. The equivalent ring radius (R), void fraction (V ) and efficiency (η)
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is calculated by doing best fitting using the steps, explained in Figure 2.17. These

networks show R ranging from 0.25 µm to 150 µm and V varying from 46% to 80%.

Note: to acquire high-efficiency solar cells, the network should possess low equivalent

radius and a high void fraction. As an example, network of leaf ventilations shown

in (g) despite of having high fill factor of 80% shows low efficiency of just 1% (at γ=

1µm) due to high equivalent radius of 150 µm while network (c) despite of having

low equivalent radius of 220 nm show efficiency of 43% (at γ= 1µm) due to low void

fraction of 46%. Therefore, high void fraction, as well as low equivalent radius, are

necessary for high solar cell efficiency. Diffusion length of solar cells depends on quality

and nature of active material having an order of 10 nm for organic, 1 µm for perovskite

and 100 µm for silicon solar cells. Figure 2.20 compares the efficiency of these networks

at different diffusion lengths. It is clear that efficiency increases with the diffusion

length, however, the rate of increase strongly depends on R and V . To achieve high

efficiency for lower diffusion lengths based solar cells, such as organic solar cells the

equivalent radius should be low, such as networks (a) and (c), while for higher diffusion

length based solar cells such as silicon solar cells, void fraction should be high, such as

networks (d), (e) and (a). The networks having both high void fraction as well as low

equivalent radius are suitable for all diffusion lengths such as (a).

This approach is not only limited to the understanding of experimental microscopic

images but rather computationally drawn networks can also be studied to gain deeper

insight and to obtain optimum geometry. Figure 2.21 shows modelling of AgNW

and CNT-based TCE by drawing randomly conducting wire networks using pygame

(Python). Figure 2.21(a) shows an example of a network with 1225 rods of aspect ratio

≈ 100 in the image of size 1200 x 1200 pixel2 (which is ≈ 1.5 times the critical density

of percolation of conducting rods). Figure 2.21(b) shows corresponding nearest wire

map. It is clear that non-uniformity of nanowires lead to a distribution of nearest

wire distance and collection probability. Charge collection probability is evaluated

for the central part of the image (N = 850 rods in 1000 x 1000 pixel2) to avoid error

arising due to the boundary of the image. Figure 2.21(c-d) shows charge collection
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Fig. 2.21 (a) A randomly conducting wire network with density = 1.5 times critical
percolation density (b) nearest wire distance map (c) charge carriers collection map
for γ = 0.1L and (d) 0.2 L (e) Efficiency variation with ratio of diffusion length and
rod length for rods of different aspect ratio (f) efficiency variation with aspect ratio of
rods for different ratio of diffusion length and wire width.



2.3 Aspects related to charge collection by a metal network 65

Fig. 2.22 Schematic showing light absorption by thickness dz.

map for diffusion length of 0.1L and 0.2L, where L is the rod length illustrating charge

collection probability increases with diffusion length. Figure 2.21(e) shows the effect

of width on overall efficiency using V = 1 − nw
L

, where n is density of rods in an

area of L2. Figure 2.21(f) shows the effect of aspect ratio on the charge collection

efficiency at a given ratio of diffusion length and wire width. Increase in the aspect

ratio increases the absorption efficiency while decreases the collection efficiency (due

to increase in the nearest wire distance). Thus, for maximum collection efficiency, an

optimum value of aspect ratio ( L
w

) should be used. As an example, for γ
w

= 10 the

maximum efficiency is possible with an aspect ratio of 45. Thus, the approach can be

used to obtain the density and dimensions of nanowires for maximum efficiency.

3-dimensional case

Consider a solar cell with active layer thickness, t having uniform dissociation efficiency

nd with transparent conducting network as an illuminating top electrode and continuous

film (like Al film) as a bottom electrode. Say, uniform intesity of light from top is Io

and optical length of active material is µ (reciprocal of absorption coefficient, α i.e.

µ = 1/α ). As explained in Figure 2.22 the intensity of light absorbed, Iabs(z) at a

distance z, from the top surface can be written as:

Iabs(z) = 1
µ

Io e− z
µ dz (2.46)
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Fig. 2.23 Schematic showing the solar cell with TCE as top electrode and continuous
film as bottom electrode. (b) Efficiency comparison for the random network and
complete film (like ITO) based TCE at µ = 50µm (c) Efficiency comparison for
different rod density and diffusion length (γ) at given optical length (µ) = 0.5L for
νa = νb.
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Here, it is assumed that light is equally absorbed in all points of the same z plane

based on Beer−Lambert law and reflected intensity from the bottom electrode is

negligible. Assuming shadowing loss proportional to F with β being a proportionality

of constant (which depends on the wavelength of light and thickness of network film),

the transmittance, T can be written as T = 1 − βF . The number of charge carriers

generated at z can be obtained as

N(z) = Iabs(z)ηdT = 1
µ

Io e− z
µ ηd (1 − β F ) dz (2.47)

Consider a point P (x, y, z) in the active material having s(x, y, z) to be the 3D

nearest wire distance (distance between P and nearest point on wire). Say, r(x, y)

be the projected 2D nearest wire distance at P (x, y ,z =0) as computed in Figure

2.17a. Thus, the 3D nearest wire distance is
√

(r2(x, y) + z2). Consider, γA to be

the diffusion length of charge carrier reaching top electrode with νA to be mobility.

Hence charge carriers collected by top surface in unit time from point P (x, y, z) can

be written as:

NA(x, y, z) = 1
µ

Ioe
− z

µ (1 − β F )e−
√

r2(x,y)+z2
γA ηd νA (2.48)

The distance travelled by charge carriers generated at P (x,y,z) need to travel a distance

of (t − z) to reach bottom electrode (which is continuous film). Hence, the number of

charge carriers collected by bottom electrode from point P (x,y,z) is independent of x

and y and can be written in terms of diffusion length, γB and mobility, νB as:

NB(x, y, z) = 1
µ

Ioe
− z

µ (1 − β F )e− t−z
γB ηd νB (2.49)

Total charge carriers collected by both electrodes from complete active material of

thickness t and size a × b can be written as :

N total
A = 1

µ
Io(1 − β F )

∫ z=t

z=0

∫ y=b

y=0

∫ x=a

x=0
e− z

µ e
−

√
r2(x,y)+z2

γA ηd νA dx dy dz (2.50)
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N total
B = 1

µ
Io(1 − β F )

∫ z=t

z=0

∫ y=b

y=0

∫ x=a

x=0
e− z

µ e
− t−z

γB ηd νB dx dy dz (2.51)

The total current flowing in the circuit is based on the minimum of charge carriers

collected by either electrode, represented as a Min function. Efficiency can be written

in terms of the ratio of total charge carriers generated and total incident photons

(assuming no other losses).

η = 1
I0 a b

Min[N total
A , N total

B ] (2.52)

Based on Eq. (2.52), Figure 2.23b shows efficiency of the network shown in

Figure 2.17b as a function of active layer thickness for different diffusion lengths,

γ(γa = γb) and µ = 50µm. It indicates that with an increase in the film thickness

the efficiency increases in beginning and then decreases for higher values of thickness

which is due to competition between the increase in absorption efficiency and the

decrease in collection efficiency. Thus, for a maximum efficiency, a thickness of active

material, t should be chosen such that function is given in Eq. (2.52) is maximised. If

both the layers are made of continuous film based TCEs such as one side ITO and

another side Al film, in Eq. (2.50) e−
√

r2(x,y)+z2
γa can be replaced by e− z

γa . If both the

electrodes are made of networks as in the case of semitransparent solar cells [65], the

term e
− (t−z)

γb in Eq. (2.51) is replaced by e
− (t−

√
r2(x,y)+z2)

γb reducing the efficiency further.

On comparing the performance of network-based TCE with continuous film of same

transmittance (like ITO), the efficiency of network-based TCE is considerably lower

for lower diffusion length based solar cells (see red and blue curves) while for higher

diffusion length based solar cells the efficiency of continuous and network-based TCE

is almost same (see green plot). Thus, network-based TCE can replace continuous film

based TCE for solar cells having higher diffusion length compared to the equivalent

radius. Figure 2.23c shows solar efficiency with TCE obtained from conducting rods

of different densities. The nearest wire distance is evaluated by removing isolated

rods from the image as they block the light while it does not participate in electrical
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transport [92]. Increase in rod density reduces recombination losses (due to decrease in

nearest wire distance); however, it increases the shadowing loss (due to more metal fill

factor). In particular, in the case of lower diffusion lengths, the effect of recombination

losses is more dominating hence, rod density should be higher while in the case of

higher diffusion lengths, the influence of shadowing loss is more dominating hence rod

density should be lower. Consequently, the value of optimum rod density for best

efficiency reduces with increase in diffusion length. As an example, out of rod densities

625, 850 and 2100 for γ = 0.2 L, the maximum efficiency is observed for 850 rods

while for γ = 0.5 L, the maximum efficiency is observed for 625 rods i.e. optimised

rod density reduces with diffusion length.

The present generic technique is an important tool to predict the efficiency of a

solar cell based on its TCE structure and active layer properties of various kinds of solar

cells. It has direct implications in obtaining optimum thickness and network geometry

for best solar cell performance. For more deeper insights based on the context one

must also increase modelling precision by adding back reflection, resultant interference

effects [156], calculation of resistive losses, dissociation efficiency dependence with

electric field [110] and effect of additional layers, such as electron/hole transmitting

layer and conducting layer etc.. The scattering effect plays an important role in light

absorption distribution. Recently, Marus et al. have studied the haze and transparency

for different nanowire diameters using the finite element method. [120] This data

can be used instead of Beer’s lambert’s law for the advanced solar cell simulation.

Although there are various other influencing parameters, such as sheet resistance,

series resistance, contact resistance and surface recombination etc. also governing the

energy losses in the solar cells. In this work, however, only attention to the role of

TCE is paid in the solar cell performance. A separate study addressing the above

parameters is worthy. It is one of the first attempts in understanding the role of TCE

and formulation to tackle the recombination losses; hence, can be an important step

for further advanced modelling.
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2.3.5 Conclusion

In conclusion, a generalised theoretical approach is shown for obtaining the maximum

efficiency of solar cells based on network analysis of TCEs considering shadowing

and recombination losses. Wire networks obtained using different techniques are

compared in terms of equivalent radius, void fraction, and derived efficiency. This

study shows that sparse wire density leads to more recombination losses, while higher

wire density leads to more shadowing losses. The recombination losses arising from

sparse wire density (when wire network-based electrode is used) is applicable to all

solar cells. However, the length and time scales of charge carriers decide the extent

of recombination losses, which is more dominant if mean free path is less. Thus, an

optimum density of metal fraction and the corresponding active layer thickness are

desired for a better cell performance which is quantified in this article. Interestingly,

a TCE well suited for a given type of solar cell may not be suitable for another

kind. For high diffusion length active layers such as silicon solar cells, the network

should have a high void fraction and thus networks obtained using crack pattern, leaf

ventilations, etc., are more suitable. On the contrary, for low diffusion length, active

materials such as organic solar cells, TCE networks with a lower equivalent radius such

as networks obtained using grain boundary and electron beam lithography methods

are more superior. In such cases, where the diffusion length is higher compared to

the wire spacing such as silicon solar cells, the network-based TCEs show equivalent

performance as compared to ITO films. Thus, the present work can be an important

guide for the practical recommendation for enhancing solar cell performance.
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2.4 Embeded metal mesh as a strain sensor

2.4.1 Summary

Strain sensors find diverse applications in robotics and healthcare. Recently, trans-

parent strain sensors have been realized with metal network structure embedded on

a flexible transparent substrate. The strain value calculation is based on resistance

measurement, which has the particular value at given strain. The resistance increases

gradually for lower strains, while the rate of increase is higher for high strains. Here,

a detailed theoretical model is developed to understand the increase in resistance

with the strain. The model shows that when a given strain is applied, wires below a

critical angle w.r.t. the applied strain direction end up breaking, leading to increased

resistance of the network. With increasing strain, the critical angle increases: in other

words, wire segments extending higher angles also tend to break. The rate at which

resistance increases, gradual in the beginning and faster for higher strains, going well

with experimental findings. Further, the model is extended to the scenarios, where

the strain is applied in the direction perpendicular to the measurement. In this way,

model brings insight into the electrical transport of networks.

2.4.2 Introduction

Strain sensors find an important and necessary place in present-day technology espe-

cially in the area of robotics and health monitoring systems. [182, 179] Strain sensors

are typically obtained using a material, which has different resistance values at different

strain values. However, the conventional strain sensors have limitations in terms of

their low sensitivity, high response time and low gauge factor. Further, the conventional

semiconductor based strain sensors are optically opaque, which becomes a problem

when one is looking for the applications, where their high transmittance is desired. To

circumvent it, modern strain sensors are obtained by embedding nanowires networks

on a transparent flexible substrate. [177, 4] On applying strain to such systems, the

resistance increases in a particular fashion. Thus, knowing the resistance, one can
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know the value of applied strain. However, high junction resistance, unconnected

wires increases their resistance and in turn restrict their performance. Recently, our

lab showed a flexible strain sensor obtained using metal mesh embedded in PDMS

substrate. [141] The strain sensor outscores existing sensors in terms of cost, cyclability,

extraordinary high gauge factor, and high transmittance. There are interesting features

in its characteristics. The sensor showed a linear increase in resistance with applied

strain at lower strain regime, while the resistance rises at a high rate at high strains.

Being half embodied in the PDMS substrate, the broken wire segments reconnect at

the same places leading to a recovery of conductance for several such cycles. It is

interesting to know the detailed mechanism of such sensors, however, the understanding

in the direction is very limited. In the theoretical model used, we have considered the

breakdown of wire segments only under strain which goes well with the experimental

observations. The wire junctions break less frequently. [141]

2.4.3 Scope of the present investigations

Here, a systematic study of theoretical modelling of network-based strain sensors is

performed. The approach is based on consideration of breakdown of wires based on

the projection w.r.t. strain direction. The study quantitatively calculates resistance

and gauge factor variation with the strain. The analysis is applicable to any similar

network-based strain sensor.

2.4.4 Results and discussion

To explain the mechanism of such sensors, we consider a random conducting network

as discussed in section 2.1 and understand the role of application of strain on it.

Consider a network shown in Figure 2.24a. Let λ is the elongated length of strain

sensor along the X-axis as shown in Figure 2.24b. Since all the wires have the different

angles w.r.t direction of strain. Hence, the wires experience unequal strains based on
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Fig. 2.24 (a) Schematic of a metal network. Inset showing the zoom in the image. θ is
the angle of a wire and strain direction. (b) the metal network is elongated to λ × a
and based on the angle, different wires are elongated. (c) elongation map of network.

the angle. The strain experienced (λE) by a wire having angle θ w.r.t direction of

strain can be written as

λE = λcosθ (2.53)

A wire in a network breaks if the experienced strain exceeds the critical strength

or strain for breakdown (λE > λc ), here, critical strain, λc depends on the strength of

the wire. In other words, the wires with angle lesser than critical angle breaks (θ <

θC) which can be defined as

θC = cos−1 λc

λ
(2.54)

Consider an edge of length Li placed in electric field E at an angle θi (see Figure

2.25a). The potential difference across the edge,Vi, therefore depends on the orientation

of edge-maximum if placed in the direction of electric field, and zero, if placed on an

equipotential line
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Fig. 2.25 (a-b) Elongation profile for λ = 1.01λc and 1.10λc. On stretching the network
to λ =λc, the wires which experience this elongation breaks down (shown in white).

Vi = ELicosθi (2.55)

If θC is critical angle such that wire segments below critical angle breaks down.

Thus, average potential of all unbroken wires can be calculated as

Vam =
∫ π

2
θC

ELicosθidθi∫ π
2

θC
dθi

(2.56)

Vam = EL
sinθC
π
2 − θC

(2.57)

The mean current, Iam passing through an individual edge of conductivity σ, can

be written as σAcsVam

Lam
, Here, Acs is the cross-sectional area of an individual wire which

equals wt in case of rectangular wires obtained from a template with rectangular

grooves.

Using the value of Vam from Eq. (2.57), one can write as
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Iam = Ewt

ρ

1 − sinθC

π/2 − θC

(2.58)

Consider N is the edge density and Nb is the density of broken wires and Nub is

the density of unbroken wires. The current passing across an equipotential line, Ieq,

depends on the current carried by a single edge and a total number of edges on the

equipotential line which equals
√

Nub b by symmetry arguments.

Ieq = Ewt

ρ

1 − sinθC

π/2 − θC

√
Nubb (2.59)

Using E = V
a

and applying Ohm’s law, resistance,R can be written as

R = ρ

wt
√

Ns

π
2 − θC

1 − sinθC

a

b
(2.60)

Sheet resistance can be calculated as

R∥ = ρ

wt
√

Nub

π
2 − θC

1 − sinθC

(2.61)

As the wires with regions up-to angle θC are broken

√
Nub =

π
2 − θC

π/2
√

N (2.62)

Using it,

R∥ = π

2
ρ

wt
√

N

1
1 − sinθC

(2.63)

If R0
sn is the resistance in unstreched state.

R∥ = R0
sn

1 − sinθC

(2.64)

Substituting θC = cos−1 λc

λ
from Eq. 2.54, the resistance parallel to direction of

strain can be written as
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R∥ = R0
sn

1 − sin(cos−1 λc

λ
)

(2.65)

While if one is measuring resistance perpendicular to direction of strain, the average

potential difference V ⊥
am aross unbroken wires can be written as

V ⊥
am =

∫ π
2 −θC

0 ELicosθidθi∫ π
2 −θC

0 dθi

(2.66)

It becomes

V ⊥
am = EL

cosθB
π
2 − θC

(2.67)

R⊥ = R0
sn

cosθC

(2.68)

On substituting θC = cos−1 λc

λ
from Eq. 2.54

R⊥ = R0
sn

λ

λc

(2.69)

The ratio of strain along parallel and perpendicular direction from Eq. 2.65 and Eq.

2.69 can be written as
R∥

R⊥ = λ

λc

1
1 − sin(cos−1 λc

λ
)

(2.70)

If the network has strain along both the direction with λ being applied strain in

each direction. For measurement carried out in any direction

V both
am =

∫ π
2 −θC

θC
ELicosθidθi∫ π
2 −θC

θB
dθi

(2.71)

Rboth = R0
sn

cosθC − sinθC

(2.72)

Rboth = R0
sn

λc

λ
− sin(cos−1 λc

λ
)

(2.73)
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Fig. 2.26 (a) Resistance variation when wires having angle less then critical angle
breaks during elongation, (b) variation of resistance with elongation, (c-d) theoretical
resistance and gauge factor variation with strain for Au network.

