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A B S T R A C T

Transparent conductors (TC) - materials that are both transparent and conductive - are 

of great interest for m odern technologies. However, a replacem ent is needed for the 

most commonly used TC, Indium tin oxide (ITO), because it requires high temperature 

processing and lacks flexibility, which is a critical requirem ent for future applications. 

Networks of silver nanowires are an excellent candidate for transparent flexible appli

cations. In this work, I made a range of networks - with different thicknesses - of silver 

nanowires - with different lengths and diameters - in order to understand the effects of 

the aspect ratio of silver nanowires on the networks' opto-electrical properties. The best 

networks had a transm ittance T = 90% for Rs = 4 5 0 / □  and annealing the networks 

for 30 min at 200°C im proved the ratio of dc to optical conductivity, a figure of merit 

(FoM) which describes the opto-electrical properties of networks of iD  materials, by a 

factor of two. However in order to be able to compare network and nanowire properties 

in the percolation region, new FoM's had to be introduced: the percolation exponent n 

and the percolative FoM H. n and II spanned 0.67 to 2.44 and 20 to 56 respectively. I 

showed that a lower n and higher II would lead to the best properties and I estimated 

that nanow ires w ith a diam eter of 2^nm  w ould yield a transm ittance T =  90% and a 

sheet resistance Rs =  2 5 0 / n .  N anow ires were cut using sonic energy and I found 

that the length of the nanowire depends on sonication time as L oc Being able to 

cut the nanow ires allowed me to show that in the bulk regime the conductivity ratio 

depends on nanowire length and diam eter as oc 

Following the group 's  success w ith  depositing one dim ensional nanom aterials 

into state of the art transparent thin films, I decided to m ake transparen t flexible 

dielectric capacitors w ith nanostructured porous electrodes. I successfully designed 

and constructed these devices by depositing carbon nanotubes either side of a thin film 

of polyvinyl acetate. By varying the geom etry of the dielectric and electrode layers, 

their influence on the capacitors' properties could be defined. Impedance spectroscopy



was used to characterise capacitors with transmittance between 60% and 7 5 %, electrode 

sheet resistance between 4 0 0 0 /D  and 9kCl/D, and capacitance betw een 0.35F.}im~^ 

and 0.9F.}iTn~^ . I showed that increasing the thickness of the dielectric would lower 

the areal capacitance following the definition ^  ^  , however the electrode thickness

had  no effect on the capacitance. Identically, varying the electrode thickness varied 

the transm ittance and sheet resistance w hile the polym er thickness had  no effect 

on these properties. To prove their use for flexible applications, the capacitors were 

tested for mechanical stability. The capacitance and resistance were m easured after 

cycles of bending the sam ple back and forth to a radius of curvature of 8 mm and 

both  proved stable under these conditions. 1 then varied the electrode material as a 

substitute for carbon nanotubes and fabricated a range of capacitors using graphene 

and  silver nanow ires electrodes. The graphene electrodes showed very poor sheet 

resistance but displayed identical geometric and active capacitive areas which is an 

advantage for reproducibility. On the other hand, silver nanowire networks displayed 

very good opto-electrical properties but the capacitance measurements displayed very 

large scatter due to the wires' surface roughness (which made their active area actually 

m uch larger than the geom etric area of the device) and the netw ork inhom ogeneity 

from spraying.

Finally, I studied silver nanow ires as Joule heaters for transparent flexible heater 

applications. These devices have been made by other groups before, using various one 

and two dim ensional materials, however the heat transfer and heat loss mechanisms 

have yet to be fully understood. A range of flexible heaters were m ade from silver 

nanowire networks and the temperature rise investigated as a function of time, current 

applied and electrode transmittance. The maximum tem perature obtained was 47.7°C 

for a network with Tr =  90% under an applied current I = 100mA. Expressions for the 

temperature as a function of time and current were derived and tested against the data 

and a new dissipation constant, /S, was defined. The derived equation for the transient 

curves fit the data rather well, although the setup's design could be improved in order 

to reduce the scatter in the obtained values for The behaviour of both bulk and 

percolative networks could also be very well explained by a derived expression linking 

surface tem perature to netw ork transm ittance. A 3 D surface plot w as generated to



describe the temperature change as a function of transmittance and appUed current 

and it was shown that temperatures as high as lOO'̂ C could be achieved for a network 

with transmittance Tr = 94% under an applied current 1 = 20mA.
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I N T R O D U C T I O N  A N D  T H E S I S  O U T L I N E

IPads, K indles, so lar cells, LCDs... Exciting technologies w h ich  have yet to  becom e 

tran sp aren t and  flexible. T ransparent conductors (TC), m ateria ls tha t are tran sp a ren t 

to ligh t yet electrically conductive: these are the m aterials of choice to undertake  such 

a challenge b u t they have yet to m ake it happen .