Starting with the unstretched state having resistance unity, three cases are studied

in (Figure 2.26a-b); (a) resistance is measured along the direction of strain, (b)

resistance is measured perpendicular to the direction of strain and (c) strain is applied

in both directions and resistance is measured along one of the direction. In all the

cases, resistance increases with strain, however, the trends are significantly different.

The increase in resistance to strain is fastest in case (c) and slowest in case (b). It can

be explained by considering the importance of current carried by the broken wires. In

case (b), for lower strains, only wires which are nearly perpendicular to the direction

of measurement are broken. As these wires were nearly on equipotential lines and

carrying negligible current, there is very less effect on resistance after their breakdown.

On the other hand in case (a) wires in the direction of the electric field are broken,
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which were carrying maximum current, thus their breakdown leads to more increase in

overall resistance. In case (c) both kinds of wires are broken, leading to their maximum

increase in resistance.

The critical strain before breakdown is a mechanical property of a material. To

convert into a material property, example of Au network is considered by substituting

mechanical parameters for gold. The critical strain depends on Yield strength (G) and

Young Modulus (Y ) as S = G
Y

. For Au, G = 50 to 200 MPa depending on preparation

condition of Au and Y = 78 GPa, [171]thus S = 0.64 ×10−3 to 2.56 × 10−3. Taking

mean value of 1.6×10−3 for critical strain, the resistance -strain relation is derived and

shown in Figure 2.26c. Gauge factor defined as △R
λ

is also calculated for the system

in Figure 2.26d. It is seen clearly, for resistance measurement along the direction of

strain, the resistance increases slowly for lower strain, while it increases drastically

for higher strain values. Further, the working range of strain sensor in all cases is

different. As for parallel direction (case(a)), resistance shoots up at relatively lower

strains as compared to the perpendicular direction (case (b)), thus, for higher strain

measurement case (b) may be more appropriate. While the increase in resistance

is maximum if one is having a strain in both the directions and gauge factor takes

huge values even for very low strains, thus, the working range for the strain sensor is

minimum in case (c). In this way, one can choose the direction of measurement based

on sensitivity and working strain range.

The generic treatment of breakdown of wires of network based on strain can also

be used on specific metal network images. Figure 2.27a shows an optical microscope

image of metal network obtained from a crack template. For a given strain, wires with

projection angle lower than critical angle break down. Figure 2.27b-c show current

carrying backbone of the networks at given strain value. The backbone is further used

for calculating resistance using the approach developed in section 2.2. It is clearly

seen that on applying strain in the network, the current carrying backbone decreases,

which in turn increases the corresponding resistance (figure 2.27d-e). The resistance

increases gradually for lower strain values while the increases in resistance are very
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Fig. 2.27 (a) An optical microscope image of metal wire network obtained from crack
template and (b-c) are numerically calculated backbone of networks after breakdown
of wires at different strain values. (d-e) Resistance of network varying with critical
angle and strain.

sharp for high strain values. Further, analysis of gauge factor can also be performed

for these numerical images by plugging material properties as discussed in figure 2.26.

Thus, the abstract treatment, as well as the numerical treatment, is successful

to model the nature of network-based strain sensor on applying strain. However,

the limitation of the analytical model is that it considers all non-broken wires to be

effective for current transport, however, there is a significant fraction of a dangling

region as well. On the other side, the image analysis based calculation identifies

current carrying region correctly, however it suffers from limited ensemble size of the
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wires and image artefacts. Thus, there is a scope to improve and modify this model

further. Nevertheless, both the models can provide a qualitative understanding of the

process and successfully explain the resistance characteristics of the network-based

strain sensor.

2.4.5 Conclusion

A geometrical model is presented to understand the increase in resistance of a network

structure with strain. It is found that increase in resistance of such networks can

be explained based on the preferential breakdown of wires as a function of strain.

Further, it is observed the resistance increases slowly for lower strains while it increases

with high rate at higher strain values. The study also showed the rate of increase in

resistance, if the measurement is carried in the perpendicular direction.



Chapter 3

Modulating crack network patterns

for efficient transparent electrodes
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3.1 Designing optimum crack pattern template for

fabricating transparent conducting electrodes:

A spring network simulation in 3 dimensions

3.1.1 Introduction

Crack formation in various materials is a familiar phenomenon and finds an important

place in physics and engineering research. In recent times study of desiccation cracks[43]

has become especially important as technical applications of intentionally designed

cracks are coming up. For example, transparent conducting electrodes (TCE) [87] are

being fabricated using crack templates and lithographical techniques. Crack networks

with specific geometry are required for such applications [92, 91]. The challenge is to

identify appropriate materials and conditions to create the required network.

What would be the most satisfactory approach towards choosing the right materials

and conditions for the perfect crack template, suited for a specific application? Ideally, a

theoretical model incorporating the relevant material properties and ambient conditions

which could predict the final crack pattern should give the answer to this problem.

However, a full theoretical analysis of such a complex system is too involved to be

practicable. In this work, a more feasible route and simulate the sample through a

simple model consisting of a lattice of nodes connected by springs. Such models have

been used by many groups to create realistic crack patterns generated under different

conditions [60, 150, 77]. By establishing a correspondence between parameters used

in the theoretical model and physical properties of the cracking system, we expect to

identify the system and conditions which will produce the ideal crack pattern.

There are some efforts in the literature to model the crack physics using spring

fusion model addressing cracking of composite materials [126], an effect of adhesion,

and competition between cracking and peeling have been done in 2-dimensional

models [148, 31]. Vogel et al. [164] and Khatun et al [77] introduced topological

concepts to analyse crack patterns. Recently some authors have tried to relate material
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properties of the medium with crack formation [3]. However, accurate prediction of

crack morphology on the basis of physical and ambient conditions is yet to be achieved.

In this work, using codes developed by Sadhukhan et al. [147, 148, 150, 149], the

parameters affecting crack patterns are studied for efficient TCE.

3.1.2 Scope of the present investigations

Herein, patterns formed by desiccation are studied by using 3-dimensional spring

network model. The objective is to study crack network morphology with special

relevance to optimizing electrical conductivity and transparency on a transparent

substrate. A pattern with wider and denser cracks gives higher conductivity to the

surface but compromises on the transparency. Thus, there is a trade-off between

conductance and transmittance, so identifying materials and techniques to optimize

high conductivity and good transparency is essential.

3.1.3 Experiment

TiO2 nanoparticles mixed with appropriate proportions of methanol/ethanol form a

suspension through rigorous ultrasonication. This suspension is then drop coated on

various substrates. The suspension when allowed to desiccate in air, form cracks. Metal

Au is then vapour deposited at this stage. The metal can deposit on the substrate

only if it finds a straight vertical channel. The TiO2 is washed in water with mild

sonication leaving behind the metallic mesh on the substrate. This mesh serves as

the template for transparent conducting electrode [87]. In Figure 3.5 (a), the TiO2

used is P25 Degusa and in Figure 3.5 (b) TiO2 is prepared using sol gel method

with the mean diameter of 25 nm and 16 nm respectively. Studies for Figure 3.7 are

carried out by TiO2 obtained from Sigma Aldrich with mean nanoparticle size of 21

nm. TiO2 used in Figure 3.11 is obtained from P25 Degussa. The SEM images for

the measurement of cluster size are provided in the inset of Figure 3.5.
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Fig. 3.1 (a) Schematic of spring fusion model. It is the 2D view of 3D geometry. (b
)Dark grey denotse particles and light grey denote the liquid bridging the two.

3.1.4 The Simulation Procedure

Basic algorithm

The system consists of a regular arrangement of nodes on a cuboidal lattice L × L × H,

of side length L and height H. Here L=200 units while H ranges from 1 to 14 units.

Here, L >> H to replicate the experimental set up where the corresponding dimensions

are 5 × 5 cm2 in size and 20 µm in height. The edge boundaries of the system are

free to move under the action of forces ( Figure 3.1a). The nearest neighbour nodes

are connected by Hookean springs vertically and horizontally except for the lowest

layer which has only the vertical spring attachment. The lowest layer of nodes is

distinct from all the other nodes as they represent the topmost layer of the substrate on

which the film is deposited. The vertical springs attached to the lowest layer of nodes

represent adhesion of the material to the substrate. Other nodes are connected to their

nearest neighbours by vertical and horizontal springs which represent cohesion among

particles of the desiccating material. Each spring has a natural length which is the

length of the force-free condition. The desiccation of the material is realized through

a reduction of the natural length of the springs. Reduced natural length implies

that the springs are no longer in force-free condition but are strained. Each spring

is attributed with a stiffness Y and a breaking threshold S. Both these parameters

characterize the substance undergoing desiccation. Y is related to elastic properties

of the substance. The breaking threshold (S) signifies the maximum permissible
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accumulated strain beyond which a stretched spring breaks. Initially, the springs have

unit natural length. In this model, we only allow breaking of the springs representing

cohesion in the material. The lowest layer of nodes may be permitted to slip until

a less strained configuration is reached [149]. For the present study, the slip is not

allowed. Dessication is implemented by reduction of the natural length of the springs

with time according to the rule

dn+1 = dn(1 − b/rn) (3.1)

Here dn and dn+1 are the natural lengths of a springs at timesteps n and n + 1

respectively, while b and r are constants. The form in equation (3.1) is integrated to

the final form given in equation (3.2), which is used in the present work.

dn = exp(br−n/ln (r)) (3.2)

We have normalised dn by d0, the natural length at at n=0. With increasing n, dn

decreases. At a high n, the difference in natural lengths for two consecutive timesteps,

viz dn and dn+1 become negligible and the system is said to have saturated to dmin.

We have chosen b and r such that dmin is 70% of the initial d0.

Each time the desiccation rule is employed, stress builds up in the system. It

is assumed that a node experiences force only due to its nearest neighbours. Each

strained node is allowed to move under the action of the force. The displacement

between the nth timestep to (n+1)th is implemented using a simple form of the Verlet’s

algorithm according to the relation rn+1 = rn + fδt2. Here f is the force acting on

the concerned node and δt is the time during which the node moves. δt is judiciously

assigned a value of 0.005 units. A very small δt increases cumulative error for a finite

time-step, while a large value is in conflict with the assumption that force acting in

the system remains constant for the time span. After the system relaxes, the strains in

all the springs except the layer attached to the substrate are determined. The spring

with the largest strain is broken if it exceeds the breaking threshold. The processes
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of (a) desiccation, (b) displacement of the nodes under the resultant force, followed

by (c) breaking of the springs on satisfying the requisite condition is iterated until

the system saturates as mentioned above [148, 31]. The system is then checked for

straight vertical crack connectivity spanning from the topmost layer to the lowest layer.

This is done to mimic the experimental procedure in which metal is vapour deposited

vertically downward on the film system. Metal can only deposit on the substrate if a

vertical straight crack spanning from top to bottom layer is present.

If one or more such vertical cracks are obtained then the simulated sample film is

checked for horizontal crack connectivity spanning across the substrate plane. This is

done to simulate the experimental situation after the material is washed away, leaving

behind a metallic crack network on the substrate. The properties of the metallic crack

network are studied in order to optimise conductivity and transparency.

3.1.5 Conductivity calculation

The conductivity is determined using the Laplace’s equation. In order to solve for

conductivity, the crack network on the substrate is discretized by spreading on it a

virtual mesh of square cells. The portion of the mesh covered by the cracks corresponds

to the vacant cells while the rest correspond to solid cells. We consider that each pair

of adjacent vacant cells is connected by a unit resistor and unit potential the difference

is applied to the sample under study. The potential distribution in the vacant cells is

determined by solving the Laplace’s equation as shown below [147].

∇2V (x, y, z) = 0 (3.3)

Vi−1,j − 2Vi,j + Vi+1,j

(∆x)2 + Vi,j−1 − 2Vi,j + Vi,j+1

(∆y)2 = 0 (3.4)

∆x is the spatial discretization unit. This unit is equal to the side length of a grid

cell. In our case ∆x = ∆y. Rewriting the above equation
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V n+1
i,j = 1

p
[V n

i−1,j + V n
i+1,j + V n

i,j−1 + V n
i,j+1] (3.5)

Here p is the sum of the nearest neighbouring vacant cells. The Gauss-Seidel

iterative method is employed to solve equation (3.5). At n = 0, V n = 0 in all the cells.

A steady state is attained when the potential distribution does not vary with time.

The tolerance limit for achieving steady state is set to 10−7. At steady state the sum

of the potential differences of the vacant cells at the inlet or the outlet is numerically

equal to the conductance as the potential difference across the sample is unity. Since

the size of the sample along the horizontal directions is fixed (LxL), the conductance

and conductivity scales linearly by a fixed factor. Typically 3 configurations are taken

for each measurement.

Estimation of transparency

The solid peds, i.e. the regions of the colloidal layer which are intact after crack

formation, will be transparent after vapour deposition and wash removing away

the colloid layer. So, the greater the area fraction of these regions, higher is the

transparency of the TCE. In the figures of crack patterns, these regions are shown as

black. The goal, therefore, is to maximise the transparent region, while simultaneously

maximising the conductivity.

Correspondence between model parameters and physical properties

The parameters used in the model can be listed as -(i) spring network parameters -

spring constant Y , spring breaking threshold S (ii) desiccation parameters - b and r

(iii) system size parameters L and H. The real system being extremely complex, it is

not possible to give a one to one correspondence between the parameters of sets (i)

and (ii) with physically measurable properties of the materials and ambient conditions

in the experiment. Let us review the situation in some detail.
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The desiccating material is a visco-elastic colloidal suspension or gel. We cannot

define Young’s modulus for it, which can be directly linked to the parameter Y . In the

colloidal suspension, one may think of an attractive interaction between two particles

(say spherical) through a liquid bridge (Figure 3.1b), formed by the solvent [43].

According to Goehring et al.[43] the colloidal particles are bound by van der Waals

interaction, whose strength depends on the dielectric properties of both particle and

solvent. In this case, the Hamaker constant of the fluid-solid combination would be the

measurable physical property associated with the spring parameter. The attraction or

adhesion between the colloid and the substrate can be similarly represented, using van

der Waals interaction between the substrate and the colloid. The breaking threshold of

the springs in the model depends on the breaking stress of the material. For example,

in polymers, this stress is extremely high, whereas in a brittle clay suspension it is low.

The effect of adding increasing fractions of polymer to a Laponite water gel was clearly

demonstrated in experiments and simulation [126]. Cracks reduced drastically as a

polymer with high breaking stress was added and for a 50-50 clay-polymer composite,

no sample spanning crack formed.

During desiccation, when a little solvent evaporates, the particles are drawn closer

together, as we envisage in our model by shrinking of the spring. The parameters b

and r control this process. The empirical law is framed such that desiccation reduces

with time and finally, the spring natural length saturates to dmin on complete drying.

Experimentally the rate of drying is therefore related to b and r. To make matters

more complicated, drying rate depends on temperature and relative humidity as well

as properties of the solvent and its interaction with the suspended solid particle. So at

best, we can make qualitative comments, such as increasing b and decreasing r produce

more rapid shrinking, which may correspond to low humidity, high temperature and/or

high vapor pressure of the solvent.
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Fig. 3.2 Simulated crack patterns of different film thicknesses

3.1.6 Simulation Results

In this section, we study the role of the different input parameters and simulation

model parameters controlling crack geometry, varying each individually. The effect of

variation of real input parameters, such as film thickness can be compared directly

with experiments, but other model parameters may be correlated with each other and

the comparison between simulation and experiment is not so transparent.

Effect of Film Thickness

Figures 3.2a show the top view of a typical simulated sample of various heights after

complete drying, i.e. saturation of the spring natural length. The increase in crack

spacing and crack width with height is clearly discernible [150], and closely follows the

experimental works. Figure3.2b shows that both crack spacing and crack width scales

linearly with thickness. The ’crack fill factor’ representing the fraction of the area

under observation covered by cracks, by and large decreases in sample height (Figure
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Fig. 3.3 Simulated images at different Y

3.2c). It agrees with experimental findings ( see Figure 1.4) which also show crack

spacing and width increases with the film thickness. [142]

Effect of varying spring stiffness Y

Figure 3.3 shows the top view of a sample in which Y has been varied. These images

clearly show that the crack spacings and width increase with Y (Figure 3.3b), while

the fill factor decreases with Y (Figure 3.3c).

Effect of distribution in Y on conductivity

In the simulation model the stiffness of the Hookean springs, Y , characterizes the

sample under study. A single value for Y for all springs implies that the sample is

made up of an ideally pure constituent. The pure constituent has particles of identical

composition and size and a perfectly uniform solvent. Addition of particles of the

same size but different composition, or vice-versa, induces an inhomogeneity in the
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Fig. 3.4 Crack patterns with distribution in constant Y value.

form of a range of Y . We have introduced a deviation δY and studied the effect on

the conductivity of the cracked and dried sample after saturation.

Figure 3.4a shows that with deviation δY , randomness in crack formation increases,

which in turn decreases connectivity and conductivity as shown in Figure 3.4c. It is

observed that there is an initial sharp fall in the conductivity even with the slightest

deviation from Y but subsequently the conductivity remains more or less constant for

larger deviations. The fractal dimension of the sample with δY =0 is 1.66 while that for

δY =0.3 is 1.71 indicating that the fractal nature increases with the deviation, implying

a rougher crack path. It also goes with experimental findings showing that cracks on

nanofilms made of uniform size particles were observed to be straight and connected

while that of non-uniform size showed randomness [87] with lower connectivity and

increased fractal nature (Figure 3.5). A similar trend is observed by adding Al2O3

in TiO2 (Figure 3.7) and was also previously observed on adding clay in laponite.

[126] Despite the drastic change in conductivity, neither the crack spacing nor the
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Fig. 3.5 Crack geometry on the film obtained from TiO2 nano-particles of (a) uniform
size of 25 nm diameter and (b) non uniform size with mean diameter of 16nm.

fill factor exhibit any remarkable change with δY (Figure 3.4b). Thus, deviation in

Young modulus has a huge impact on connectivity and conductivity of network.

Variation of breaking threshold

Figure (3.8) shows no marked differences for simulation experiments done for S = 0.025

and S = 1.0, here crack spacing is measured from boundary to boundary (internal

distance). The crack width is almost unaltered while the change in crack fill factor is

only by 10% within this range (Figure 3.9).

Variation of drying rule through b and r

As discussed in Eq. 3.1, parameters b and r jointly control the drying rate with higher

b and lower r lead to more rapid drying. Figure 3.10 shows that on increasing b, cracks

become more well connected, which is good for high conductivity, but at the same

time cracks become very wide, i.e. fill factor increases, this improves conductivity but
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Fig. 3.6 Change in crack geometry of clay on addition of polymer. Reproduced with
permission from ref [126]. Copyright 2010 IOP Publications.

Fig. 3.7 Deviation in crack geometry of TiO2 collodial film on addition of Al2O3

Fig. 3.8 Variation in breaking threshold S of the springs.
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Fig. 3.9 Crack properties versus breaking threshold S

Fig. 3.10 Variation of crack parameters with variable b and r used in the drying rule.
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Fig. 3.11 Effect of drying temperature on crack patterns of TiO2 film.

reduces transparency. The decrease of r has a similar effect. Clearly, the influence

of drying rate is very strong on the crack pattern, so it has to tuned judiciously

during applications to optimise conductivity and transparency. Figure 3.11 shows

experimental observation of the increase in crack width with the drying temperature

(drying rate).

3.1.7 Discussion

Thus using spring fusion model, the effect of various parameters that control crack

geometry is investigated. When used as a template for fabricating TCE, the parameters

should be such that good conductivity, as well as high transparency, is obtained. Since

the model parameters can be related to physical properties of the materials and ambient

conditions during drying, the simulation gives us an idea of the type of materials and

the conditions to implement for best results. The most striking result is the necessity

for homogeneity in the material. Addition of even a small amount of impurity to

the uniform composition of a desiccating material cause marked a change in crack
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geometry. Hence for any non zero δY deviation, the randomness in crack pattern

comes into play and conductivity falls drastically. Figure 3.4 shows a very sharp fall

in conductivity, on introducing slightest polydispersity.

It is shown crack width and spacing increase with the thickness of a film agreeing

with experiments. [142]

Variation in strain limit S does not show any marked differences (Figures 3.8 and

3.9). Crack width and fill factor change only by a negligible amount. One may infer if

the limit is not infinitely large, as, in the case of polymers, which are very difficult to

break, there will be no significant change in crack morphology with S.

Besides materials, the drying conditions are to be chosen carefully as well. It is

observed that higher the drying rate (controlled by b and r) wider are the cracks

formed from the suspension (Figure 3.10). Two materials having approximately the

same Y can behave very differently if one desiccates faster than the other. In the

same time interval, a faster desiccation rate leads to a greater stress built up within

the system. As a result, a spring is stretched more before it reaches its yielding point.

hence, faster desiccation leads to broader cracks.

3.1.8 Conclusion

In conclusion, spring fusion model is able to understand the variation in TCE per-

formance on crack template formation conditions. For any optimum TCE, the film

thickness should be low to have high edge density required for efficient TCE perfor-

mance. Young modulus should have minimum distribution and drying rate should be

lower.
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3.2 Modulation via wet-drying cycles of crack tem-

plate

3.2.1 Introduction

Crack formation is a ubiquitous phenomenon manifested in different scales in drying

mud, paint, soil, rocks and various other materials. [43] Cracks are generated due to

desiccation stress; in this process, evaporation of solvent leads to capillary force drove

rearrangement of particles, [160] while the film-substrate friction (adhesion) resists

this movement. This generates stress in the film, which is released in the form of

cracks. [157, 108] The normalized effect of friction reduces with film thickness, thus

the crack spacing increases linearly with the film thickness. [157, 101] However, for a

very thin film having a thickness below critical film thickness (CFT), the film does

not crack at all or just forms a few nucleating cracks due to inadequate stress as

compared to defects in the film. [101] In most of the cases, these cracks are unwelcome,

as they degrade material performance; hence, stress modulation techniques such as

using binders, depositing films step by step below CFT, [138] gelation driven film

formation [72] etc. are used for preventing films from cracking. Cracks form very

interesting hierarchical structures [15] based on their stress field and there has been

considerable interest in the research community to modulate these crack patterns by

playing with the stress field. The stress field for cracks have been modulated using the

electric field for radial cracks, [76] vibrational memory or directional drying for parallel

cracks, [89] substrate texturing for wavy cracks, [128] polymer addition for hexagonal

cracks [73] etc. The stress field of the film is also controlled by wettability, [40] drying

temperature, [87, 73] light induced solvent gradient, [161] solvent, [131] interaction

between colloids [117] and nature of substrate etc. [157] leading to different geometrical

features in different conditions. Goehring et al. have studied the reorganization of

already formed cracks pattern by repeated wetting and drying of the film. They

observed the interesting conversion of crack intersection angles from 90º to 120º and
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transition of the crack network from a rectangular brick-layer pattern towards a

hexagonal network [42] by this treatment. However, despite the conversion of angles,

we find that some new cracks are also formed in the film, which was not given attention.

Inspired by this observation, we study here, micro-nano crack patterns formed under

repeated drying cycles with the specific purpose of producing improved transparent

conducting electrode (TCE) templates.

Recently random crack patterns have been utilized as a template for obtaining

metal network based transparent conducting electrodes. [81, 90, 22] Here, the metallic

network is electrically conducting, while voids between the wires are electrically

insulating and transmit light. These metallic networks find diverse applications as an

essential component of solar cells, [91] touchscreens, [56] transparent heaters, [87, 142]

electro-magnetic shielding [58] etc. as a convenient substitute for the commonly used

TCE, indium tin oxide, which has various limitations, being brittle, costly and unstable

at higher temperature. [90] However, the challenge remains in these networks to reduce

the size of insulating voids, which is important for better charge collection and uniform

performance of the device. [92, 91] To achieve it, the crack spacing in the crack

template should be lower; however critical film thickness restricts minimum possible

crack spacing as discussed earlier. Thus, it is necessary to reduce crack spacing and

crack width by modulating the stress field by other means. The techniques for reducing

drying temperature have been attempted to obtain high crack density; however, it

increases drying time from seconds to several hours making it impractical. [87]

3.2.2 Scope of the present investigations

In this work, the stress field of the cracks, using repeated drying cycles is modulated,

leading to higher crack density and more hierarchical pattern. The study shows that

networks obtained from repeated drying cycle have lower insulated void size, an order

of magnitude lower sheet resistance, higher interconnectivity of wires and better charge

collection efficiency.
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3.2.3 Results and Discussion

Fig. 3.12 (a) Schematic showing the steps to obtain crack network with repeated
wet-drying cycles. Crack network obtained after (b) first desiccation and (c-d) 5 and
20 repeated wet-drying cycles. The insets show the complete film of size 2.5x 2.5 cm2

showing there is not a much visual difference in the film (e-f) Comparison of features
before drying cycles and after 20 drying cycles. (g-h) variation of crack width and
crack fill factor with wet-drying cycles. Inset of (g) shows cracks are U-shaped before
drying cycles and are more V-shaped after drying cycles. Scale bar = 2 µm.

Crack templates are formed using an acrylic resin based colloidal dispersion on

a transparent substrate (glass in this case) by spin coating drops of the dispersion

for 60 s as shown in Figure 3.12a; the optimisation details may be found in earlier

publications. [142] Here, the film thickness can be controlled using angular speed

(rpm) and concentration of crackle precursor (CP). Figure 3.12b shows one such crack

network of film of size 2.5 cm × 2.5 cm of film thickness 1.7 µm having a crack width ≈

700 nm obtained by coating 60 µl solution of 0.4 g/mL concentration at 1000 rpm. It

may be noted that the cracks are not entirely connected with each other in the network.
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The obtained crack template was rewetted with 20 µl of isopropyl alcohol solution and

re-dried in ambient condition for 60 s. The process of wet-drying cycles was repeated

20 times. Figures 3.12c-d show the crack network after 5 and 20 cycles, respectively.

As shown, the drying cycles lead to increase in length and width of existing cracks

and formation of new cracks. To gain a deeper insight, crack patterns before and after

drying cycles are compared at different locations. Interestingly, there is an enormous

variation in the connectivity of the pattern. In Figure 3.12e-f, isolated nucleating

points of cracks (see label 11) propagate enough to become part of the main backbone

and most of the dangling cracks propagate further to form connected closed networks

(8-10). Furthermore, the process also creates new nucleating (see label 6 and 12) and

propagating cracks (11) during the process. The process creates an even higher order

of hierarchical cracks (Figure 3.13). The process is found to increase the crack width

by a factor of 3, while the increase in crack length is observed (Figure 3.12f) to be up

to ≈ 150%. The phenomena may be due to excess stress formation due to wetting of

the film; the wetting leads to rearrangement of particles of the top, while substrate

friction prevents the movement of lower-most particles leading to stress and further

cracking of the film. [157] More the wet-drying cycles, more is the rearrangement of

colloidal particles, which in turn leads to more stress, and cracking of the film. The

method is quite stable, we made more than 10 samples of different film thicknesses

and found every time the crack density and connectivity was rising significantly with

drying cycles.

The enormous increase in crack density can be utilized for improvement of derived

TCE. To compare the TCE performance, metal (Cu) was deposited by physical vapour

deposition on an as-prepared template and that obtained after 20 drying cycles (detailed

steps are explained in Figure 3.16) and the sheet resistance and transmittance were

measured. Three such examples are illustrated in Figure 3.14.

Table 3.1 shows the comparison of TCE obtained from crack templates before and

after drying cycles. It is clear that the mean sheet resistance decreases from 410 Ω/sq

to 29 Ω/sq with a little compromise in transmittance, from 91.5% to 85.7%. FoM
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Fig. 3.13 Newly formed cracks are acting as a backbone and initiated new cracks
formation as indicated by arrows inside (a-f) to show the progress in crack formation.

Table 3.1 Sheet Resistance (Rs), Transmittance (T ) and Figure of merits of TCE
defined by Coleman et al. (FC)and Haacke (FH).
.

Sample 1 Sample2 Sample3 Mean
Before After Before After Before After Before After

Rs 523 31 485 32 223 23 410 29
T (%) 91.6 88.3 92.2 85.3 90.8 83.5 91.5 85.7

Fc 8.0 94.7 9.4 71.2 17.1 86.9 11.5 84.2
FH 8.0 × 10−4 9.2 × 10−3 9.1 × 10−4 6.3 × 10−3 1.7 × 10−3 7.1 × 10−4 1.1 × 10−3 7.5 × 10−3

FC increases from 11.5 to 84.2 and FH increases from 1.1 × 10−3 to 7.5 × 10−3. Thus,

the study shows that the modified geometry by drying cycles can increase the TCE

performance by an order. Note that as discussed in section 2.1 the resistance and

FoM depend on the geometry of the pattern as well as thickness and resistivity of

metal. Since a typical crack template itself can provide Fc ≈ 1350 on increasing metal

film thickness to ≈ 300nm. Thus, with this modified geometry of crack pattern, FoMs

can increase drastically.

The process of crack pattern modification into a good template with re-wetting

drying is also observed on a flexible plastic substrate such as polyethylene terephthalate

(PET) (see Figure 3.15), which can be utilized to make flexible devices. The drying-

wetting cycles discussed in this work can be utilized to obtain more efficient flexible

devices such as transparent flexible heaters, transparent capacitors, and solar cells etc.
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Fig. 3.14 (a-c) Comparison of sheet resistance and transmittance of the metal network
obtained from the templates before and after drying cycles and shows real images
of derived TCE on institution logo showing high transmittance in both the cases.
Microscopic images of a crack network (d) before and (g) after 20 drying cycles, (e and
h) represents corresponding binary skeletonized images and (f and i) are corresponding
current carrying backbone wires. Note that dangling and isolated wires are ineffective
for current transport. The circle represents an area, which is not having any backbone
wire initially (f) has considerable backbone wires after drying cycles (i).
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Fig. 3.15 Crack patterns on PET substrate before and after 10 drying cycles.

Fig. 3.16 Steps for transparent electrode fabrication for top and cross-section view.
Briefly, a crackle precursor is spin-coated resulting in the crack template formation.
Metal is evaporated on the crack template using physical vapor deposition technique
and the template was then removed by dissolving in the solvent (chloroform).

To gain deeper insight into the electrical transport of these networks, the current

effective backbone (β) of these wires are quantified using our algorithm discussed in

Figure 2.4. [92] Here, the microscopic images of metal network as shown in Figure

3.14(d) and 3.14(g), before and after drying cycles are converted to skeletonized

images Figures 3.14 (e) and (h) and the corresponding effective region for current

transport (backbone) is classified. It is clearly seen, the backbone before drying cycles

is 63% while after 20 drying cycles, it increases to 82% with 150% increase in total

backbone length. Importantly, before imposing repeated drying cycles on the template,

the backbone is highly non-uniform with a high density of the wires present in very

few regions. As an example, there is no backbone wire within the red circle before

repeated wetting-drying cycles (Figure 3.14e), the wire density increases and becomes

even after 20 drying cycles as shown in Figure 3.14f. Thus, the current distribution is

hugely improved with drying cycles. The increase in wire density is very important
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for a TCE network as it leads to a reduction in sheet resistance and uniformity in

performance, which can be helpful in obtaining high-resolution touch screens, highly

efficient solar cells, the low response time of transparent heaters etc.

Fig. 3.17 Comparison of theoretical solar cell efficiency of TCE obtained from the crack
template (a) before drying cycles (b) after 10 drying cycles showing the equivalent
radius is reduced to half. Here, R is the equivalent radius and V is area fraction
occupied by voids. (c) Comparison of current collection for n-doped Si for networks
using networks without and with drying cycles. The inset shows photographs of n-Si
coated with Au network before (black) and after (red) drying cycles. The increase in
wire density in Si sample with wetting dying cycles is apparent from the golden tinge
on the substrate.

The increase in wire density is important for efficient solar cell current extraction.

When a solar cell is illuminated, charge carriers are generated within the active material

and based on polarity, one type of charge is collected by the metal mesh. Higher

wire spacing in the TCE leads to more recombinations thereby lowering the efficiency.

Figure 3.17a shows the theoretical solar cell efficiency (2 D case) of TCE obtained

for these networks using approach developed in section 2.3 . [91] From the analysis,

it is obtained that the equivalent radius of network before drying cycle is ≈ 8 µm

while after drying cycles it is ≈ 4 µm resulting in increase in efficiency from 7.1%

to 12.8% for diffusion length of 1 µm. As is previously studied, Au wire network

grown on Si by electroless process shows very high photocurrent compared to bare

Si. [49] To study the influence of increasing the wire density by repeated wetting-drying

cycles, Au wire network was grown for Si samples (see Figure 3.18) with and without
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Fig. 3.18 (a-b) Au network on Si before drying cycles and (c-d) after drying cycles.

Table 3.2 Comparison of the crack spacing of different networks from the literature of
similar transmittance. The resistance values are not mentioned as it depends on film
thickness, which is different in different studies

.

S.No. Material Average crack spacing (µm ) Remarks
1 Crackle paint template [86] 400 T = 77%
2 TiO2 NPs 318K [87] 165 ...
3 TiO2 gel [56] 100 T = 86%
4 TiO2 NPs 238K [87] 125 ...
5 TiO2 NPs 238K [87] 125 ...
6 Acrylic resin [142] 85 T = 87%
7 Egg template [134] 50 T = 88%
8 Before cycles ( this work) 30 T = 92% , Rs = 523Ω/sq
9 After cycles ( this work) 15 T = 88% , Rs = 21Ω/sq
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wetting-drying cycles on crackle template. Owing to the considerable reduction in

recombination losses of photogenerated charge carriers due to increasing wire density,

≈ 2 mA/cm2 enhancement in photocurrent density was observed for the voltage range

0 – 1V compared to the sample without wetting-drying cycles (see Figure 3.17b). To

check the reproducibility, we have measured the photoconductivity measurement of two

more samples. All three samples showed significant enhancement in photoconductivity.

Thus, wetting-drying cycles when applied for wire network used as an electrode can

efficiently increase the performance of charge collection in a device. The study shows

that crack patterns manifested during multiple drying cycles can be significantly

different from what results from a single drying cycle, an insight which should an

important addition to the known crack physics. Thus, if one is looking for minimum

cracks in a film such as a wall paint then repeated wetting and drying should be avoided

as far as possible. The study may also be useful to infer the number of times a system

such as soil has undergone drying cycles. The technique has a special significance in

the area of crack lithography for applications like transparent conducting electrodes

where a high density of cracks is desirable. The above technique can prepare templates

of uniform, dense and highly connected cracks which are found to be exceptional in

the literature (see Table 3.2 for comparison).

3.2.4 Conclusion

In conclusion, the work discusses the modulation of stress in crack networks following

repeated drying cycles and found that crack density, connectivity, and their uniformity

increase exceptionally well; when used as templates, TCEs with enhanced performance

arising from the low sheet resistance and efficient charge collection resulted.
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3.3 Modulation by using mixture of solvents

3.3.1 Introduction

Crack template based metal networks are promising candidates for transparent con-

ducting electrodes. Here, the voids between wires are transparent for light while the

metallic mesh is conducting. However, high crack spacing, broad crack width, and

limited connectivity limit the performance of derived TCE. For an ideal transparent

conducting electrode, it is desirable to use a mesh with narrow wire spacing, low wire

width, and high interconnectivity, which offers high transmittance, low sheet resistance,

and efficient charge collection. However, obtaining narrow, dense and highly connected

large-scale crack patterns for the purpose is always a challenge. The colloidal film

thickness is reduced generally for achieving low crack width and spacing, however,

below a certain film thickness, known as the critical film thickness of cracking, a

drying film does not crack at all. [142] The drying temperature is another important

parameter to decrease crack scaling, however, it increases the drying time from seconds

to several hours, making the process impractical. [87] As discussed in section 3.2

stress modulating techniques such as re-wetting and drying of colloidal films have also

been investigated for the purpose, however, that brings additional steps and increases

the crack width up to four times, reducing the transmittance further. [93] Thus, an

alternative simple process is desirable to reduce the crack width, reduce crack spacing

and increase connectivity. The simple process can involve changing crack precursor,

crack substrate or solvent. However, there is a very little control on a substrate as it

has to be flexible and transparent, thus PET is a natural choice. The solvent variation

could be the simplest way to reduce crack width further as solvent properties determine

the evaporation properties, which influences the cracking. Theoretical studies have

shown a strong influence of solvent effect on crack scales which is experimentally

confirmed as well. As an example, Ogale group found that mud cracks are formed

finer with methanol solvent as compared to water solvent and in benzene, the crack

does not form at all. [131] However, the studies were limited in considering only the
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Fig. 3.19 Crack patterns formed with pure IPA and water.

effect of surface tension in the solvent studies and were applied to systems like mud

which gives cracks of centimetres scale, not useful for lithography purpose.