For years, the field of tran sp a ren t conducto rs  has been  flooded  w ith  w ork  on 

tra n sp a ren t conducting  oxides (TCO), led by s tu d ies  on  the  m ost w id e ly  u sed  TCO: 

Ind ium  Tin O xide (ITO). ITO is an  n -type  sem iconducto r w ith  p ro p ertie s  su ch  as 

T =  90% for Rs= lo  f i / D  so it is no t su rp ris in g  th a t it is such  a p o p u la r  o p tio n  for 

TC applications. H ow ever there  are d raw backs to ITO. In d iu m  has becom e sparse  

w h ich  has led to a s teady  rise in its cost over the last 20 years ( 100 $/kg to 900 $/kg 

betw een 1990 and 2007). Since 75% of its m ass is Indium , ITO is becom ing econom ically 

unviable. ITO also requires high tem peratures for its processing, w hich again increases 

p ro d u ctio n  costs w hile  a t the sam e tim e reduc ing  the n u m b er of substra tes  th a t can 

be u sed  for its deposition . The m ost inconven ien t aspect of ITO is its b rittleness 

d u e  to its ceram ic n a tu re  (Figure 1.1). Indeed , the next genera tion  of op toelectron ic  

devices requ ires tran sp a ren t conductive electrodes to be ligh tw eigh t, flexible, cheap

Figure 1.1: Failure of ITO thin films under mechanical strain: A) tension B) compression.[1]
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and compatible with large-scale manufacturing methods, conditions which ITO cannot 

fulfill. Therefore industry is searching for a new material which would have the same 

great opto-electrical properties as ITO but which would also be stable under mechanical 

strain and would ideally be processed on a large scale at near room temperature.

Luckily the scientific community has already been studying a range of new materials 

as a replacement for ITO: conducting polymers such as PEDOT:PSS, graphene, carbon 

nanotube and metallic grids and nanowires. Although those are all promising materials 

with exciting properties, only silver nanowires have the ability to achieve low enough 

sheet resistances for a transmittance above 90% and have the added benefit of having 

a very flat transmittance spectrum over the visible range. Of course, the other major 

advantage of nanowire or nanotube networks is that individual w ires/tubes can 

slide along each other when the network is under strain w ithout altering junction 

resistance, hence keeping overall network resistance stable [2]. Although a lot of work 

has been put into achieving state of the art nanowire networks, the dependence of 

the transmittance and sheet resistance on the geometry of the nanowires themselves 

has not been studied. However, the demands on novel TC materials are such that it is 

indispensable to understand the networks' connectivity in order to produce the highest 

quality electrodes which could be tuned to specific electrical and optical requirements 

for transparent flexible applications.

The natural continuation for reaching towards state of the art networks of nanoma

terials is to create straightforward applications exploiting the unique properties of 

porous electrodes of one dimensional (iD) materials. So far, iD  nanomaterials have 

been used to prepare all sorts of devices such as supercapacitors, solar cells, LEDs 

and touch-screen displays. However, it is to be noted that very little attention has 

been paid to one of the most basic circuit components; the dielectric capacitor. Such 

transparent capacitors with nanostructured porous electrodes could be very easily 

turned into sensors: capacitive gas and strain sensors or resistive humidity and biosen

sors. Although some groups [3] have reported making transparent flexible capacitors, 

their properties have yet to be characterised. Of course, linking device geometry to 

properties such as capacitance and time constant is necessary in order to tune the 

capacitor to requirements for any types of applications.
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Figure 1.2: Transparent flexible heaters. Experimental setup and IR images of a Carbon nan-

Another way of taking advantage of the properties of networks of iD  nanomaterials 

is to note that such networks lose power through heat dissipation; this can in turn be 

used to make transparent flexible heaters (TFH). This simple application of transparent 

flexible electrodes is quite straightforward but nonetheless very beneficial for use as 

coatings for motorcycle helmets, car windscreens or food packaging. In fact, TFHs 

have become a hot topic in recent years (Figure 1.2) and some have been produced 

with a range of materials[5-8], however the link between the network properties 

and the heating time and maximum temperatures reached have never been formally 

established. Naturally, understanding the origins and the mechanism behind these 

properties is crucial for applications and must be investigated.

In light of all this, it is clear that attention must be given to the study of the influence 

of network and device geometry on their properties. The aim of this thesis will 

be to investigate complex systems by stripping them down to their core properties 

and characterising these as a function of dimensional changes. This will allow us in

otube network heater A) Schematic drawing of a carbon nanotube film and the 

setup for measurement B) IR emission images and temperature profile of a carbon 

nanotube network heater. [4]
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the future to tune the properties of transparent electrodes and devices to industry 

requirements.

As an introduction. Chapter 2 will give an overview of the work already undertaken 

on silver nanowire synthesis and the properties of nanowire networks while Chapter 5 

will cover the characterisation of networks of silver nanowires with different length 

and diameters. In Chapter 6, transparent flexible dielectric capacitors with porous 

electrodes will be characterised and the link between the devices' properties and their 

geometry will be studied. Carbon nanotubes were used in this study for proof of 

concept due to their low surface roughness; details of the materials and methods 

used are covered in Chapter 2 and 3. Chapter 7 will look into using the Joule heating 

of networks of silver nanowires to create transparent flexible heaters. Work on the 

characterisation of temperature change as a function of thin film transmittance and 

current applied will be covered with preliminary information being given in Chapters 

2 through 4.
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M A T E R I A L S  A N D  B A C K G R O U N D

2.1 I N T R O D U C T I O N  TO T R A N S P A R E N T  C O N D U C T O R S

T ra n sp a re n t co n d u c to rs  a re  m a te ria ls  w h ich  can  fo rm  th in  film s of h ig h  tran sp a ren c y  

y e t lo w  sh e e t re s is tan ce , tw o  p ro p e r tie s  w h ic h  a re  h ig h ly  s o u g h t a fte r in  m o d e rn  

elec tron ics [9]. T he first rep o rt of a th in  film  of tra n sp a re n t co n d u c to r (TC) - cad m iu m  

o x id e  (C dO ) p re p a re d  b y  th e rm a l o x id a tio n  of s p u tte re d  film s of c a d m iu m  - w as 

p u b lis h e d  in  1907 b y  B ad ek er e t al. [10]. S ince th en , th e  co m m erc ia l v a lu e  o f th ese  

ty p e s  o f th in  film s h a s  b ee n  re co g n ized  a n d  ex ten s iv e ly  re se a rc h e d  [11, 12] so  th a t 

to d ay  T C s a re  e n c o u n te re d  as t ra n s p a re n t  e lec tro d es  in  m a n y  dev ices. T hey  can  be 

fo u n d  fo r ex am p le  in  g lass to u ch -co n tro l p an e ls  e tch ed  from  TC layers a n d  flat pane l 

d isp lay s u sed  as sm art w in d o w s in  cars o r aircraft [13], in  organic ligh t-em itting  d io d es  

(O L ED s) u s e d  in  low  p o w e r c o n su m p tio n  a n d  l ig h tw e ig h t fla t p a n e l d isp la y s  (FPD) 

[i4 ]a n d  also  in  so lar cells for energy  h arv estin g  [15, 16]. For such  app lica tions, in d u s try  

re q u ire s  film s w ith  v e ry  h ig h  tra n s p a re n c y  in  th e  v is ib le  ra n g e  p a ire d  w ith  a v e ry  

low  sh ee t resistance [15]. A n exam ple  from  the in d u s try  is H ew le tt-P ack ard  w h o  set a 

ta rg e t of T =  90% for Rs =  lO O /D  for TC elec trodes d u rin g  th e ir research  p a rtn e rsh ip  

w ith  T rin ity  C o lleg e  D u b lin  b e tw e e n  2007 a n d  2013 . O th e r  fa c to rs  in flu en c in g  th e  

choice of a m ateria l for TC ap p lica tio n s are d u rab ility  (physical, chem ical an d  therm al), 

e tchability , th ickness, d ep o s itio n  te m p e ra tu re , un ifo rm ity , toxicity, a n d  cost.

Today, th e  m o st f req u en tly  u se d  TC m ate ria ls  (and  th e  c losest to  fu lfilling  th e  s tr in 

g en t re q u irem en ts  above) are d o p e d  m eta l ox ides, in p a rtic u la r  in d iu m  tin  ox ide (ITO) 

[9, 11, 17]. ITO is an  n -ty p e  sem ico n d u c to r consisting  of ind ium (III) ox ide {hi2 0 ^) an d  

tin(IV) ox ide {Sn0 2 ), w ith  op tim al op to-electrical p ro p e rtie s  o ccu rrin g  at a 90/10 atom ic 

ratio . ITO th in  film s can  be p ro d u ced  by  v ario u s m eth o d s, m ostly  a t h ig h  tem p era tu res , 

in c lu d in g  v a c u u m  reac tiv e  e v a p o ra tio n  [18, 19], ch em ical v a p o r  d e p o s itio n  [20] a n d

5
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spu ttering  [21, 22]. O ne m ajor draw back of ITO is its very brittle nature. Indeed som e 

w ork  has show n  th a t th in  ITO film s m ay frac tu re  w h en  subjected  to tension  or will 

de lam inate  (w ith  or w ith o u t fracturing) w hen  subjected  to com pression w ith  stra ins 

as low  as 2-3% [23]. The p roperties  controlling the fracture and  delam ination  are the 

fractu re  toughness of the ITO an d  the in terfacial toughness be tw een  the ITO and  

the substra te  [1, 24]. Som e com panies are w ork ing  on m ethods to solve the p roblem  

of the  appearance  of m icro cracks w ith in  an  ITO layer after rep ea ted  flex in g /s tra in  

[23]. For exam ple, an  ITO on  PET film  can be lam ina ted  to an o th er PET film via an 

optically clear adhesive; this film stack w ould  vastly im proved m echanical properties 

b u t a t add itiona l cost [25]. A no ther op tion  w ou ld  be to m odify  the  ratio  of ind ium  

to tin  w hich m ay have som e m arg inally  advan tageous effects on the film m echanical 

properties bu t the electro-optical properties w ould suffer. This show s that the problem  

of b rittleness m ay on ly  be avoided  by  sw itch ing  o u r a tten tion  to d ifferen t m ateria ls 

altogether. This a d d e d  to the  increased  cost of scaling deposition  to large areas d u e  

to the  rising  cost of in d iu m  and  coup led  w ith  the  relatively h ig h  sheet resistances 

repo rted  for low  tem p era tu re  g row th  [26]make ITO unsu itab le  for fu tu re  large area 

plastic  electronics. F u tu re  d isp lays will have to be flexible b u t w ill be requ ired  to 

achieve the sam e perform ances as ITO.

Several paths were followed in o rder to find a replacem ent for ITO, one of these was 

to fabricate transparen t conductive polym ers. A ttention w as tu rned  tow ards polym ers 

in the 1980s w hen a broad range of com m only available polym ers were found to exhibit 

high electrical conductivities via sim ple chemical dop ing  m echanism s [27]. PEDOT:PSS 

has received the largest technical and  application success. Its conductiv ity  arises from  

the positive d op ing  in its backbone w hich  can yield conductiv ities of 500-1000 S.cnf^ 

[28], becom ing com petitive w ith  tran sp aren t conducting  oxides on plastic substrates. 