3.3.2 Scope of the present investigations

Here, instead of using a single solvent mixture of solvents are used for the colloidal

dispersion. The cracks by using IPA: water with ≈ 85:15 showed well connected and

narrow cracks. The reason for this unusual nature is explored.

3.3.3 Results and Discussions

To choose a suitable solvent for achieving minimum crack spacing and crack width,

the crack precursor was made from the equal amount of acrylic resin nanoparticle

with various solvents such as chloroform, petrol, dimethylformamide, isopropyl alcohol

(IPA), ethyl acetate, acetone etc. Thus obtained crack precursors were spin coated on

a glass substrate, leading to the formation of different kind of crack patterns. It is

found that out of them, isopropyl alcohol and water formed a good dispersion and

better tendency to form cracks (Figure 3.19). However, the cracks formed by these

solvents are unconnected and have high width and spacing. As the mixture of solvents

can have different properties, here properties of a mixture of solvents is studied for the

crack behaviour.
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Fig. 3.20 (a) Preparation of colloidal solution of acrylic resin with solvents consisting
of water and IPA of variable compositions. (b) Crack networks formed after ambient
drying of 5 ml colloidal solutions in the petri dish.

Figure 3.20a shows the process of preparation of a colloidal solution of acrylic resin

in a solution consisting of water and IPA of variable composition. Firstly, a solution

of water and IPA of the variable composition is made by mixing water and IPA of

desired ratios which is mixed with a given mass (in this case 3.5 gm) of acrylic resin

and sonicated well to form well dispersed acrylic resin colloidal solution of variable

IPA composition. Next, we compare the cracks patterns formed on dried colloidal

films in a petri dish after complete drying of solvents typically taking 3-10 hours based

on the solution. Interestingly, the crack patterns were found to be entirely different for

different solvents (Figure 3.20b). With pure water, the cracks are found to be radial

from the boundary of petri dish towards the center and appear to be parallel locally,

the pattern was observed similarly for 50% IPA. However, most interestingly, increasing

IPA concentration to 85%, the cracks become random, hierarchical and uniform and

film showed good adhesion. While, films with even higher IPA composition show lower

hierarchical nature of cracks, non-uniformity and very low adhesion of film with the

substrate. Nature was seen to be reproducible. Thus, the colloidal films with 85% IPA

composition show exceptional cracking behaviour.
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Fig. 3.21 Comparision of evaporation rate and boiling points of different compositions.

To gain a deep insight, the evaporation rate of these colloidal solutions is studied by

allowing it to dry in a petri dish and weighing it during the drying process. Although

the complete drying takes 3-10 hrs, the mass loss per minute is calculated from initial

20 minutes measurements to assume non-variation of concentration during the process.

As shown in Figure 3.21, as expected, the evaporation rate of the colloidal solution

increases with increase in IPA composition due to the higher vapor pressure of IPA as

compared to water. However, strikingly, for 85% IPA composition, the mass loss was

exceptionally higher, suggesting the unusual behaviour of this particular composition.

To confirm its unusual evaporation behaviour, the boiling point of a solution is also

determined for various compositions (Figure 3.21 blue curve), which reflects that 85%

IPA has a minimum boiling point. We are not the first one to observe this unusual

property of 85% IPA composition, it was observed way back in 1921 by Lebo, [102]and

is closer to its azeotropic mixture value. The unusual higher evaporation rate and

lower boiling point suggest that 85% IPA has unusual evaporation and interaction

property.
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Fig. 3.22 (a) Optical images of films formed by drop coating 20 µl solutions of different
compositions. The box size is 2 cm x 2 cm. (b) Varaition of size of drop for different
compositions

Fig. 3.23 Effect of substrate adhesion on cracking.

As the cracking nature strongly depends on the wettability of film, the wetting

nature of these colloidal solutions is studied by drop coating 20 µl of the solution

on a glass substrate. Figure 3.22a shows the images of dried drops formed from

different colloidal solutions. As seen, different solutions give different drop sizes and

height profiles. Colloidal drops formed from pure water and IPA did not show any

spreading after drop-coating and eventually formed small drop size of less than 5mm.

While, interestingly, the colloidal drop made from mixtures of these solvents showed

significant spreading in bigger drop size and low height and for 80% - 85% IPA the

drop size > 20mm of uniform thickness. Thus the particular composition ≈ 85% IPA

has the highest wettability.



112 Modulating crack network patterns for efficient transparent electrodes

Fig. 3.24 Crack patterns obtaiend by spin coating for different compositions.

The entirely different wetting and cracking nature of 85% IPA could be due to its

inherent cohesion property. Note that, the wetting property is related to the adhesion

of the colloidal solution with the substrate and cohesion of the solution with itself. If

cohesion of solution with itself is less as compared to adhesion of solution with the

substrate, the solution wets better. As 85% IPA has lower cohesion based on our

evaporation experiments, thus it may lead to its better wetting.Further, for efficient

cracking adhesion should be more as cracks are formed due to the adhesion with

the substrate as explained in Figure 3.23. In detail, the cracks are formed due to

desiccation stress, which arises because the particles present on the top surface of the

film rearrange to form close-packed arrangement due to capillary force, while particles

near the substrate can not rearrange themselves due to adhesion, leading to stress

in the film, which is released in form of cracking. Thus, higher the adhesion, higher

the stress and more the crack density. As 85% IPA composition has high adhesion

to substrate due to its low cohesion forces, it leads to more crack density. Figure

3.24 shows the crack pattern obtained with spin coating technique to obtain low fil

thickness. Interestingly, the cracks formed with composition window around 85 %

IPA has high connectivity, while a colloidal film with pure water or IPA solvent gives

unconnected and less dense cracks. Thus, adhesion can be tuned to the mixture of

solvents to obtain well-connected cracks.

Further, low adhesion also leads to slipping of the film and in turn broadening

of the cracks during the drying process (Figure 3.25). Higher the adhesion, lower is
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Fig. 3.25 Effect of substrate adhesion on cracking.

the slipping and in turn cracks formed are narrower. As the 85% IPA composition

has better adhesion, thus it can lead to narrow crack formation. It is also observed

experimentally and one can obtain mean crack of just 400 nm. Interestingly, it is

minimum crack width reported for desiccating cracks. Previously, optimised crack

patterns on the similar substrate and acrylic resin offered crack width of 2-6 µm [142]

as compared to 400 nm in the present case. Thus, 85% IPA has least cohesion, which

leads to high adhesion with the substrate important for high crack density and low

crack width.

In this way, a particular mixture of solvents can be employed to increase the

adhesion of the film with the substrate required for the better crack pattern. Note

that cracks with low crack width and high density can provide wire network of high

edge density and wire width required for efficient TCE.

3.3.4 Conclusion

Desiccation cracks are studied with the mixture of solvents. It was found that mixture

of IPA: Water (85:15) solvent offers exceptionally narrow cracks of width 400 nm

with high density and interconnectivity. The reason for the unusual behaviour of the

composition is understood in terms of high evaporation rate and wetting behaviour.
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3.4 Designing of parallel cracks using a simple

gravity flow method

3.4.1 Introduction

Desiccating crack patterns are seen in various natural and artificial materials such as

mud, rock, soil, paint etc. due to shrinkage of material during the drying process. [43]

Cracks generally considered to be undesirable and detrimental to material performance

have recently gained enormous attention as a form of lithography templates, [127]

especially in the area of transparent conducting electrodes. [142, 55] For this purpose,

micro-nano cracks are formed by drying a thin film of colloidal suspension on a

transparent substrate, which is used as a sacrificial template to deposit metal for

obtaining conducting metal mesh mimicking the random crack pattern. These metal

meshes are used as a transparent conducting electrodes (TCEs) for the applications

of transparent heaters, [51] solar cells, [91], EMI shielding, [58] touch screens [55] etc.

However, the random network structure of these networks has many shortcomings

in the performance of an electrode due to unequal wire width, wire spacing, and

limited connectivity. The random wire width and network structure lead to non-

uniform current flow, nonuniform charge collection and importantly, limits the smallest

possible pixel size of a network. [92, 91] To obtain uniform and predictable electrical

performance for reducing pixel size, a random structure should be replaced with a well

periodic structure. The present lithography techniques (e.g., electron beam lithography,

photolithography etc.) to fabricate a periodic structure are expensive, instrument

intensive and in many cases, non-scalable. [71] The Inkjet printing resolution is typically

above 100 µm and preparation of the ink involves multi-steps and therefore, not cost

effective. Using a simple technique such as crack template method to fabricate periodic

structures, can be a versatile solution for fabricating periodic patterns over large areas.

There have been several attempts to fabricate such periodic patterns by controlling the

evaporation process or the drying direction of a colloidal suspension. In one instance,
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a colloidal suspension held between a set of parallel plates is exposed by computer-

controlled movement of the top plate thereby causing directional drying. [57, 111] In few

studies, colloidal suspension is dried in capillary confinement in which parallel cracks

move from open to the closed end. [67, 30, 2, 178, 38, 29] Several other techniques

for parallel crack formation have been applied such as confining colloidal suspension

between curved and flat surfaces or between crossed cylinders, [114] else drop coating

and dragging colloidal suspension, [157] substrate texturing, [41] and substrate shaking

at controlled frequency based on Nakahara effect. [88] While these studies have been

successful in giving theoretical insights into crack formation mechanisms, the methods

suffer from sophisticated requirements of precise control of forces, although natural

desiccation induced cracking is in itself spontaneous. In other words, the advantages

associated with such a spontaneous process are lost while bringing in a mechanical

control. What is desirable is to develop a method which jells well with the natural

process of crack formation yet produces parallel cracks with fine control.

3.4.2 Scope of the present investigations

Here a simple gravity flow based method is reported, wherein, the colloidal dispersion

dropped over an inclined substrate is made to develop thickness gradient required

for parallel crack formation. By varying the inclination angle, the crack width and

spacing could be well controlled in the range, 1-6 µm and 10-40 µm, respectively. The

influence of the drying temperature on the lateral interconnects forming ladder-shaped

cracks has also been investigated.

3.4.3 Results and Discussions

Herein, parallel cracks by gravity flow are achieved by induced thickness gradient

in the film. Figure 3.26a shows the experimental design of the process in which

a glass substrate (7.5 × 2.5cm2) is kept on an inclined plane at an angle 300 at

an elevated temperature. The crack precursor (CP), modified from a commercially
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Fig. 3.26 (a) Photograph demonstrating film formation process using gravity flow.
Here, θ represents the inclination angle. The inset shows a typical film formed on a
glass substrate by the process. Optical microscopy images of the film showing cracks
at (b) the drop coating region and (c) central region. (d) and (e) are images of parallel
crack covering most of the area of the film at low and high magnification respectively
(f) Schematic illustrating crack formation at different regions of the substrate. (g)
Variation of film thickness with respect to θ (h) Variation of crack width and periodicity
with the film thickness.

available product (Ming Ni Cosmetics Co., Guangzhou, China) as described in previous

work, [142] consists of acrylic resin nanoparticles of size 40-80 nm of concentration

1g/ml in water. Approximately, 100 µl of crackle precursor (CP) was poured at the

top end of the substrate which under gravity spread to form a thin film strip as shown

in the inset of Figure 3.26a.

The drying process started from the edges inwards towards the center and as drying

progressed beyond 15-20 seconds parallel cracks began to emerge perpendicular to the

drying front (long edge of the substrate). On the basis of crack geometry, three distinct

regions may be identified: (1) drop coating region with random cracks (Figure 3.26b),

(2) central region with broad backbone with scattered cracks (Figure 3.26c), and (3)

the remaining region with parallel cracks of equal periodicity (Figure 3.26d and e).

All these regions are schematically shown in Figure 3.26f with > 90% region of the
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whole film occupied by the parallel cracks. As pointed in the schematic, some short

vertical interconnects are also formed in the film, giving the appearance of brick-like

structures, which is temperature dependent as explained later. It may be observed

from the Figure 3.26e that the cracks are nearly parallel to each other and highly

periodic with periodicity 30 µm and crack width 4 µm for the obtained film thickness

of 12 µm. The film thickness is found to decrease with increasing inclination (Figure

3.26g) as the dragging force due to gravity increases with increasing θ. The crack

width and periodicity are observed to increase linearly with the film thickness (Figure

3.26h), a behaviour which is well generalized for desiccating cracks as due to decreasing

stress with film thickness. [157] In the present case, the inclination angle controls the

film thickness which can be used to obtain desired crack periodicity and width.

To understand the dynamics of the process, the video of the film during drying

process was captured under the optical microscope. The gravity-induced spreading of

the CP solution leads to uniform film thickness from top to bottom; however, there is

increasing thickness gradient from the edge to the center as shown in Figure 3.27a

and b. As the lower thickness region starts drying earlier, the dried region first gets

formed at the boundary and propagates towards the center with velocity P⃗ . Since

the film formation and its evaporation start from the top, there is another drying

front in top-to-bottom direction moving with velocity Q⃗. The contributions of these

two vectors lead to a resultant drying front with velocity R⃗, hence the drying front

is not completely perpendicular to the flow direction but exhibits a slight downward

inclination (see Figure 3.27d).

The direction of the drying front dictates the direction of parallel cracks, which

should be in the same direction for maximum stress release. [132, 2] The time progress

of parallel crack formation is illustrated in schematic Figure 3.27c. By visual inspection,

three regions can be identified: (1) cracked region (CR), (2) drying front (DF) and (3)

wet region (WR); with the progress of time, the wet region dries up and its drying

front followed by parallel cracks moves toward the center. Two similar drying fronts

start moving from the opposite edges towards the center and meet approximately
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Fig. 3.27 (a) Schematic showing the thickness gradient of the film and vectors of drying
front velocities which control the resultant crack direction. Here P⃗and Q⃗ are the
velocities of the drying front, from boundary to the center and from top to bottom,
respectively and R⃗, the resultant velocity = P⃗ + Q⃗. (b) Stylus thickness measurements
of the film shown in the background depict that there is a thickness gradient from
the edge to the center. (c) Schematic representing the time progress of parallel crack
formation. Cracks move parallelly while being perpendicular to the drying front to
converge at the center. (d) Optical microscopy images of the crack formation process
recorded since the drying process began. (Scale bar 200 µm)

at the center of the film leading to the formation of cracks intersection named as

backbone formed by scattered cracks as shown in Figure 3.27d. Crack patterns showed

self - improvement to become more periodic with propagation by rearrangement of

cracks path. As shown in Figure 3.28, the periodicity of the crack pattern is not

much affected by the defects in the film, as cracks slow down on the defects and move

with faster speed after it to match the speed of neighbouring cracks. The parallel

crack formation is sensitive to the drying temperature as one may expect (see Figure

3.29). To achieve the desired temperature, the glass substrate was kept at the required

temperature on a hot plate. The hot plate was further inclined to achieve desired
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Fig. 3.28 (a)-(d) Optical images showing the effect of defects on crack propagation.
The black circle represents a defect. The periodicity of the crack pattern is not much
affected by the defects in the film, as cracks slow down on the defects and move with
faster speed after it to match the speed of neighbouring cracks. Note: a shift in the
microscope field of view in (d). (Scale bar 200 µm)

Fig. 3.29 Optical images of parallel cracks at different drying temperatures. (a) Drying
at room temperature. The short perpendicular interconnects lead to brick-wall like
appearance. Drying at (b) 65 °C and (c) 100 °C. (d) Variation of the number of
perpendiculars interconnects with respect to drying temperature. (Scale bar 100 µm)
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Fig. 3.30 Experimental setup of preparing cracks at higher temperatures. The hot
plate was inclined at certain angle and temperature of hot plate was maintained at
desired temperature.

gravity flow required for the experiment. The temperature was confirmed to be uniform

and constant during the experiment by IR camera imagining shown in Figure 3.30. It

is found that after drying the film at room temperature, many short perpendicular

interconnects get formed giving the appearance of a brick wall for the dried film. As

drying progresses, the parallel crack formation is seen much ahead of the perpendicular

interconnect formation as though the latter appears to release the residual stress left

behind the primary crack formation. At room temperature, this is quite possible as

drying is rather slow (see Figure 3.29a). With the solvent evaporation being faster

at higher drying temperatures, the perpendicular interconnects are seen less and less

as expected, to an extent that at 80 °C, we hardly came across any perpendicular

interconnect throughout the film (see Figure 3.29b and c). Accordingly, the number

of perpendiculars interconnects vary exponentially with the temperature as shown in

Figure 3.29d, which has much to do with the release of residual stress following the

parallel crack formation. The perpendicular interconnect formation may be due to the

release of stress created from the residual water evaporation after the primary crack

formation. [57] Thus, the number of perpendiculars interconnects may be directly

proportional to the residual water concentration in the film. As the residual water

concentration exponentially decreases with the increasing temperature, the number

of perpendiculars interconnects also decreases exponentially with the temperature.

Thus, the study reflects that the drying temperature can be utilized as a mean to
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Fig. 3.31 Optical image of cracks with no downward inclination at the center (backbone)
as CP flow was confined on a narrow strip of PET (scale bar 200 µm).

obtain cracks with perpendicular interconnects or completely parallel, based on the

application.

One may consider many special cases for the better understating of the parallel

crack formation. As the parallel crack formation requires finite separation between

the drying fronts, a substrate with narrow width would impose confinement on the

drying fronts thereby influencing the crack trajectory. This aspect was experimentally

examined by the confined CP flow to form a narrow film on a PET substrate of

width 0.1 cm and length 6 cm. In a film with negligible width, the contribution of Q⃗

Figure 3.27a) is negligible as compared to P⃗ which leads to cracks with no downward

inclination as shown in Figure 3.31. To validate the influence of thickness gradient in

the formation of parallel cracks, we deliberately inhibited the outward spreading of CP

solution by sticking scotch tape to define the boundary as shown in Figure 3.32. This

leads to the absence of film thickness gradient at the scotch tape side resulting in the

formation of random cracks rather than parallel cracks, implying that the thickness

gradient due to natural spreading is important for parallel crack formation.

A suitable CP solvent is also essential in deciding the film thickness gradient. To

verify it, we tried water-IPA mixtures as a solvent instead of only water. Since such

mixtures tend to have higher evaporation rates and good wettability, a thickness

gradient was not observed in the obtained film. As expected, random cracks rather
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Fig. 3.32 (a) Schematic showing the film with a random crack at the scotch tape
boundary side and parallel cracks at the open boundary side. (b) and (c) is the optical
images of crack at the open boundary and scotch tape boundary side respectively. The
absence of film thickness gradient at the scotch tape side results in the formation of
random cracks rather than parallel cracks. (scale bar 200 µm). Arrow represents the
direction of gravity flow.

Fig. 3.33 Optical image of cracks formed by using water-IPA mixtures as a solvent
instead of only water. Since such mixtures tend to have higher evaporation rates
and good wettability, a thickness gradient was not observed in the obtained film. As
expected, random cracks rather than parallel cracks were observed to be formed (scale
bar 100 µm)
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Fig. 3.34 Optical images of radial cracks at the (a) edge and (b) center respectively
(scale bar 200 µm). (c) schematic of radial cracks propagating towards center

than parallel cracks were observed to be formed, bringing out the importance of solvent

gradient (see Figure 3.33). The thickness gradient can be controlled in many other

ways to obtain desired crack patterns. As an example, a drop of CP solution was

coated on a glass substrate to create a circular film having thickness gradient in the

radial direction. The thickness gradient leads to a drying front moving from periphery

of the circle to the center resulting in radially inward cracks as shown in the Figure

3.34.

The gravity flow exploited in this work has played an important role in obtaining

uniform colloidal film (< 20 µm) with crack widths down to ≈ 4 µm which is not

easily realizable by simply drop coating as it invariably leads to non-uniform high film

thicknesses (>100 µm) producing wider cracks (>100 µm). Any external aid such

as spin coating is incapable of controlling the shape of the drying front leading to a

random crack formation. The novelty of the present work is that it not only makes use

of a natural resource (gravity) aiding another natural process namely drying but also

brings in a fine control on the crack formation. The projected technique in this work

for fabricating parallel crack pattern can be utilized in creating masks for lithography
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purposes in the field of optoelectronics, photonics, microfluidics, sensors etc. as many

such applications require periodic patterns. Future work should address the large-scale

patterning of parallel cracks and its utilization for the applications mentioned above.

3.4.4 Conclusion

In summary, a simple, instrument-free and scalable technique has been employed to

produce parallel crack pattern using film thickness gradient formed under gravity flow

of a colloidal dispersion. The detailed mechanism of parallel crack formation has been

explored. The experimental parameters have been optimized to control periodicity,

crack width and perpendicular interconnects. Thus, obtained parallel cracks can act

as a sacrificial template for obtaining a parallel metal grating structure which has

potential applications in optoelectronic devices.



Chapter 4

Thermal transport properties of

metal networks
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4.1 Microscopic evaluation of electrical and ther-

mal conduction in metal wire networks

4.1.1 Introduction

Transparent and flexible conducting films are essential for modern devices such as

touch screens, solar cells, organic light emitting diodes, and transparent heaters. [109]

In particular, transparent heaters [167, 17] play an important role in defogging and

defrosting of display panels, windows of automobiles, and lenses of optical instruments.

Further, the combination of optical transparency and controlled application of heat

are essential for devices requiring uniform operating temperatures such as transparent

heated stages, transparent sensors, and LCD displays. Transparent heaters use Joule

heating to control temperature; thus, the films should have high optical transmittance

and low sheet resistance simultaneously. Several types of transparent heaters have

been recently developed including periodic metal meshes, [37, 95, 86, 153] CNTs, [69]

graphene [7] metal nanowires, [18]transparent and hybrid networks [95, 70, 79, 80]

deposited on transparent and flexible substrates. In such systems, the open space

between the conductive network is transparent, while the network itself, which facili-

tates the Joule heating, may be opaque. For those heaters fabricated from deposited

nanowires (NWs), high junction (or contact) resistances, as well as non-uniform density

or distribution of the NWs, results in non-uniform temperatures (i.e., hot spots) that

are detrimental to performance. Template-based metallic wire networks have been

developed using techniques such as electro-spinning, leaf venation architectures, and

nano-trough or crackle templates. [54, 174, 173] The excellent electrical and thermal

conductivities of these continuous metal wire networks with negligible junction effects,

complete connectivity, and tuneable metal thickness make them particularly suitable

for transparent heater applications. Thus, it is unlike a conventional nanowire-based

network, and ultimately demonstrates lower sheet resistance and high transmittance.

Furthermore, the fabrication methods for these networks are highly scalable using
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industrial techniques such as roll coating, [85] rod coating and spray coating and

result in highly robust, flexible, transparent heaters that are stable under harsh ox-

idation conditions. An efficient wire network should achieve a uniform operating

temperature with a fast response time, low operating voltage, and sufficiently high

operating temperature for the desired application. Such networks find great to use as

heaters in small-sized micro-electromechanical systems (MEMS), lab on chip (LoC),

heatable textiles, [27] smart sensors, and bio-medical devices. [176] Microheaters are

also utilized in microfluidic channels for chemical reactions as well as localized heating

applications. [116, 25] Usually, the device size is of the order of few hundred microns

for heating in multiple temperature zones. For example, DNA amplification in micro

scale polymerase chain reaction (PCR) devices can be performed on a single chip with

different temperatures by Joule heating of such networks. [75] The thermal response of

transparent heater networks has predominantly been studied by non-contact methods

such as infrared (IR) thermography. [184, 66] The spatial and temporal resolutions

of such cameras limit the measurement to local average temperatures. However,

many projected applications of transparent heaters such as temperature-dependent

spectroscopy and studies of reactions on heater stages require knowledge of the local

temperature profile with precise spatial and temporal resolution. [167] For accurate

local temperatures, the wire width must be larger than the spatial resolution of the

imaging system. The performance of transparent heaters is usually measured using IR

camera which enables local variations of temperatures at a nominal resolution of ≈ 1

mm, much longer than the wire width.In this context, an infrared thermal microscopy

is a powerful tool for studying local temperatures with high spatial resolution. Using

a typical liquid nitrogen cooled Mid-Wavelength IR (MWIR) microscope, a spatial

resolution of 1.6 µm is achievable at the diffraction limit. [62] Such a tool has been

deployed in a variety of applications including measuring the thermal conductivity of

vertically aligned CNTs, [119] Joule and heating effects on solder joints. [20].
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4.1.2 Scope of the present investigations

Here, the first measurements of local, transient temperature profiles in a flexible,

transparent conducting heater is demonstrated. This work focuses on the thermal

response of metallic wire networks formed by a crack template method with wire

widths ranging from 2 to 100 µm. First, the thermal, electrical, and optical properties

are analyzed theoretically in terms of measurable and controllable geometrical and

material priorities to provide insight into the design of the transparent heater network.

Then, the spatially and temporally resolved temperature distributions in the metal

and the substrate are measured experimentally using an infrared microscope. Finally,

a theoretical model of the thermal response is developed, which agrees well with

experimental results. The IR microscopy is also explored to understand breakdown of

the network.

4.1.3 Results and Discussion

Characteristics of metal network heaters

The transparent heater is characterized by its maximum allowable temperature, dis-

sipation losses, a response time for temperature saturation, and power density. The

steady state temperature of a heater is achieved when its collective dissipation losses

(convection and radiation to surrounding) equals its input Joule heating energy. The

steady state rise in the temperature based on power balance can be written as described

by Coleman et al. [158] as

△T = V 2

Rheffab
= V 2

Rsnheffa2 (4.1)

Here, V is the applied voltage, R and Rsn are the resistance and sheet resistance

of network of size a × b (with a in the direction of the field and b along perpendicular

direction of the field as shown in Figure 4.1d), and heff is the effective heat transfer

coefficient considering convection and radiation losses to the surroundings that can be
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written approximately for low temperature rise as[158]:

heff = (ht + hb) + 4(ϵt + ϵb)T 3
0 (4.2)

Here, ht and hb represent the convection heat transfer coefficients and ϵt and ϵb

are the emissivities of the top and bottom surfaces of substrate, respectively. Here,

ht = (1 − f)hsub + fhmetal , hb = hsub , ϵt = (1 − f)ϵsub + fϵmetal, and ϵb = ϵsub. Note

that hsub and hmetal are the convection heat transfer coefficients and ϵsub and ϵmetal

are the emissivity of the substrate and the metal, respectively. The net heat transfer

coefficient can also be written in terms of a two-dimensional metal fill factor, f, as [158]

:

heff = 2hsub + 4ϵsubT
3
0 − f(hsub − hmetal) − 4fT 3

0 (ϵsub − ϵmetal). (4.3)

The sheet resistance of this type of network is obtained by us using geometrical

approach as shown in section 2.1 as following:

Rsn = π

2
ρ

wt
√

NE

(4.4)

Here ρ is the resistivity of the metal, w is the wire width, t is film thickness, and

NE is the edge density of the network (i.e., the number of wire segments per unit

area). Note that sheet resistance of a continuous film is Rs = ρ
t
. Thus, in other words,

the effective thickness of a network (teff) is reduced from t to teff = 2
π
wt

√
NE for a

network with Rsn = ρ
teff

. The sheet resistance as derived by us in section 2.1 can also

be evaluated as a function of metal fill factor(f) and other geometric parameters as:

Rsn = π

2
ρ

t

1
βf

√√√√ Pcell
2

2Acell

1
√

ns

(4.5)

where β is the fraction of wires in the current carrying backbone (removing isolated

and dangling edges), Pcell is the mean perimeter of the cell, Acell is the mean area

of each polygonal cell, and ns is an average number of sides of the polygonal cells.
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Combining Eq. (4.1) and Eq. (4.4), the estimated average temperature rise of the

heater (considering both the wired network and the substrate), △T is

△T = V 2

heffa2
2
π

wt
√

NE

ρ
(4.6)

It can also be written in terms of fill factor as

△T = V 2

heffa2
2
π

t

ρ

√
2Acell

Pcell
2 β

√
nsf (4.7)

These relationships illustrate that the maximum temperature rise is obtained at

high voltages, wide wire widths, thick metal film, and for an edge density with a

minimum material resistivity at the constant voltage. Importantly, these equations

enable estimation of sheet resistance, temperature and thermal properties of a sample

using only its template image before metallization, electrical measurement, and IR

imaging assuming that the processing is performed free of defects. However, in

addition to the thermal performance, a transparent heater also requires high optical

transmittance,TR, which is achieved by minimizing the fill factor,f , described by Bergin

et al. [12] as

TR = 1 − ηf (4.8)

where η is a parameter that depends mostly on metal film thickness and the wave-

length of light. Thus, a trade-off exists between optical transmittance and thermal

characteristics. An increase in the metal fill factor raises the maximum achievable

temperature range but decreases the transmittance concomitantly. The fill factor needs

to be optimized in order to achieve an ideal balance for a given application. A heater

network must possess low wire widths and wire spacings, high interconnectivity, and

large film thicknesses. For meeting such requirements, crack templates with small crack

widths, narrow spacing, and high interconnectivity is used in this study. However, the

network geometry can be tuned by optimizing conditions for crack formation.
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Fig. 4.1 (a) Schematic demonstrating the steps involved in the fabrication of metal
networks using crack templating method. Briefly, a crackle precursor is spin-coated
resulting in the crack template formation. Au metal is evaporated on the crack template
and the latter is then removed by dissolving in a solvent.(b) Optical microscope image of
the network at 20X (inset shows 5X image) and the corresponding (c) three-dimensional
optical profilometric image of the Au network showing metal wire widths in the range of
2-10 µm and wire spacings of 50-100 µm for the film thickness of 80 nm. (d) Schematic
showing the set up for Joule heating of the wire-network of dimensions a × b. The
inset shows a magnified image of the crack network illustrating that Pcell and Acell are
the mean cell perimeter and mean cell area, respectively. NE is the mean wire segment
density (wire segments per unit area),

√
NE is the number of wire segments intersected

by equipotential line (shown as the dashed black line) and corresponding (e)Variation
in the measured resistance with respect to the inverse of effective thickness (1/teff).
Each network possesses different geometrical features and, thus, the slope of this curve
is the resistivity. (f) Steady state temperature of different networks as a function teff .
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Table 4.1 Approximate geometrical parameters of various Au networks prepared over
an area of 2 × 2mm2. Network (A-D) are made of quartz and networks (E-F) are
made on glass.

.

Sample No. w t
√

NE

√
NEwt Rs(Exp.)

µm nm per mm m Ω/sq
A 9.62 90 20.6 5.95 × 10−9 37.8
B 8.25 90 25 18.5 × 10−9 6.94
C 9.62 35 26.25 8.84 × 10−9 16.4
D 11 30 17.5 5.77 × 10−9 31.8
E 9.62 90 18.75 13.9 × 10−9 12.01
F 8.25 20 21.8 4.2 × 10−9 56.9

Structural and electrical characterization of the micro-heater

The Ag wire network is fabricated on various substrates with the crackle lithography

technique shown in Figure 4.1(a). The crackle precursor film forms a network of

well-connected channels upon drying. The process of formation can be tuned to

produce a desired crack network geometry. The metal mesh based random network is

prepared by crack template method. [140] Briefly, a commercially-available crack nail

polish (Ming Ni Cosmetics, Co., Guangzhou, China) is mixed with diluter, sonicated

for 30 minutes, and spin coated on to polyethylene terephthalate (PET) and glass

substrates at 500-2000 rpm for 30-120 s. Upon drying, the coated layer forms a

network of well-connected cracks. The metals (Ag and Au) are deposited by physical

vapor deposition (PVD) by physical masking and the crack template is removed by

dissolving in chloroform leaving behind Au and Ag network on PET/glass substrate.

The patterned substrates were examined using an Optical Microscope (Laben, India)

and Optical Profilometer. An optimized Ag metal network (shown in Figure 4.1(b))

with wire of widths 2-10 µm and wire spacings of 50 -100 µm on glass was chosen

for characterizing the transient heating response. The wires have a metal 2D fill

factor,f , of approximately 15% and nearly complete connectivity (Figure 4.1(c)). The

network produces a sheet resistance Rsn = 1.5Ω/sq , which is lower than networks

obtained from CNTs ( 130-190 Ω/sq) [78]and Ag NWs (≈ 33 Ω/sq ). [98] The model

discussed above is verified with experimental data collected from six different thin film
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network-based heaters (labelled as A-F) of varying wire width, spacing, and thickness

(see Table 4.1). The geometric parameters of the six different network heaters and

their experimentally obtained sheet resistances and temperature values at an applied

voltage of 1.5 V are also given in Table 4.1. The measured resistance of these samples

increases approximately linearly with the inverse of the effective thickness (1/teff ), as

shown in Figure 4.1(e), with an extracted resistivity value of 17 × 10−8Ω − m. This

estimated resistivity is close to the bulk resistivity of Au (2.2 × 10−8Ω − m), [121] thus

supporting equation ( 4.4). The higher resistivity may be due to the non-crystallinity of

the physically deposited Au metal. [140] As shown in Figure 4.1(f), the corresponding

temperatures of the network heaters increase approximately linearly with teff in

agreement with Equation 4.6. Thus, these results illustrate that the approximate

model developed above can be used to estimate sheet resistance and the temperature

profile for a given network with known geometric parameters that contribute to the

effective thickness, teff .

The heaters are further examined in detail using IR microscopy (Figure 4.2a,b)

at different magnifications. Prior to thermal measurements, a calibration procedure

accounts for the spatial variation of emissivity in the sample. Before applying the bias

voltage, the radiance emitted from the heater surface at room temperature is measured

and compared to that of a blackbody at the same temperature in order to obtain

an emissivity map (Figure 4.2c). The metal wires have a lower infrared emissivity

compared to the glass/PET substrate, as expected. With 4X magnification (≈ 5µm

resolution), the wire network is clearly distinguishable, with the substrate having a

higher emissivity than the wire. The average emissivity of the Au wire observed by

the microscope is 0.42, which is lower than that of the bare PET substrate (0.65).

Within the Au wire network, the emissivity is observed to vary, as a secondary wire

network of thinner wires seems to have a higher emissivity than the primary network

of thicker wires, probably due to the resolution limits (1.6µm). Further, the measured

emissivity of Au is higher than the expected value (> 0.1), likely due to contributions

from the substrate or residual crackle precursor on Au during lift-off. After emissivity
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Fig. 4.2 (a) Experimental set-up for infrared thermal imaging consisting of the Au
metal wire network (1.5 mm × 1mm area) connected to a power supply and placed
under the IR microscope for imaging. (b) Optical image of a typical Au metal wire
network on glass used for thermal analysis. (c) Typical emissivity map as obtained by
the calibration step. (d) Thermal map of the Au wire network at an applied voltage of
1.5 V at 1 × resolution.

calibration, thermal images were obtained during Joule heating. The 4X magnification

thermal image in Figure 4.2d shows the temperature distribution with a maximum

temperature of 60 ± 0.5 °C at the middle of the network and a minimum temperature

(25± 0.5 °C) at the contacts under an applied voltage of 1.5 V. Note that from these

large-area images, the temperatures in the middle region of the heater and some thicker

wires are higher than those at the periphery. Clearly, the microscopic details of heat

transport can be observed by thermal imaging only at a higher resolution.

The wire-substrate thermal profile is probed by measuring the emissivity and

temperature distributions via imaging at 20X magnification (Figure 4.3a). The
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Fig. 4.3 (a) Infrared radiance image, (b) emissivity map, and the corresponding infrared
thermal maps of Au/PET at (c) 0.7, (d) 0.9, (e) 1.0 and (f) 1.2 V, respectively. Note
that at 20X magnification with the 1.6 µm resolution, the temperature distribution
in the metal network is well resolved. (g) The average rise in the temperature of
Au/PET heater with time from the data shown in c-f. The bias voltage is applied
from ≈ 5 s to 33 s, after which the voltage is turned off and the films cool. A clear
saturation in temperature was not seen, which means that the device did not reach
steady state within the first ≈ 30 s. (h) Temperature profiles from another Au/PET
sample with a resistance of 7 Ω at applied voltages of 2, 4, 6 and 8 V fitted using
the approximate lumped capacitance model (dashed lines) with the label indicating
the fitted convection coefficient (hc) and fitted theoretical sheet resistance values (Rs).
This sample reaches steady state within ≈ 30 s of heating.
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emissivity map in Figure 4.3b displays regions of high and low emissivities corresponding

to PET and Ag respectively. At higher magnification of 20X, metals display lower

emissivity (≈0.1) than that observed at 4X as evident from the blue color of the

emissivity map (Figure 4.3b). The applied voltage is ramped up gradually through

the Au wire network until the current increased linearly without significant change

in resistance. Thermal maps are acquired at 0.5 s intervals until the steady state

temperature is obtained at the final applied voltage. Figure 4.3c-f shows a steady

state temperature map of the Au wire network/PET at different applied voltages.