H ow ever, th is m ateria l is u nstab le  w ith  a decrease in  conductiv ity  w h en  exposed  to 

heat, hum id ity  or UV light; fu rtherm ore, its b lu e /g re e n  hue m akes it unattractive for 

transparent display applications. Because of the brittle natu re  of ITO, som e researchers 

w ere in terested  in  app ly ing  a po lym er film to m ain ta in  electrical con tinu ity  if cracks 

fo rm ed  w ith in  ITO film s b u t also to  use  as a filler to sm ooth  p o ro u s th in  film s of 

em erging nanom aterials [29].
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More recently, the ability to controllably synthesize, purify and  analyze nanopar

ticles has lead the w ay to a w hole new  area of m aterial science. A lot of w ork has 

been undertaken to study the optical, electrical and therm al properties of individual 

nanoparticles as well as porous thin films and networks of nanomaterials. The ability 

of nanoscale conductors to be cast into films from solution is shifting the attention in 

thin film electronics away from high tem perature, high vacuum , expensive processes, 

and tow ards high volum e, high throughput, and solution coating methods. A few 

nanomaterials show great promise including carbon based materials such as graphene 

and carbon nanotubes, bu t also networks of nanowires and  metal grids. The interest 

paid to those metals in particular is due to the high conductivity of the bulk materials 

allowing very thin films to display conductivities matching that of ITO. Therefore, of all 

the materials studied, only metallic nanowire networks have come close to surpassing 

m inim um  industry  standards [3 0 - 3 4 ], displaying sheet resistance for T = 9 0 % as low 

as Rs = 4 9  n/D for spray cast networks [3 3 ].

The metals most commonly used for these applications are silver (Ag), gold (Au) and 

copper (Cu). Through electrospinning, some have fabricated thin networks of copper 

nanow ires w ith sheet resistances as low as 5 0  Q /D  for T  = 9 0 % [3 4 ]. In order to do 

this, precursor nanofibres are dissolved in polyvinyl alcohol (PVA) and electrospun 

onto a glass substrate. They are then heated in am bient conditions in order for the 

copper to oxidize into CuO before being annealed in H2 for the Cu fibers to form. 

PVA viscosity and spinning voltage control the d iam eter of the resulting nanowire 

and this m ethod is easily scalable. Moreover, w ith this m ethod, the lengths of the 

nanowires are of the order of the centimeter which brings the critical network density 

- the m inim um  density for a conductive film to form  - to be up  to 10^times lower 

than for carbon nanotubes or silver nanowires. Furtherm ore, the w ires fuse together 

during the heating process decreasing the junction resistance and lowering the overall 

surface roughness. However electrospun copper nanow ires align during the process 

w hich unidirectionally reduces the percolation threshold. This is an advantage for 

some applications such as directional strain sensors bu t perhaps not ideal for TC 

applications.
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A)

Figure 2.1: Networks of gold nanowires with transmittance A) 87% and B) 70%. The character

istic red tinge is noticeable even for very low thicknesses.[35]

G old nanow ires have also  been  show n  to reach  sheet resistances of only  49 f7/ d  

for T = 83% [35] how ever as for copper nanow ires, th in  films d isp lay  a red d ish  tinge 

w hich  is again  prob lem atic  for som e TC app lications such  as flat panel d isp lays or 

touch-screen panels (see Figure 2.1).

Of all m etallic nanow ires, silver nanow ires have reached very low sheet resistances 

for h igh transm ittance  [32] and  fo rtu itously  have a ligh t greyish  co lour w h ich  m ake 

thin films practically invisible to the naked eye. For these reasons, our w ork has focused 

on silver nanow ire thin films and their opto-electrical properties. A lthough som e state 

of the a rt silver nanow ire  netw orks have achieved very  p rom ising  transm ittance  and  

sheet resistance, it is im portan t to s tudy  the reason beh ind  these incredible properties 

in  o rder to enhance  them . This w ork  w ill therefore focus on s tu d y in g  the  influence 

of the geom etry  of silver n anow ires on the p roperties  of the netw orks. Later, those 

netw orks will be used  for m aking  devices such as tran sparen t flexible capacitors and  

heaters.

2.2 SILVER N A N O W I R E S  AS  T R A N S P A R E N T  FLEXIBLE ELECTRODES

2.2.1 Synthesis and morphology

Silver is an  env ironm en ta lly  stable m etal w ith  atom ic n u m b er 47 w h ich  possesses 

the  h ighest electrical conductiv ity  (6.3 x 10^ S.m~^) of any  elem ent an d  the h ighest
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Figure 2.2: A) Uriit cell for the FCC crystalline structure for silver B) A multiply tvvinned 

particle of silver with a 5-fold symmetry boimd by ten {111} facets

thermal conductivity (429 of any metal. It is stable in oxygen and water, but

tarnishes w hen exposed to sulfur com pounds in air or w ater to form  a black silver 

sulfide layer. A tom s of silver form a close-packed fee lattice as shown in Figure 2.2. 

Many properties of solids depend on the size range over which they are measured and 

the properties associated with these materials are the average of microscopic properties. 

Therefore, understanding the growth of metallic nanowires is vital to controlling their 

m orphology (i.e. aspect ratio) and hence their electrical properties [36], quantum  

confinement properties [37, 38], surface plasm on resonance properties [39] etc. Silver 

nanowires can be synthesized using various methods which can be classified into two 

categories : the hard template or the soft solution methods.

The hard template method uses a porous template such as polymer films containing 

etched channels, biomolecules or porous alum inium  oxide films as a m ould in which 

to grow the nanow ires [40, 41] as shown in Figure 2.3. Fiowever, the preparation and 

removal of the templates are costly and even though hard templates give better control 

over the geometry of the final product, they are harder to discard and hence the yield 

and quality of i-D  product is very low.