Note that the wire temperatures are slightly higher than of the substrate, even at

steady state. Given that the time gap between the two frames is 0.5 s and that the

temperature equilibrates at a much faster rate, the transient information related to

local heat diffusion could not be obtained. Steady state is achieved at the time when

conductive, convective, and radiative heat losses from the sample are balanced by

the Joule heating (Figure 4.3g). The dynamics of temperature change in the heater

(average of wire and substrate temperature) are studied with a lumped capacitance

model [13]:

(mmetalCmetal + msubCsub)
dTh

dt
= Qjoule − Ahconv(Th − Tamb) − ϵsubAsub(Th

4

− Tamb
4) − ϵmetalAnw(Th

4 − Tamb
4)

(4.9)

where mmetal and Cmetal are the mass and specific heat of the metal (Ag) forming the

wire network, msub and Csub are the mass and specific heat of the substrate (PET),

Th and Tamb are the heater and ambient temperatures, Qjoule is the Joule heating

given by V 2

R
, and hconv the convective heat transfer coefficient. The emissivities are

extracted from the infrared calibration procedure as ϵsub = 0.7 and ϵmetal = 0.07. Thus,

the radiative heat losses from the metal wires are smaller than those from the PET

substrate. Note that the sensor measures the emissivity in the mid-wavelength infrared

regime, and here we assume this emissivity applies across all wavelengths.
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Here, Qjoule and hconv are fitting parameters used to match the simulated tem-

perature profiles to the experimental curve shown in Figure 4.3h. The temperature

according to the lumped capacitance model depends on thermal mass and heat losses

(radiation and convection losses. The substrate radiative losses dominate compared to

the radiative heat losses from the Au wire network. The Joule heating rate, Qjoule, is

extracted from fitting the experimental data resulting in an effective sheet resistance

of ≈ 10 Ω/sq (see Figure 4.3h). This value is slightly higher than the measured

sheet resistance of 7 Ω/sq, but the lumped capacitance model is approximate as it

neglects thermal contact resistance, considers temperature throughout the elements to

be uniform, and does not consider thermal losses to the contacts.

Fig. 4.4 (a) Temperature distribution across a wire on PET substrate at different power
densities. Here, the yellow shaded area represents the region with the wire, while the
unshaded region represents the bare PET substrate. (b) Variations of the temperature
of wire and the PET substrate with power density with error bars corresponding to
measurements from 10 different wires.
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An example temperature profile across the metal and the substrate (in the direction

perpendicular to the wire axis) from the high-resolution thermal images at different

voltages is shown in Figure 4.4a. The temperature in the center region of the metal

wire is relatively lower than at the edges of the substrate. Hereafter, the temperature of

the wire surface, Tmetal, is measured from the center of the wire, and the temperature

of the substrate, Tsub, is measured 20 µm away from the wire. The temperature

difference between metal and the substrate increases with applied power, P, (see

Figure 4.4(b)) indicating that there is a thermal resistance between the metal network

and the glass substrate. The higher temperature at the edge of wire is likely an

artefact due to a pixel having combined emissivity value of Ag and PET. From the

temperature difference, the effective thermal resistance for wire and the substrate

to the environment are calculated separately from the derivative of the temperature

difference with power dTmetal/dP and dTsub/dP and are shown in Figure 4.4(c). These

resistances represent the temperature rise per applied power for the two components in

the system. The thermal resistances decrease with power density, which is a reflection

of the increase in heat loss coefficient with temperature. The value of effective heat

transfer coefficient, heff , is calculated using dT/dP = 1/heff ≈ 0.15W/cm2/K. The

temperature of wire network is higher than that of the substrate, likely due to the

contact resistance between the wires and the substrate, which is also illustrated by

the large temperature drop across the interface of Au wire and the substrate. The

thermal contact resistance, Rt,c, is calculated from Rt,c = TAu−TglassAf

P
where P is the

power and A is the total 2D area of the metal network and f is the fill factor (see

Figure 4.4(d)). The existence of the finite contact resistance (0.6 − 1.8W/cm2/K)

is principally due to surface roughness effects possibly due to surface contamination

from the crackle precursor. The contact resistance can be further reduced by surface

treatment of substrate and tune the metal deposition conditions.

Another important parameter for transparent electrodes is the stability against

high current density. A wire network may breakdown if its current density is higher
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than a particular critical value Jc(Javg < Jc). The average current density of a wire

network [92], Javg, may be expressed in terms of electric field, E as:

Javg = Iavg/A = 2Ewt

πρ
= 2

πρ

V

heff

(4.10)

The maximum critical temperature, Tc of the metal wire network can be deduced

in terms of a critical voltage,Vc using Eq. 4.6 for temperature rise as:

Tc = T0 + Vc
2

heffa2
2
π

wt
√

NE

ρ
(4.11)

and in terms of current density as

Tc = T0 + Vc
2

heffa2 Jc
2πρbwt (4.12)

Thus, the maximum obtainable temperature depends on the critical current density

of wires and can be increased with increasing wire width, thickness, and edge density.

For a typical sample size of 2 × 2 mm2 at a voltage bias of 1 V, the average current

density according to the Eq. (4.12) is 2 × 106A/cm2.

Finally, infrared microscopy is used to study breakdown of wire network at high

current densities. This is useful for locating and identifying the hotspots within the

network which lead to the breakdown of the network. As soon as the voltage is applied,

the temperature of the wires starts rising, while the bulk of the substrate remains at

room temperature (Figure 4.5a). As time progresses, the wire temperature continues

to increase and heat from the wire is gradually transferred to substrate thus increasing

the overall temperature of the substrate as seen in IR image in Figure 4.5b. With

continued heating, hot spots appear in the middle region of the network (Figures 4.5c).

Due to the localization of heat, the temperature of the wires in the middle of the

network exceeds 200 ºC, while wires at the periphery remain at a temperature below

100◦C.

Ultimately, this leads to a lack of current paths in those regions (upper, the central

portion of the network as seen in Figure 4.5d and 4.5e) and a reduction in temperature
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Fig. 4.5 (a-e) Sequential thermal images at different times showing the breakdown of
Au wire network on PET at 1.3 V. The temperature of Au wire network increases
with time, leading to hotspots, and finally to the breakage of the wire network. Note
that in panel c, grey regions near the center of the heater indicate image saturation
and are indicative of the hottest spots in the heater network. (f) Infrared radiance
image of the unpowered network after breakdown clearly showing the broken wires
in the light region near the center of the network. (g) SEM images of the network
from the breakdown regions (highlighted by the red circles). (h-i) High magnification
optical images showing the breakdown locations.
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at these regions. The temperature in the lower region of sample continues to increase

due to a higher current density in surviving current paths, but ultimately those portions

fail as well. Figure 4.5f indicates the microscopic infrared image of the network after

the complete breakdown. As shown, the burnt/broken wires are confined in a region

approximately centered between the two electrodes. This is the hottest portion of the

network as it is farthest from the heat sinks at the contacts. The current density of

the network is expected to be around 2.6 × 106A/cm2 according to Eq. (4.12). Even

as the current density redistributes after the wires are initially broken, the central

portion remains the hottest. As seen from the SEM images in Figure 4.5g, burnt

wire segments are not random, rather a complete strip is burnt. Interestingly, wire

segments are typically broken in the center of junctions or near the junctions. The

elevated temperature in the center leads to breakage of the network (potentially due

to the local melting of thin metal wires or substrate as seen by the opening of gaps in

Figure 4.5h and i. The breakage pattern is observed to be similar to that observed in

case of CNT based network films. [11]

The study is extended to a network fabricated at larger length scale over a large

area using a silica-based crackle precursor as shown in Figure 4.6. The network

consists of thicker wires of width (60-80 µm) and wider spacing (300-500 µm), which is

5 times larger than the previous network studied in Figure 4.3. The Ag wire network

possesses an average transmission of 78% with a sheet resistance, Rsn of ≈ 3.88 Ω/sq.

Despite different polygon sizes, wire widths and network structure, the temperature of

PET in the regions enclosed by the metallic network is found to be uniform, 56 °C

within an error of 1 °C as seen from the statistical average over four different regions.

This is because, at steady state, the temperature of the substrate at the middle region

only involves convection and conduction losses since the contact pads are much away

due to the large size of the film heater.
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Fig. 4.6 (a) High-resolution thermal map of the wider Ag wire network on PET. (b)
Bar-graph representing statistical analysis of the temperature distribution in regions 1,
2, 3, and 4 marked in a. (c) Spatial temperature distribution between the two electrodes
measured from twelve consecutive thermal maps at high resolution for the network
for 1.3 V applied voltage. (d) Temperature profile across the two electrodes extracted
from the combined images in (c). Note that the spikes in the profile correspond to the
temperature of the wires in the network while the background at ≈ 56.1 °C represents
the substrate temperature.
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4.1.4 Conclusion

In this study, infrared thermal microscopy technique has been employed to quantify

thermal transport in transparent heaters obtained from randomly conducting wire

networks with a wire width of ≈ 2 − 10µm, wire spacing of 50-100 µm, and thickness

of ≈ 80 nm fabricated by a crack template technique. The thermal properties of

transparent heaters are predicted based on the network geometry. An important

insight obtained is that the competition between geometrical and material properties

that results in good thermal response and good optical transmittance in such heater

systems leads to a complex optimization process. Interestingly, heaters achieve a

uniform temperature throughout the substrate despite the random crack network

structure (e.g. unequal sized polygons created by metal wires). The temperature

of wires in the network was observed to be significantly higher than the substrate

due to contact resistance at the interface between metal and substrate. The thermal

resistance between the substrate and wire was observed to be ≈1°C cm2/W . The

thermal response was found to be in agreement with the lumped capacitance model

of the composite network. Furthermore, breakdown mechanisms within the network

were examined by IR microscopy illustrating that breakdown starts at hot spots of

the central part and finally network breaks along the nearly central line perpendicular

to the field. The outcomes of this work may be applicable to various other kinds of

network-based heaters that need not be transparent. Future studies should attempt to

minimize the thermal contact resistance by better adhesion or surface treatment to

achieve uniform temperature on the metal network and substrate and effect of contact

pads should be included in the treatment.
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4.2 Transient studies of thermal transport using

Green’s function

4.2.1 Summary

Emerging candidates of transparent heaters include conducting wire-based networks

on a transparent substrate. Here, the network is biased and Joule heated which further

transfer heat to the substrate. In many applications, it’s important to know the

transient behaviour of heatmap of the heater. However, the infrared microscopes used

for studying heat transfer have a low temporal resolution as compared to the time scale

of the heat transfer process. Thus one needs to rely on theoretical treatment for the

same. Here, thermal transient studies of the heater are done by an analytical approach

using Green’s function solution equations. For the analytical solution, the polygon

voids enclosed by wires are approximated with rings, and a network is modelled as

a pattern of rings. The study gives the quantitative analysis of heat transfer of this

problem and evaluates the response time of heater for uniform temperature.

4.2.2 Introduction

Transparent heaters having the combination of high optical transparency and controlled

application of heat are essential for modern devices requiring uniform operating

temperatures such as transparent heated stages, transparent sensors, and LCD displays.

Transparent heaters use Joule heating to control temperature; thus, the films should

have high optical transmittance and low sheet resistance simultaneously. Transparent

heaters rely on Joule heating mechanism of heat production for which material should be

transparent as well as conducting, a property restricted to few materials like ITO which

has various limitations. Emerging candidates of transparent heaters include periodic

metal meshes, [37, 95, 86, 153] CNTs, [69] graphene [7] metal nanowires, [18]transparent

and hybrid networks [95, 70, 79, 80] deposited on transparent and flexible substrates.

In such systems, the void between the conductive network is transparent, while the
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network itself is transparent and joule heats. It finds applications in small-sized

micro-electromechanical systems (MEMS), lab on chip (LoC), heatable textiles, [27]

smart sensors, and bio-medical devices. [176] In many of the cases its important to

study the temperature profile with time

Although, most of the industrial heat transfer problems are solved numerically,

however, an analytical approach can be much more insightful in explaining physical

phenomena. The Green’s function solution equation techniques have been widely

used in modelling transient heat transfer problems of basic geometries and classical

boundary conditions [10] due to their simplicity as compared to other analytical tools

such as Laplace transformation, Fourier series, and series summation etc. There have

been various efforts in obtaining a solution by Green’s function solution equation

for various boundary conditions which are tabulated in the treatise of heat transfer

books which have been successful in various practical situations. [21] However, the

heat transfer problem for an important geometry, a circular ring source has not been

understood. Note that the transient heat study of a ring source is an important

geometry in various heat transfer scenarios such as modern flexible heaters, which

have a conducting polygons acting as a heat source to heat the voids in between them.

The experimental techniques can’t show transient temperature profile information as

the temporal resolution of these instruments is far lower than the time scale of heat

transfer of the process. Thus, the only theoretical process can be insightful in this

direction. Apart from network-based heaters, most of the joule based heaters have

coils which are circular in nature, thus the treatment can be useful in understanding

their transient heat profiles as well.

4.2.3 Scope of the present investigations

The present study models the transient temperature profile around a circular heat

source. The network-based heaters having variable void sizes enclosed by wires are

modelled as multiple ring sources of variable sizes. Thus, the present treatment can be
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Fig. 4.7 Schematic of (a) wire network based heater on transparent substrate. (b) The
polgons are approximated with circles. (c) Finding temperature at P due to heat flux
at P’ based on Greeen’s function.

used to study temperature profile for the network-based heater and further provides

insight into transient heat transfer process.

4.2.4 Results and Discussion

The wire network is modelled as a pattern of circular rings as sources (Figure 4.7).

The reason for approximation polygon with a ring is due to the symmetrical structure

required for analytical modelling.

Transient study of source of ring in infinite space

Consider a ring of radius a as a source of heat in the infinite space. Consider Initial

temperature to be 0K (if initial temperature is T0 the transient temperature can simply

be written as T0 + T (r, z, t)) . The transient temperature T (r, z, t) is given by Green’s

Function solution equation (GFSE). Here, there is no boundry hence the Green

function Equations ( 4.13 -4.15) according to reference GR000Z000 [21] are :

T (r, z, t) = α

k

∫ t

τ=0

∫ ∞

r′

∫ ∞

z′
GR00Z00 g (r, z, t) 2πr′ dz′ dr′ dτ ′ (4.13)

Here, k is the thermal conductivity, α is thermal diffusivity, g(r, z, t) is the energy

generation.

The GF is given by the product of two one dimensional functions, GR00Z00 =

(GR00) (GZ00) Here, GR00 can be written as

GR00 (r, t | r′, τ) = 1
4πα (t − τ) exp

(
− r2 + r′2

4α (t − τ)

)
I0

[
rr′

2α (t − τ)

]
(4.14)
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Here, I0 is modified bessel function of first kind of order zero. and

GZ00 (z, t | z′, τ) = 1√
4πα (t − τ)

exp [− (z − z′)2

4α (t − τ) ] (4.15)

By converting nn the Non-Dimension form with new dimensions t = αt/a2 , r =

r/a , z = z/a it can be written as:

Here, GR00 can be written as

GR00

(
ar,

a2t

α
| ar′,

a2τ

α

)
= 1

4πa2 (t − τ) exp

(
− r2 + r′2

4 (t − τ)

)
I0

[
rr′

2 (t − τ)

]
(4.16)

and

GZ00

(
az,

a2t

α
| az′,

a2t

α

)
= 1

a
√

4π (t − τ)
exp

(
−(z − z′)2

4 (t − τ)

)
(4.17)

Now, in the present case, ring is a heat source which means

g (r, z, t) = q0 δ (1 − r′) δ (0 − z′) H(t′) (4.18)

Here H(t′) is the Heaviside Step Function. Substituting value of g (r, z, t) in Eq.

4.13 we obtain :

T (r, z, t) = α

k

∫ t

τ=0

∫ ∞

r′

∫ ∞

z′
GR00 GZ00 q0 δ (1 − r′) δ (0 − z′) H(t′) 2πa r′ a dz′ a dr′ a2

α
dτ ′

(4.19)

The transient temperature can be written using shifting propert of dirac delta

function as:

T (r, z, t) = q0

k

∫ t

τ=0

2π a2

[4π (t − τ)]3/2 exp

(
−r2 + z2 + 1

4 (t − τ)

)
I0

[
r

2 (t − τ)

]
dτ (4.20)

Modified Bessel Function can be written as series sum as Io(x) =
∞∑

k=0

( 1
4 x2)k

(K!)2 .

Substituting it we obtain
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T (r, z, t) = q0

k

∫ t

τ=0

2π a2

[4π (t − τ)]3/2 exp

(
−r2 + z2 + 1

4 (t − τ)

) ∞∑
k=0

1
(k!)2

(
r

4(t − τ)

)2k

dτ

(4.21)

T (r, z, t)
q0a2/k

= 1
4
√

π

∫ t

τ=0
exp

(
−r2 + z2 + 1

4 (t − τ)

) ∞∑
k=0

r2k

(k!)242k

( 1
t − τ

)2k+ 3
2

dτ (4.22)

Using integration result
∫ exp(−b/x)

xn dx = b1−nΓ
(
n − 1, b

x

)
and using Γ(n, ∞) = 0.

Here, Γ is upper incomplete gamma function defines as Γ(s, x) =
∫∞

x ts−1 e−t dt.

T (r, z, t)
q0a2/k

= 1
4
√

π

∞∑
k=0

r2k

(k!)242k

( 4
r2 + z2 + 1

)2k+ 1
2

Γ(2k + 1
2 ,

r2 + z2 + 1
4t

) (4.23)

T (r, z, t)
q0a2/k

= 1
2
√

π

( 1
r2 + z2 + 1

) 1
2 ∞∑

k=0

1
(k!)2

(
r

r2 + z2 + 1

)2k

Γ(2k + 1
2 ,

r2 + z2 + 1
4t

)

(4.24)

Converting into Regularized Gamma Function defined as Q(a, z) = Γ(a,z)
Γ(a) [169]

T (r, z, t)
q0a2/k

= 1
2
√

π

∞∑
k=0

r2k

(k!)2

( 1
r2 + z2 + 1

)2k+ 1
2

Γ
(

2k + 1
2

)
Q

(
2k + 1

2 ,
r2 + z2 + 1

4t

)

(4.25)

Using Γ(n + 1
2) = (2n)!

4nn!
√

π.

T (r, z, t)
q0a2/k

= 1
2

( 1
r2 + z2 + 1

) 1
2 ∞∑

k=0

1
(k!)2

(
r

r2 + z2 + 1

)2k (4k)!
42k(2k)! Q

(
2k + 1

2 ,
r2 + z2 + 1

4t

)

(4.26)
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Fig. 4.8 Steady state temperature as a function of radial distance. The calculations
are performed based on series summation (Eq .(4.27)) and log expression ( Eq. (4.30)).
(a) in range 0.9 - 1.1 and (b) 0 - 2. It shows the series sumamtion is slow converging
and thus > 100 terms are required to model it accurately near the ring.

Using Stirling’s approximation at higher values of k given by n! ≈
√

2πn(n
e
)n

T (r, z, t = ∞)
q0a2/k

= 1
2
√

π

∞∑
k=p

r2k

2πk(k
e
)2k

( 1
r2 + z2 + 1

)2k+ 1
2

√
8πk(4k

e
)4k

42k
√

4πk(2k
e

)2k

√
π

Q

(
2k + 1

2 ,
r2 + z2 + 1

4t

)
(4.27)

T (r, z, t = ∞)
q0a2/k

= 1
2

( 1
r2 + z2 + 1

) 1
2
[
1 +

∞∑
k=1

(
1√
2πk

( 2r

r2 + z2 + 1

)2k
)

+ E

]

Q

(
2k + 1

2 ,
r2 + z2 + 1

4t

)
(4.28)

Here E is the term due to error in approximation of Stirling’s approximation at

lower value of k (lesser than p)

E =
p∑

k=1

(
r

r2 + z2 + 1

)2k
(

1
(k!)2

(4k)!
42k(2k)! − 22k

√
2πk

)
(4.29)
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Fig. 4.9 Temperature as a function of radial distance at differnt time. In begining, only
the ring is at higher temperature. With increase in time, the temperature increases
and heat distibutes within and outside the ring.

Special cases: At t = ∞.

T (r, z, t = ∞)
q0a2/k

= 1
2

( 1
r2 + z2 + 1

) 1
2
[
1 − 1√

2π
log

(
1 −

( 2r

r2 + z2 + 1

)2)
+ E

]
(4.30)

The temperature calculation based on Eq .(4.27) and approximation expression

Eq. (4.30) is shown in Figure (4.8). It reflects that the approximation is justifiable

and if one is using the series summation one needs to take > 100 terms to understand

temperature near the ring as the summation converges slowly. Thus 1000 terms are

used to compute the temperature in the further study. As shown in Figure (4.27)

(b) the temperature is not uniform, it is higher inside the ring than outside due to

contribution from other ring points.

The temperature profile based on Eq .(4.27) is calculated at different time as shown

in Figure 4.9. It shows in beginning ( t = 0.001), the temperature shows only a single

peak at R =1 i.e on the ring, suggesting the only ring attains higher temperature,

while inside and outside ring temperature is not increased. With the increase in time,

the temperature increases and distributes within and outside the ring.



4.2 Transient studies of thermal transport using Green’s function 151

Fig. 4.10 Tempearure profile by using 3 rings at differnt time

Superposition of multiple rings

For a single heat ring source kept in space with (x0, y0) being the centre of ring, the tem-

perature at any point (x, y) can be written as T1(r, t) with r =
√

(x − xo)2 + (y − yo)2.

As the temperatures are scaler and additive, thus the principle of superposition can

be applied to obtain the resultant temperature for multiple rings sources. Figure 4.10

shows the resultant temperature profile for 3 rings as heat sources of different sizes

based on superposition principle as

T (x, y, t) = T1(x, y, t) + T2(x, y, t) + T3(x, y, t) (4.31)

To approximately model that scenario we use the strategy of superposition of

temperatures of variable ring sizes as shown in Figure (4.11). On starting the heater,

in the beginning, only the region near rings are heated up, while as the time progresses

heat is distributed throughout.

In a practical situation like transparent network based heaters. the void sizes are

non-uniform and few wires are non-effective. To approximately model such scenario,

we design 10,000 rings pattern in nearly closed pack arrangement with some intentional

defects representing regions with no wires as shown in Figure 4.12. It is found that

rise in temperature, in the beginning, is only restricted to the rings, while the regions

without rings don’t achieve high temperature. However, as the time progresses, even the
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Fig. 4.11 Tempearure profile of multiple ring with time.

regions having no rings, achieves the higher temperature. it is found that temperature

near the corner of the sample is lower than central region, implying heat transfer is a

long-range effect. In the corner since from one direction, there is no heat flow, the

temperature in corner up to ≈5 rings are significantly lower than the central regions.

Similarly, there is a slightly higher temperature in space around the heater, which is

also due to a long range of heat transfer. Thus, if void size is 100 µm the corner most

≈ 500 µm regions can be at slightly lower temperature. The study can be useful in

knowing the minimum possible heater size for uniform temperature profile.

To introduce the variation in void size, different size of ring pattern can be used.

To consider wire width variation, the heat flux of a ring may have distribution.The

study is preliminary and should consider these aspects in future to have its one to one

correspondence with experiments. Another, limitation of the present work is neglecting

of convection and radiation losses, which could complicate the analytical equations

even further.
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Fig. 4.12 Tempearure profile in different regions for large number of rings at two
differnt times.

4.2.5 Conclusion

In this work, we propose an analytical approach to obtain transient temperature

profiles of circular rings based heaters. Thus, the technique can be used to understand

temperature profile of network-based heater. The study shows, in the beginning only

the ring heats up which gradually transfers heat inside and outside the ring to attain

uniform temperature. It also reflects that temperature is considerably lower in the

boundary of a heater than the center. The study can be useful in knowing the response

time of heater to achieve uniform temperature profile.





Chapter 5

Attempts to explore Hierarchical

networks
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5.1 Prediction of time evolution and hierarchy of

cracks

5.1.1 Introduction

The beauty of cracks from drying layers is ubiquitous; painted walls cemented floor,

soil or mud fields, river beds and even giant rocks exhibit wide range of length and

crack patterns. [43] These also occur over varying time scales, from seconds to

decades. The network of cracks, formed from stress formation during desiccation

drying, although superficially appears to be random, unpredictable and disordered,

on close inspection, various subtle but systematic features can be observed. Crack

width, crack spacing, intersecting angles and fractal dimension etc. depend on the

stress profile of the drying film which in turn is governed by film thickness, drying

temperature and mechanical properties of the film. [108, 160] As the understanding of

cracks is important in respective domains from geological studies [63] to lithography

methods [142] and therefore a deep insight into the crack formation may assist one to

either completely avoids in layers or to obtain a desired crack pattern. Crack formation

is an interesting dynamical phenomenon in which new crack forms, old cracks grow

further and new cracks intersect the older ones. A crack once formed, grows to reach

out to other neighbouring cracks, increases its width all the while. Importantly, cracks

are born at different times and grow to different extents., leading to hierarchical nature

of these patterns. [15] However, there are only limited reports focusing on the dynamic

aspect of cracks and generally, only static parameters like crack width, spacing, angles

are calculated from the final image of the completely dried film. For understanding

the sequence of steps Bohn et al. [15] studied sound recording of cracks in which

each crack segment formation gives a click from which temporal order was predicted,

and classified cracks into different generations, however, it is cumbersome to perform.

Vogel et al. [166] attempted to study few of these crack parameters with time and

calculated variation of Minkowski numbers with time; however, it was not interpreted
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in terms of hierarchy. On the basis of intersecting angles of cracks Perna et al. [135]

labelled crack segments with generation number (primary, secondary etc.) by the

knowledge that new crack hits already existing crack perpendicularly. These studies

are focused on intersecting angles and not much attention has been paid to cracks

widths influencing hierarchical structure.

5.1.2 Scope of present investigations

The present work addresses the time evolution aspect of cracks using TiO2 colloidal film

as a model system by studying continuous variation in crack area fraction, crack width

and crack length with time to examine any possible transitions. This understanding

has been applied to predict time evolution of crack patterns by using only the end crack

pattern. The study is also successful in classifying primary, secondary and tertiary

cracks from dynamic and final crack pattern. We have also developed an algorithm

to classify cracks based on hierarchical nature on the basis of intersecting angles and

edge width.

5.1.3 Experimental

The present study takes network cracks formed on drying film prepared from TiO2

nanoparticles (NPs) of size 20 nm (from Sigma Aldrich) as our model crack system. 60

mg TiO2 NPs were dispersed in 1ml methanol solution, 425 µl of the above solution

was drop coated on a glass substrate of size 2.5 cm × 2.5 cm. Dynamic images

were captured during crack formation in the film by the optical microscope (Laben

TPS 1000RT). Image analyses and calculations were performed by Image J and self-

written Fortran codes and batch processing of 800 images was done by shell script

programming. Film thickness was varied by drop coating different volume of TiO2

solution and was measured by the optical profiler.
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Fig. 5.1 Optical microscope images and corresponding binary images of the film
undergoing crack formation with time (t=0 represents initiation of cracks)

5.1.4 Results and Discussion

Drying of the film and formation of cracks was monitored under an optical microscope

and images were captured with the interval of 3 s for 2500 s. Cracks begin to form

after 15 min of film deposition. Figure 5.1 shows snapshots of film undergoing

drying induced stress leading to the formation of interconnecting networked cracks

and corresponding binary images calculated by image J with auto binary function,

here threshold is calculated as, threshold = (average background + average object ) /2

by the isodata algorithm. As shown in Figure 5.2, the chosen threshold is optimum

to obtain binary images. The broken lines in the cracks are the artefact arising from

the image analysis in judging cracked and non-cracked are based on light contrast.
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Figure 5.3 shows the various stages of crack formation. As shown, in the beginning

only a few cracks develop in the film which increases in length by propagation (green

circles). With the passage of time, new cracks nucleate (red circles) usually at places

far removed from the previous locations. Once these primary cracks grow, secondary

cracks begin to form interconnecting the primary cracks and this process continues

following the formation of tertiary cracks (shown in pink circles) which bring in next

level of interconnectivity.

Fig. 5.2 Binary images at different threshold

Fig. 5.3 Dynamic images of crack formation after image processing (t=0 represents
initiation of cracks). With passage of time new cracks nucleates with crack propagation
and broadening of existing cracks. It shows nucleation (Red) propagation of primary
(green), secondary (blue) and tertiary (pink) cracks.

To study it quantitatively, the area fraction of all dynamic crack images is calculated

and is plotted with time (Figure 5.4a). From the plot, it can be observed that area
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fraction increases non-linearly with time and shows distinct regions which are marked

as AB, BC, CD, and DE. Assuming the function to follow the power law

a = ktp (5.1)

Where a is area fraction of cracks, k is arbitrary constant and t is time taken from

crack initiation), the corresponding values of p were derived from ln-ln scale plots

as shown in Fig 5.4b. The different values of p indicate different rates of the crack

formation with time. The images at transition points are shown in Fig 5.4d. From

images, these transitions can be identified as a formation of the new generation of

cracks. The region AB, BC, CD may be the propagation of primary, secondary and

tertiary cracks while there is no further progress after it and DE represents saturation

with corresponding p values as 2.15, 0.57 and 1.29 respectively. The crack formation

in the first regime (primary cracks) is observed to be most rapid (p =2.15), possibly

because of very fast evaporation in the initial phase leading to the higher increase in

the rate of stress. In case of second and third regime (secondary and tertiary crack

formation), the rate of formation of tertiary cracks (p = 1.29) is observed to be quite

higher than the secondary ones (p = 0.57), the reason may be due to more availability

of surface area formed from former cracks for the solvent evaporation. We currently

do not understand quantitative nature of slopes; a separate study is worthy to gain

deeper insight.

Since stress can be released in propagation as well as broadening of already existing

cracks. To study the effect of stress on the crack width, crack width is studied with

time measured at four different locations (Figure 5.4c). The crack width is found

to increase with time and interestingly here also similar transitions are observed in

crack width increase rate shown in the linear and ln-ln plot. The transition points

observed for crack width variation completely matches with the transitions observed

for area fraction variation. Since, cracks formation depends on the stress profile of the

drying film, therefore, the area fraction of cracks as well as the rate of broadening of

the crack width both are governed by the rate of increase of stress of the film which
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Fig. 5.4 Variation of area fraction of cracks in (a) linear and (b) log-log scale. (c)
Broadening of crack at four locations with time (d) Images of the film at transition
points.

changes abruptly on the formation of higher generation interconnecting cracks. The

crack length which excludes the effect of broadening is plotted w.r.t. time in Figure

5.5a-b. The transitions observed in area fraction and crack width is also observed

in this case though transitions are not observed to be very sharp may be because

of mixed dynamics of formation of new cracks and the simultaneous increase in the

length of already formed cracks. Fig 5.5c shows the dynamic formation of cracks in a

single image for different time regimes A to B (green), B to C (blue), C to D (pink)

which shows broadening, formation and propagation of cracks with time.

Fig. 5.5 Variation of crack length in (a) linear and (b) log sale (c) Cracks formation
shown in different time regimes, A to B (green) , B to C ( blue) , C to D (pink) .

Thus, we find that crack broadens with time which goes well with intuition, thus

one can expect that older cracks should be wider than the new cracks, which is in
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agreement with Lecocq. [103] To check the hypothesis, crack width of all cracks were

measured and crack network has been filtered according to crack width as shown

in Figure 5.6. Here each image consists of only those cracks segments which are

broader than the threshold mentioned below as an example the first image has only

that region of the network which has a crack width more than 45 pixels. As older

cracks are broad and newer cracks are thinner, thus, the sequence of images show

expected time evolution of cracks. Interestingly, the predicted sequence of steps by

this approach excellently matches with the actual dynamic images (compare Figures

( 5.3 and 5.6). The crack feature observed in actual dynamic images can also be seen

in these theoretical images. One can observe in Figure 5.6, direction of propagation of

cracks (see green circles representing propagation of primary cracks), formation of Y

junction (angle of 120º) during nucleation of new cracks (see red circles), propagation

and T junction formation (perpendicular intersection) of secondary cracks (see blue

circles) and tertiary cracks (see pink circles) which matches very well with the actual

dynamic images (Figure 5.3). Thus, the complete time evolution of the cracks with

steps like nucleation, propagation, intersections, and termination etc. which can give

information related to stress in the film can be observed from the final image itself

without the need of dynamic images.

Since crack dynamics shows a nice correlation between passage of time and broaden-

ing of crack, thus, the information which one extract from dynamics may emerge from

crack width knowledge itself. To check this hypothesis crack length with particular

crack width was measured. In Fig 5.7(a) crack length of cracks above a threshold value

is calculated (integrated crack length of cracks). The plot shows certain transitions

at B (32 pixels) and C (14pixles) with respective images shown in Fig. 5.8. The

transitions observed in integrated crack width plot matches well with the actual crack

dynamics transitions (Fig 5.5). The predicted and actual images of transitions also

go in hand to hand (compare Figure 5.8 and Figure 5.4d) with each other confirming

our postulate once more. Based on the transition points, cracks with width > 32 p

are labeled as primary cracks, cracks with width < 32p and > 14p are labelled as
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secondary cracks while cracks having width < 14p are considered tertiary cracks(Figure

5.7b). It is found that most of the crack area is occupied by primary (46%) followed

by secondary (43%) and tertiary (13%) cracks shown in Fig 5.7c.

Fig. 5.6 Theoretically predicted time evolution on the basis of crack width filters. The
filtered image shows cracks regions only above certain crack width mentioned below
here 1 pixel represent 0.64 µm.

Fig. 5.7 (a) Commutative distribution of Crack length w.r.t crack width of final image
(b) Labeling of Primary (green), secondary (blue) and tertiary cracks (pink) based on
crack width filters (c) Pie chart showing area fraction of different generation cracks.

The theoretical idea of predicting time evolution of cracks from crack width filtration

is applied to literature images as shown below. Here the top images are experimentally

obtained images of Vogel et al. [166] and bottom images are predicted images based

on crack with filtration.It is found that the experimentally obtained crack pattern
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Fig. 5.8 Predicted images of transition points B and C based on crack width filters.

evolution goes well with the predicted evolution as shown in Figure 5.9. However,

there are certain errors possibly due to image artefacts.

Fig. 5.9 The experimental time evolution reported by Vogel et al. and below corre-
sponding theoretically predicted time evolution based on crack width filters on final
pattern. Slight deviation may be due to low resolution of images. Reproduced with
permission from ref [165]. Copyright 2005 Elsevier.

Cracks generate a hierarchical structure based on their timing of formation with new

crack segments having a lesser crack width and intersect older cracks perpendicularly.

An algorithm is developed to classify the crack segments based on their generation( see

Figure 5.10). For the simplicity, we consider only three generations, primary (oldest),

secondary (intermediate) and tertiary (newest). Firstly, the hierarchical nature of a

network is determined considering the intersection angles of crack segments. Crack

network consists of junctions with three crack segments, two being part of old crack
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Fig. 5.10 Algorithm for identifying generation of crack segments. The algorithm can
be used for N generations, here only 3 generations are classified for clarity.

while one being new. As new crack intersects the older crack perpendicularly to

relieve maximum stress, the new crack segment can be identified as a crack segment

having intersection angle of around 90º with other two crack segments, while old crack

segments form angle around 90º and 180º with other two crack segments. The process

is repeated at all junctions.The crack segments which are identified as new according

to all junctions are labelled as cracks of highest generation (tertiary) shown in red

while the crack segments which are old according to any junction are left unlabeled.

The tertiary crack segments (red colour) are removed from the image and the same

procedure is applied to the remaining image. The crack segments found to be new

in this step are labelled as secondary (shown in green). The remaining image after
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Fig. 5.11 The hierarchical nature of cracks is obtained from width or angle. Classified
cracks segment based on (a) angle and (b) width. (c) Frequency distribution of primary
secondary and tertiary cracks. Please note that the distribution obtained by angle
analysis matches well with the distribution obtained using width analysis.

removing secondary crack segments as well are labelled as primary (white colour).

Thus, the algorithm can classify the crack segments into different hierarchical order.