Over time it has become clear that soft solution m ethods are m ore useful for large- 

scale production of nanowires. The growth of metal nanowires from isotropic solutions 

is a challenging task because almost all metals are crystallized in the highly symmetric 

cubic lattice w hich m eans anisotropic confinement m ust be applied to induce and 

maintain iD  growth. The most common "polyol" m ethod allows anisotropic confine-



M A T E R I A L S  A N D  B A C K G R O U N D

Figure 2.3: Alumina membrane with etched pores as a hard-template macroporous membrane 

[4 0 ]

ment and was first reported by Sun et al. [42] in 2001. The synthesis follows two steps; 

first Pt or Ag nanoparticles (multiply twinned particles, MTP) are prepared, then a 

solution of AgNOjand polyvinylpyrrolidone (PVP) is added to the solution containing 

the P t/A g  seeds. The mixture is then heated at i6o°C for 60 minutes then diluted 

in acetone and centrifuged to obtain purified silver nanowires. Two components are 

critical to the growth mechanism: the multiply twinned particles (MTP) [44] with the 

decahedral shape and the PVP. The MTP has 5-fold symmetry, with its surface bound 

by ten {111) facets (see Figure 2.2B)). A set of five twin boundaries are required to 

generate the decahedral particle because it is impossible to fill the space of an object of 

5-fold symmetry with only a single-crystalline lattice. The twin boundary is believed 

to originate simply from an angular gap of «  7-5°- The nanowires are formed in the 

mixture by forcing the anisotropic growth of the silver crystal around the original 

MTPs along their {111} facets using the PVP to block the growth along the {100} facets 

(PVP doesn't bond to the {111} facets due to the silver atoms' different electronic 

configuration) [42, 43, 45, 46]. Because a twin boundary represents the highest-energy 

site on the surface of an MTP, it helps attract silver atoms to diffuse toward its vicinity 

from the solution during the Ostwald ripening process (note: this is allowed with Pt 

seeds because Ag and Pt have close crystalline structure and lattice constants). Mann et
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AgNOi

surfactant
moleajleGrowth

Figure 2.4: Soft so lu tion  processing of silver nanow ires: A) Schem atic illustra tion  of the polyol 

process[43] B) Schem atic illu stra tions sh o w in g  the fo rm atio n  of n an o w ires  by 

tem pla ting  against m esostructu res self-assem bled from  surfac tan t m olecules: (i-iii) 

fo rm atio n  of a n an o w ire  from  aq u eo u s p h ase  in side  a cy lindrica l m icelle. In  the 

case of (iv-vii) the  exterior surface of an  in v erted  m icelle serves as the  physica l 

tem pla te[4 i].

al. [47] a n d  s u b s e q u e n tly  S u n  e t al. [48] h av e  p ro p o s e d  th e  m e c h a n ism  fo r th e  e v o lu tio n  

o f  g o ld  a n d  s ilv e r  in to  iD  n a n o s t ru c tu re s  a s  se e n  in  th e  s c h e m a tic  i l lu s tr a t io n  s h o w n  

in  F ig u re  2.5.

F u r th e rm o re , th e  p re s e n c e  o f  th e  h ig h ly  p o la r  P V P  w ill c re a te  a n  e ffec tiv e  p o te n tia l  

s u r r o u n d in g  th e  n a n o w ir e s  h e lp in g  to  s ta b il is e  a  u n i f o r m  s o lu t io n  [45]. S in ce  th e n , 

o th e r  g r o u p s  h a v e  o b ta in e d  A g N W s  w i th o u t  s e e d in g  s im p ly  f ro m  r e d u c t io n  o f  th e  

A g N O jS o lu t io n  in  d im e th y lf o r m a m id e  (D M F ) [49]. In  e i th e r  c a se , th e  q u a l i ty  a n d  

g e o m e tr y  o f  th e  n a n o w ire s  w il l  d e p e n d  o n  th re e  fa c to rs ; f ir s t  th e  s iz e  o f  th e  in it ia l  

s e e d  w ill c o n tro l th e  d ia m e te r  o f  th e  n a n o w ire s . S e c o n d , th e  re a c tio n  te m p e ra tu re  a n d  

tim e  w ill c o n tro l th e  le n g th  o f  th e  n a n o w ire s  a n d  th ird  th e  ra tio  o f  P V P  to  A g N O jw ill  

d e te r m in e  w h e th e r  o r  n o t  n a n o w ire s  w ill  fo rm . In d e e d , a ra t io  o f  b e tw e e n  5 a n d  6 is 

c ru c ia l to  th e  fo rm a tio n  o f o n e -d im e n s io n a l  n a n o s t ru c tu re s  [43].
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Figure 2.5: A-B) Schematics of the proposed explanation for the formation of silver nanowires 

via the polyol process; A) A m ultiply tw inned particle of silver grows into a silver 

nanowire by forcing the growth along the { m l  facets [48] C) SEM of silver nanowire 

films (130 nm in diameter), the 5-fold symmetry of the nanowires is obvious in this 

image (Courtesy of Dr. Philip Lyons, CRANN)

2.2.2 Sonication induced scission

In o rd e r  to  s tu d y  th e  in flu en ce  of th e  g eo m etry  of n an o w ire s  o n  th e  p ro p e rtie s  of the 

n e tw o rk , th e  in flu en ce  o f th e  le n g th  a n d  th e  d ia m e te r  m u s t  b e  iso la ted . T h is m ean s  

th a t a m eth o d  m u st be fo u n d  to cu t one-d im ensiona l n an o p artic les  of a g iven d iam ete r 

to  d iffe ren t len g th s . T his is u su a lly  d o n e  by  u s in g  so n ica tio n  in d u c e d  scission.

A coustic  w aves in  a liq u id  can  fo rm  b u b b les  th ro u g h  rectified  d iffusion  [50, 51] (see 

F ig u re  2 .6 ); th ese  b u b b le s  w ill co llap se  v e ry  q u ick ly  w h e n  th ey  re ach  a c ritica l size  

w h ic h  in  tu rn  c rea te s  a s tro n g  flow  field  in  th e  liq u id  s u r ro u n d in g  th e  b u b b le . T his 

p h en o m en o n  is k n o w n  as cav ita tio n  a n d  h as  b een  th o ro u g h ly  in v es tig a ted  [52-56]. In 

the  case of a liq u id  co n ta in in g  n an o w ires  o r n an o tu b es , cav ita tio n  w ill force th e  flu id  

to  acce lera te  a lo n g  th e  len g th  of th e  n a n o p a rtic le s  h en ce  c rea tin g  a d ra g  force o n  the  

n an o p a rtic le  p ro p o r tio n a l to  the  velocity  of th e  flu id . T he force c rea tes a s tress  w h ich  

w ill b reak  the  n an o p a rtic le  w h e n  th e  stress exceeds th e  n a n o p a rtic le 's  tensile  s tren g th . 

T h is  u su a lly  h a p p e n s  a t th e  ce n tre  o f th e  n a n o p a rtic le  w h e re  th e  d ra g  fo rces a re  at
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Figure 2.6: Rectified diffusion growth of a single bubble in the presence of a surfactant (sodium 

dodecyl sulphate, SDS) and at a pressure of 0.22 ± 0.03 bar. Each picture is taken 30 

seconds apart[52].

th e ir m ax im um . M artijn  et al. [55] in  2004 follow ed by H en n rich  et al. [53] in  2006 have 

p ro p o se d  a th eo re tic a l ex p lan a tio n  for th e  m e ch a n ism  of so n ica tio n  in d u c e d  scission  

in  th e  case of p o ly m ers  a n d  ca rb o n  n an o tu b es  respectively . H e n n rich  also  sh o w s th a t 

in  th e  case of s ing le-w all ca rb o n  n an o tu b es , th e  len g th  d ep e n d en ce  of so n ica tion  tim e 

ex h ib its  a p o w er law  as L $ w n t  ^

2.2.3 Deposition

M a n y  d e p o s itio n  m e th o d s  for silver n a n o w ire s  h av e  b e e n  in v e s tig a te d , so m e  m o re  

successfu l th a n  o th e rs , how ever th is  is a crucia l p a r t  of the  p ro cess  of m ak in g  s ta te  of 

th e  a r t, n e w  g e n e ra tio n  TCs. H e re  so m e  o f th e  m a in  te c h n iq u e s  w ill b e  co v ered  a n d  

th e  ad v a n ta g es  a n d  d ra w b ack s  of each  w ill be d iscu ssed .

2.2.3.1 Dip coating and drop casting

C lo u tie r  e t al. [57] have rep o rted  a m e th o d  for coa ting  g lass su b s tra te  w ith  a th in  film 

of silver n an o w ires  by d ip -coating . The m e th o d  consists of slow ly  d ip p in g  a 25 x 25 mm  

g lass sam p le  in to  a so lu tio n  of n an o w ires  in  iso p ro p an o l (IPA) u s in g  a m echan ical d ip  

coater. It is re p o rte d  th a t the  d en sity  of the  n e tw o rk  is co n tro lled  by  th e  co n cen tra tio n  

of the  so lu tion  an d  th e  n u m b er of d ip -coa ted  layers how ever th e re  is no  s tu d y  fo rm ally  

ex p la in in g  th e  lin k  b e tw e en  these . T he g lass  o n  w h ic h  th e  film  w as  fo rm e d  w as  first 

th o ro u g h ly  w ash ed  w ith  d e te rg en t, acetone an d  IPA. T he ad v an tag es  of th is tech n iq u e  

is th a t the  n e tw o rk s of silver n an o w ires  are  ex trem ely  h o m o g en eo u s  as sh o w n  in F igure 

2.7, in  a d d itio n  it is ea sy  to  co n tro l th e  spec ific ities of th e  n e tw o rk  b y  co n tro llin g  the
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Figure 2.7: Deposition by dip coating of silver nanowire networks of various thicknesses A) T 

= 94.8% and B) T = 89.9%.[57]

solution concentration, speed of d ipp ing  and num ber of coats. However, the au thors do 

not discuss different substrates such as Polyethylene terephthalate  (PET) for flexibility 

and neither do they m ention m aking thick films w ith  T < 60%. A nother inconvenience 

is the w aste of m aterials as the nanow ires coating the reverse of the glass slide m ust 

be d iscarded . A long the sam e idea, P eum ans et al. have rep o rted  a m ethod  for d rop  

casting silver nanow ires from  liqu id  phase  and  sim ply letting  it d ry  [31] or pu lling  a 

M eyer rod over the surface of the substrate  to achieve the desired  thickness [30]. Once 

again , ne tw ork  density  can be contro lled  by the concen tra tion  of the in itial so lu tion  

and  the num ber of coats. The hom ogeneity  of the netw ork  is dep en d en t upon  dry ing , 

hence the use of a heating  lam p to avoid uneven local heating.