Next, the hierarchy is evaluated based on crack segment widths. As new crack

segments are thinner than old crack segments, thus width information of the cracks

can also be used to predict their temporal order. As a junction consists of three crack

segments, two being old of higher width and one being new of lower width. Thus crack

width of all three crack segments are compared in all junctions to identify the new

crack segment. The crack segment which is found to be new based on all junctions is

labelled as tertiary (red). The tertiary cracks are removed from the image and again

widths of crack segments are compared at all junctions. The crack segments which

are found to be new in this step are labelled as secondary. The remaining pattern is

labelled as primary. Figure 5.11b shows the hierarchical pattern obtained from width

information. On comparing Figure 5.11a and b, one can see that hierarchy pattern by

both approaches are closely matching. Figure 5.11c shows the frequency distribution

of widths of the different generation of cracks. It is clear, each generation consists of

cracks of broad width distribution, thus one needs to perform this iterative algorithm

for the identification. The width distribution obtained from angles and widths analysis

match with each other. Thus, hierarchical nature of network can be understood from
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the angle as well as width information. The discrepancy can be due to artefacts of the

image analysis.

Thus, In this work, an attempt is made to understand hierarchical nature of

desiccating cracks. The iterative algorithm is applicable even for understanding more

generation of patters. However, due to image artefacts arising from low resolution

and contrast of images, only primary, secondary and tertiary are presently classified.

The algorithm can be very useful to understand how experimental conditions influence

the hierarchy. The approach is generic in nature and can easily be applied to other

hierarchical networks such as leaf veins, road networks etc.

5.1.5 Conclusion

The present study gives insight into the dynamic aspect of cracks and shows the

correlation between temporal information and spatial crack width. The predicted time

evolution based on crack filtering shows remarkable matching with the actual dynamic

images. Thus, the final image of a crack is not just a static image but whole movie

consisting of a sequence of steps of crack formation can be extracted out of it. The

study is also successful to distinguish and classify primary, secondary and tertiary

cracks from the final crack pattern. The study can be useful in better understanding of

stress dynamics of drying film, hierarchical structures exhibited by cracks and locating

defects from nucleation center. Future work can be done in the direction of analyzing,

how experimental conditions influence the crack hierarchy.
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5.2 Optimum hierarchical network for efficient trans-

port

5.2.1 Summary

Hierarchical networks are widely seen in road networks, leaf vein networks, solar

cell electrodes etc. In general, the transport channel has a decreasing width with

generations, such as road network consist of national highways, state highways, district

roads and local roads such that the width and the speed limit decreases in each

hierarchical step. It is not well understood which kind of geometry of the hierarchical

pattern to be used for dividing the space for efficient transport. In other words, what

design of network pattern and width to be assigned to different roads for efficient

transport at minimum road size. A detailed study on transport system can be useful

to control traffic jam and reduce effective distance between two points. Here, a generic

approach is developed to calculate transport properties of a hierarchical network. The

various parameters of a hierarchical structure are considered for their influence on the

weighted path length (travel time). Under the condition of width reduction rate and

space reduction rate to be equal, conditions for minimum path length for given fill

factor is obtained, which corresponds to 4.92 (≈ 5) divisions per generation step. Any

other structure is compared with it, for the relative comparison. Thus, the present

work can be an important step for the better understanding of hierarchical networks.

5.2.2 Introduction

Network models play an important role in describing and predicting various natural

and artificial systems such as social interaction, disease spreading, communication,

biochemical reactions, wealth distribution etc. Watts and Strogatz model [168] of

the small-world network is a good example, which gave a simple idea that just a

few random connections in a periodic lattice can make the network more effective.

Similarly, the scale-free model of Barabasi [8] describes that preferential attachment
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in an evolving network creates a power law distribution, which is widely seen in

economics, collaboration etc. One more important feature of most of the natural and

artificial networks is the property of hierarchical aspect, which is especially seen in

transport-related networks. In this case, space divides recursively into smaller and

smaller cells by transport channels whose width (weight) reduces in each step. As

an example, a nation is divided into various cells by road network recursively by

national highways, state highways and local roads with the speed limit and width of

roads decreasing in each step. [96] Similarly, biological transportation system such

as vascular systems in leaves, [170] circularity systems in blood vessels, respiratory

systems in lungs has also evolved themselves in a hierarchical fashion for transporting

metabolic chemicals effectively. For an efficient network, the time taken to reach

two points be least with minimum road size as roads production or veins formation

are energy expensive process. The hierarchical patterns are also utilized in artificial

networks such as power grid, and in a form of charge collector metal grid of solar cells

to minimize the resistive loses. In a metal grid of a solar cell, the network should

be designed to have minimum resistance, better collection and less shadowing losses.

[91] The hierarchical aspect is also utilized in efficient information transfer and search

algorithms. Challenge in all these cases is to choose an optimum hierarchical network

for reducing travel time between points at minimum transport channel size.

Despite its omnipresent nature, the hierarchical prospective of above networks have

not been paid enough attention and not detailed analysis is done before their design. As

an example in India, National highways constitute 1.7% of the road network but carries

40% of the vehicles creating the problem of a traffic jam. Although, there are significant

works proving small-world nature of roads and other transport systems, hierarchical

weights are neglected in them. [96] The generations of cities have been calculated

based on image analysis. [135] However, it is not well understood which geometry

of hierarchical network is more suitable for effective transportation in the above

scenarios. Interestingly, the scale invariance property has been studied using concepts

of fractals starting from the problem calculation of coastline by Mandelbrot, [118]
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however fractal dimensions provide information of only complexity in the structure

and not on transportation.

5.2.3 Scope of the present investigations

Herein, a hierarchical network is characterized and its transport properties are studied

in detail. Path length, which corresponds to travel time between two points is calculated

for different hierarchical networks. Various symmetrical systems are compared to know

which kind of network parameters are optimum for efficient transportation.

5.2.4 Results and Discussion

In general, a hierarchical structure divides the space channel and reduces transport

channel width (weight) recursively. Consider, N to be total generations, di to be space

division rate per step and and ri to width division rate per step such that spacing

between i generation channel is Si = S∏i

1 di
and width of channel is wi = Wo∏i

1 ri
. Higher

the generation (i), lower the width (wi) and inter-channel distance (Si). Figure 5.12(a)

shows a typical hierarchical structure of size S × S which is recursively divided by

green, blue and red lines into 3 × 3, 4 × 4, 2 × 2 cells and weight of channel reduces

in each step which is 1 unit for green is, 1
2 for blue and 1

6 units for red. Here, d1 = 3,

d2 = 4 and d3 = 2 and r1 = 1, r2 = 2 and r3 = 3. Figure 5.12b shows corresponding

uniform width network. Note that fill factor, mean width and geometry are same in

5.12(a) and (b), only the former is having hierarchical decreasing widths with the

generations while the latter is having uniform width given by

wmean =
∑N

i=1 wi

(
(di − 1)∏i−1

k=1 dk

)
∑N

i=1 (di − 1)∏i−1
k=1 dk

= [6 (2)] + [3 (3)] + [1 (3 × 4)]
2 + (3) + (3) = 2.21units

(5.2)

Before comparing the transport properties of both, let us see the basic principle

of transportation occurring in a hierarchical network. In general, in a hierarchical

structure, an object at source is typically at high generation and starts moving to lower
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Fig. 5.12 (a) A typical example of a hierarchical network with division matrix [3,4,2]
bisecting spacing into 3,4,2 divisions respectively and (b) Network of equal width but
having same fill factor as shown by (a). For very small distances, the path length is
lower for the non-hierarchical network, while for rest of the region path length is lower
for the hierarchical network. S and T show an example of a source and a target having
the path length of 6.833 and 11.76 in the hierarchical and non-hierarchical network.
(c) Comparison of Variation of effective width with distance between points.
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generation and then again returns back to the target point of typically high generation.

As an example, in case of the road network for a long journey, firstly, a vehicle begins

the journey at highest hierarchy such as rural/urban road then moves step by step

to the lower order of hierarchy i.e. district roads, state roads and finally national

highways where he spends the maximum time. Further, the vehicle moves upward

in hierarchical order, to reach the target by choosing state and rural road of target

place respectively. In leaf ventilation case, nutrients are transferred from trunk to the

individual cells using lower to higher hierarchy pathway and food from photosynthesis

is transferred from higher to lower hierarchical order. In the case of solar cells, the

charge carriers are collected from fine wires, at the high hierarchy and move to broad

main collectors at the low hierarchy. Thus, in general, a transportation process involves

moving from highest to lowest hierarchical step progressively or the vice versa. Now,

consider a vehicle at S moving towards T on a hierarchical network (Figure 5.12a),

the vehicle will try to minimize its weighted path length (time), thus typically object

moves down the hierarchical pattern and then travel maximum distance there and then

move upward in the hierarchy. Here path length is equivalent of total time spent on a

road and can be evaluated as∑ lj
wj

, where summation involves path from S to T. In

this case path length becomes = 1
1 + 23

6 + 3
3 + 1

1 = 6.83. On the other hand, for the same

points S and T, if a vehicle moves on uniform width network with the width being

an average of the former pattern (Figure 5.12b), the path length increases to 11.76,

almost double than the former hierarchical case. Similarly, the path length between

all the pair of junctions was calculated and is plotted w.r.t their actual distance as

shown in Figure 5.12c. Thus, a hierarchical pattern can be much more effective for

information transfer.

In the above example, the network has particular space division rate and width

division rate. However, a hierarchical network can be made in various ways, with

different sets of space division matrix and width division. It is important to know,

which hierarchical structure is more suitable for better transport. However, the

numerical ways discussed in Figure 5.12 may be computationally expensive especially
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for a deep hierarchical network. To make it more insightful and simple, here, we also

show the analytical ways to know path length. Consider a hierarchical structure shown

in Figure 5.13a and object has to move one step down in the hierarchical pattern. As

an example, an object at P moves to Q, similarly, object at R moves to S. For any

arbitrary point X moving towards the road of one step lower, it is important to choose

a way to take nearest possible distance
(

D
2 − x

)
. Thus, average distance (s) covered

by a point can be obtained by integrating over all points as

s = 1
D2

∫ D/2

o

(
D

2 − x
)

8xdx = D

6 (5.3)

Fig. 5.13 A network with 3 generations and zoom in of 2nd generation. For trans-
portation an object from lower to higher hierarchical order with the shortest path. An
object at P takes PQ way to reach red line, while an object at R takes RS way to
reach red line. Consider an object is at position x from the center of the red circle, it
needs to travel D

2 − x distance to reach the red line.

Thus, averagely distance travelled by an object to go from higher hierarchical

to one step lower upper hierarchical is D
6 and weighted path length becomes D

6
1
w

In a generalised hierarchical transportation, there may be multiple levels, the above

expression can be used to add up path lengths in individual steps. The path distance

L travelled by an object at i generation to move to i − 1 generation need to travel
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Di

6wi
distance with Di = S

di−1
here, d0 = 1. Path length for 1 to N generations can be

written as

L = 1
6

N∑
i

Di

wi

= 1
6

S

Wo

N∑
i

i∏
k=1

rk

dk−1
(5.4)

The mean width can be written as

wmean = Wo

∑N
i=1 wi (di − 1)∏i−1

k=1 dk∑N
i=1 (di − 1)∏i−1

k=1 dk

(5.5)

It is important to study the properties of some symmetrical hierarchical structures.

Case : (rk = r, dk−1 = d)) , In other words, If reduction in space and reduction in

width remains same with generations.

Substituting rk = r and dk−1 = d with d0 = 1 and r1 =1

L = 1
6

S

Wo

(
1 +

N−1∑
i

(
r

d

)i
)

(5.6)

On series expansion, it can be written as

L = 1
6

S

Wo

d

d − r

(
1 −

(
r

d

)N
)

(5.7)

The mean width in this case can be written as

wmean = Wo

∑N
i=1 (d − 1) di−1

ri−1∑N
i=1 (d − 1) di−1 (5.8)

It can be expressed as

wmean = Wo

(d − 1)
(
dN − rN

)
rN−1 (dN − 1) (d − r) (5.9)

From Eq. (5.6) and Eq. (5.9), it can be written as

L = 1
6

S

Wmean

(
dN − rN

)2

(d − r)2
d (d − 1)
dNrN−1 (5.10)
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Case : rk = dk−1 From Eq. (5.4) the path length can be written as:

L = 1
6

N

Wo

(5.11)

From Eq. (5.5)

wmean = Wo

∑N
i=1 (di − 1)∑N

i=1 (di − 1)∏i−1
k=1 dk

(5.12)

Which can be simplified as:

wmean = Wo

∑N
i=1 di − N∏N
i=1 di − 1

(5.13)

Path length can be written as

L = 1
6

SN

Wmean

∑N
i=1 di − N∏N
i=1 di − 1

(5.14)

Note that it shows that the path length depends on product of di and not on order

of di. Thus d =[4,5,6,7] are equivalent to d = [ 6,5,4,7] or [ 5,4,7,6] etc. Substituting

total number of cells C as C = ∏N
i=1 di.

L = 1
6

SN

Wmean

∑N
i=1 di − N

C − 1 (5.15)

For given cells, its better to have ∑N
i=1 di to be minimum. As an example, to have

100 divisions, division rate of [10,10] is best and based on less path length, [10,10] >

[5,20] > [4, 25] > [2, 50].

Case : r = d

wmean = N (d − 1) Wo

(dN − 1) (5.16)

Path length can be written as

L = SN2

6
(d − 1)
dN − 1

1
wmean

(5.17)
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L = S

6

(
ln C

ln d

)2
d − 1

dN − 1
1

wmean

(5.18)

The minimum value of L based on Eq. 5.18 is obtained as d∗ = eW(− 2
e2 )+2, here

W is product log function and d∗ comes out as 4.92.

Fig. 5.14 (a) Parameters of ideal network with least Path length (b) A schematic of
ideal network. For least path length, the divisions per generation should be ≈5.

Thus, importantly, the optimum no of generations for minimum path length is 4.92

(≈5) and optimum generations number is given by N = ln C
d∗ (Figure 5.14a). Figure

5.14 b shows an ideal hierarchical structure with division per generation and width

reduction per generation ≈ 5.

The transport properties of a hierarchical network may be quantified in terms of

its path length compared to the ideal structure. A term ideality factor is defined to

check how much close a network with path length Lreal is as compare to the best

performing network with same no of total cells and mean wire width (which means

same fill factor).

η = Lreal

L∗ (5.19)
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As an example for hierarchical network with d = (5, 7, 4) and w = (1, 2, 5), Lreal=

1.68, wmean= 0.21w0, C= 140 , N∗= 3.10, L∗=1.29 and η =0.76. In this way, if there

are more than one network width same fill factor and a total number of cells, one can

compare their ideality factor to know which one is better.

The present analytical treatment assumes there are no hubs and there is an equal

probability of moving between all distant points. However, an actual road network

involves non-symmetrical roads and non-uniform distribution of travelling between the

points, thus, the additional modification is desired for bringing those aspects. The

numerical approaches may be combined with it to consider more realistic scenarios.

The approach is also useful to modify metal grids of solar cells, where minimum

resistance and minimum grid area is desired. The study may also be applied to

biological hierarchical networks such as leaf veins for their better understanding. The

model is one of the first attempts to have insight in transport property of hierarchical

networks which may be useful for advanced modelling.

5.2.5 Conclusion

In conclusion, an attempt is made to model the transport in the hierarchical network to

obtain optimum network. Some interesting optimization properties are observed such

as under special conditions, space division rate should be equal to width reduction rate,

the order of space division does not affect overall path length. The ideal hierarchical

structure is attained with space division and width division ≈ 5 per generation.

Different hierarchical patterns may be compared with each other in terms of the path

length.





Chapter 6

Summary and Outlook

Om, that is infinity, this is infinity, From the infinity comes the infinity. If infinity

is taken away from infinity, infinity still remains.

6.1 Summary

The thesis essentially discusses the approaches to compare conducting wire based

transparent electrodes and proposes the strategies for the improvement. Further, the

study is explored in studying the transport of generic networks. Chapter 1 discusses

the diversity of patterns in nature and utilization of the naturally occurring crack

network pattern as a template for lithography in fabricating metal networks for the

application of transparent conducting electrodes. An optimum structure is required for

such networks. Chapter 2 discusses the new models for comparison of such networks.

An analytical model to evaluate sheet resistance and an effective current carrying

region is developed. The modelling of network-based strain sensor is also explored,

Chapter 3 discusses the strategies for modulating crack templates. Chapter 4 discusses

the thermal transport of such networks. Chapter 5 focusses on an understanding
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hierarchy of crack patterns and evaluates the optimum hierarchical structure for

efficient transportation.

6.2 Outlook

The sheet resistance and current map evaluated in this study (section 2.1 and 2.2)

can be compared with experimental measurements. Further, the proposed models can

be very useful in choosing an optimum network structure and nanowire density for a

TCE application.

In the present solar cell modelling (section 2.3), a simple geometry of solar cell

consisting of transparent electrodes, active material, and a bottom continuous electrode

is considered. However, many solar cells have additional layers such as electron and

hole transporting layers, conducting polymers etc. These layers should be added in

the future advanced models. The model can also be extended for other optoelectronic

devices such as light emitting diodes and liquid crystal device screens, where TCE is a

performance deciding parameter.

The breakdown of a network at high voltage is studied using Infrared microscopy

(section 4.1). The current map studies (section 2.2) can be utilized to understand this

behaviour. One may see the cascade effect during the numerical breakdown as well.

The numerical study may be useful to design more robust networks.

Currently, spring fusion model (section 3.1) is applied on a square lattice which

limits crack patterns to be nearly linear. However, if one works on a hexagonal lattice,

the simulated crack patterns are expected to be closer to experimental images. The

theoretical model should also incorporate additional parameters such as viscoelastic

properties of the material which may influence crack patterns significantly.

Azeotropic mixtures showed interestingly high wetting property, which was used to

obtain narrow and well-connected cracks (section 3.3). The high wetting property may

be explored for printing purpose, where high wetting avoids the problem of dewetting.
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The analytical model derived for heat transfer (section 4.2) may be explored to

match experimental results. The losses may also be incorporated into the Green’s

function solution equation treatment.

The algorithm discussed to classify crack segments of different generations (section

5.1) can be useful to study how experimental conditions change the hierarchy. The

study will be important to achieve crack patterns of optimum hierarchical nature.

The hierarchical transport model (section 5.2) is currently applied on only sym-

metrical patterns, assuming uniform transport between distant points. Additional

parameters such as travel distance distribution and hubs in the city may be added to

advanced city planning model. The models can be used to compare road networks of

different cities. The work may also be utilized for improving the design of solar cell’s

grid which is hierarchical in the structure for maximum charge collection at minimum

resistive losses. Further, the study may also be applied to understand transport in

leaves and answering why nature would have chosen a variety of hierarchical structure

in leaves.

Thus, the thesis attempts to bring new interesting insights in transport properties

of networks which can be extended to understand many fascinating problems.
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