2.2.3.2 ^>'}/ transfer

A nother p rom ising  techn ique u sing  the  p rincip le  of Po lyd im ethy lsiloxane (PDMS) 

stam p in g  has been  s tu d ied  by  M adaria  e t al. [58]. The techn ique consists in  filtering 

a so lu tion  of silver nanow ires in IPA th ro u g h  an  an o d ised  a lu m in iu m  oxide (AAO) 

m em brane so as to form  a film w hich is subsequently  transferred  onto a PDMS stam p 

(m icrocontact p rin ting) by  m ak ing  "conform al" contact be tw een  the  m em brane  an d  

the stam p. The stam p could  have been  p reviously  p a tte rn ed  via lithography  in o rder 

to transfer a pa tte rned  film of silver nanow ires. The receiving substra te  is then  heated 

at i20°C w hile the PDMS stam p is placed against it for 1 m inute then slowly rem oved.
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Figure 2.8: Schematic illustration of d ry  transfer technique by M adaria et al[58]. The network 

transferred via PDMS stam ping cannot exceed a certain thickness past which only 

part of the film will be transferred.

T his m e th o d  exh ib its  se rio u s  ad v an tag es . F irst, the  n an o w ires  can  b e  an n e a led  w h ils t 

still on  the  AA O  m em b ran e  before b e in g  tran sfe rred  to  a su b stra te , the ad v an tag e  being  

th e  im p ro v e m e n t o f th e  e lec trical p ro p e r tie s  o f th e  n a n o w ire  n e tw o rk  (as d iscu ssed  

here  later) . Second, the  transfer p rocess is very  u n ifo rm  an d  re su lts  in  u n ifo rm  density  

across the  w h o le  netw ork . Finally, the  film  seem s to ad h e re  s tro n g ly  to  the  u n d e rly in g  

PET afte r tran sfer w h ich  follow s the  claim  th a t nob le m etals, su ch  as A u a n d  A g, have 

h ig h ly  p o la riz ab le  e lec trons, p ro m o tin g  s tro n g  a d h e s io n  to  m a te r ia ls  w ith  d isp e rs iv e  

su rfa ce s  su ch  as PET [59]. T his m e th o d  is th e re fo re  v e ry  p ro m is in g  s ince  it can  be  

p e rfo rm ed  free of chem icals and  at low  tem p era tu res  w ith  the  possib ility  to  p a tte rn  the 

n e tw o rk s. H ow ever, it w as sh o w n  th a t th ick  film s w ith  T  < 60%  c an n o t be  tran sfe rre d  

d u e  to  d ecreased  in te rac tio n  w ith  the  substra te . F u rth erm o re , the  ad v an tag es  of s trong  

ad h es io n  are n u lled  by  the fact th a t in an y  case the  n e tw o rk s m u s t be encased  to  avoid 

o x id a tio n . F inally , th e  a rea  o f p r in ta b le  n e tw o rk  is lim ite d  b y  th e  size  o f th e  A A O  

m e m b ra n e  w h ich  m ig h t reveal itself d ifficu lt to  tran s la te  to  la rg e  a rea  p rocessing .

2.2.3.3 Vacuum filtration

T he v a c u u m  filtra tio n  m e th o d  w a s  firs t d e v e lo p e d  b y  W u e t al. [60] a n d  w a s  la te r 

ta k e n  u p  b y  m a n y  o th e r  re sea rc h  g ro u p s  [32, 61-63]. T h is  w a s  th e  m e th o d  u s e d  to 

m a k e  th in  film s in  th e  in itia l s tag e s  o f th is  th esis . T he firs t s te p  c o m p rise s  v a c u u m  

filte rin g  a d ilu te  s u rfa c ta n t o r  so lv en t b a se d  su sp e n s io n  o f n a n o m a te r ia ls  to  fo rm  a 

th in  film  of n a n o m a te ria l o n  a n itro ce llu lo se  p o ro u s  m em b ran e . T he size of th e  p o res  

w ill sca le  w ith  th e  d im e n s io n s  of th e  n a n o m a te ria l. In  o rd e r  to  e lim in a te  all traces
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Figure 2.9: Filtration setup.

o f su rfa c tan t, th e  film  is w a sh e d  w ith  p u r if ie d  w ater. T h e  n e tw o rk  o f n a n o m a te r ia l  

is th e n  tra n s fe rre d  o n to  a s u b s tra te  u s in g  co n tac t, h e a t a n d  a 2 kg w e ig h t for 2 h o u rs  

to  e n c o u rag e  th e  n a n o w ire s  to  stick  to  th e  PET. T he m e m b ra n e  is th e n  w a sh e d  aw ay  

w ith  co n secu tiv e  b a th s  of ac e to n e , leav in g  a p r is tin e  n e tw o rk  o n  th e  su b s tra te . T he 

h om o g en eity  of the film  is g u a ran teed  by the fact th a t as th e  film  b u ild s  up , the th icker 

reg ions w ill act as a b lock  to  th e  so lu tio n  to  allow  the  th in n e r reg io n s to  catch  up . Since 

th e  n a n o m a te r ia ls  a re  v e ry  lo n g , th ey  te n d  to  lie s tra ig h t a n d  h en c e  g a in  m a x im u m  

o v erlap . T he th ick n ess  of th e  film  is v e ry  ea s ily  c o n tro lled  b y  th e  c o n c e n tra tio n  a n d  

vo lum e of so lu tion  b e in g  filtered . T he m ain  d isad v an tag e  of th is  m e th o d  is its inab ility  

to  be scaled  u p  for in d u s try  since the  size of the  m em b ran e  lim its  th e  ex tensiveness of 

th e  n e tw o rk s.

2.2.3.4 Spraying

T h e m e th o d  d e sc rib e d  b y  S card ac i e t al. [33] w a s  th e  m e th o d  u s e d  in  e x p e rim e n ta l 

C h a p te rs  6 a n d  7 fo r its m a n y  a d v a n ta g e s , n a m e ly  la rg e  a rea  p ro c e ss in g  a t low  

te m p e ra tu re s , excellen t co n tro l over th e  n e tw o rk  d en s ity  a n d  th ick n ess  a n d  excellen t 

re p ro d u c ib ility  across sam p les . T he silver n an o w ires  in  th is  s tu d y  w ere  sp ray ed  from
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Figure 2.10; C offee ririg structure for a colloidal so lu tion  of p o lystyren e latex beads (surfactant- 

stab ilized ) w ith  a particle d iam eter o f 113 nm ± 1 1  nm:  A ) and B) M ech an ism s  

for particle m igration; A) d iffu sive m otion  and B) in d u ced  capillary flow. C) The 

coffee  ring  effect is larger as the d iam eter o f the d rop let in creases i.e. for longer  

drying tim es. This m eans accelerating drying and decreasing the droplet diam eter  

are n ecessary  for h o m o g en eo u s n etw ork  form ation  w h ile  spraying (note that the 

im age contrast of the SEM im ages is dep en dent on  the local thickness of the coffee 

ring structure. Therefore the reg ion  o f  the co ffee  ring structures ap pear to be  

darker as the num ber o f the nanoparticle layers in creases).[65]

l i q u i d  p h a s e  o n t o  P E T  a t  i i o ° C  w i t h  a  c o s t  t h e y  e s t i m a t e d  t o  b e  a b o u t  3 0  $ . m ~^  w h i c h  is  

a s  c o m p e t i t i v e  a s  I T O  a l t h o u g h  i t  i s  b e l i e v e d  t h e  p r i c e  w i l l  d e c r e a s e  w i t h  u p s c a l i n g  a n d  

d e v e l o p m e n t .  A  p r e v i o u s  p a p e r  w a s  p u b l i s h e d  b y  t h e  s a m e  g r o u p  i n  2 0 1 0  [ 6 4 ]  c o v e r i n g  

t h e  i n f l u e n c e  o f  s u b s t r a t e  t e m p e r a t u r e  o n  t h e  q u a l i t y  o f  t h e  n e t w o r k s .  I t  w a s  f o u n d  

t h a t  h i g h e r  t e m p e r a t u r e s  w e r e  b e s t  f o r  h o m o g e n e o u s  n e t w o r k s .  T h i s  c a n  b e  e x p l a i n e d  

b y  t h e  f a c t  t h a t  f o r  h i g h e r  t e m p e r a t u r e s ,  d r o p l e t s  d e p o s i t e d  o n t o  t h e  s u b s t r a t e  a n d  

c o n t a i n i n g  n a n o m a t e r i a l s  -  s u c h  a s  n a n o b e a d s ,  n a n o w i r e s ,  n a n o t u b e s  o r  l a y e r e d  2 D  

m a t e r i a l s  -  c a n  d r y  f a s t e r .  T h i s  h a s  t w o  a d v a n t a g e s ,  f i r s t  a s  t h e  d r o p l e t  s p e n d s  l e s s  t i m e  

o n  t h e  s u r f a c e  o f  t h e  s u b s t r a t e  i t  i s  l e s s  l i k e l y  t o  c o a l e s c e  w i t h  o t h e r  d r o p l e t s  b e f o r e  

d r y i n g  w h i c h  w o u l d  d e c r e a s e  n e t w o r k  h o m o g e n e i t y  a n d  r e d u c e  c o n t r o l  o v e r  n e t w o r k  

m o r p h o l o g y .  S e c o n d ,  t h e o r y  p r e d i c t s  [ 6 5 - 6 7 ]  t h a t  i n  t h e  c a s e  o f  a  d r o p l e t  l y i n g  o n  a  

s u b s t r a t e ,  n a n o p a r t i c l e s  a r e  d r i v e n  t o  t h e  e d g e s  o f  t h e  d r o p l e t  b y  b o t h  p a r t i c l e  d i f f u s i v e
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Figure 2.11: The coffee ring effect: SEM images of AgNW networks built up through multiple 

spray passes. In each case the network thickness is similar, with each of these 

networks displaying transmittance of 92-93%. Here the back pressure increases 

from A to D: A) 15, B) 30, C) 45, D) 55 psi. In each case the scale bar is 50 |im . 

E-H) Optical micrographs of AgNWs deposited from individual drops following 

a single spraying pass.[33]

motion and induced capillary flow (Figure 2.ioA),B)), creating a ring-like pattern on 

the surface upon drying. This is called the coffee-stain effect. The capillary flow is due 

to accelerated drying of the droplet at its edges, forcing a flow of liquid and thus a 

migration of the nanoparticles from the centre of the droplet towards the edge (see 

Figure 2.10). Because of this, Scardaci et al. chose to apply the highest temperature 

compatible with the substrate and only varied the back-pressure on the system. An 

increase in the back-pressure is responsible for smaller droplets and logically they 

observed more homogeneous networks for higher back-pressures as shown in Figure 

2.11. The homogeneity of the network was closely linked to n, a percolative figure 

of merit for very thin network (see following section). It was observed that larger 

back-pressure lead to smaller n and more homogeneous networks.
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2 .24  Network properties

2.24.1 Achieving High T and low Rs

Follow ing from  the various deposition  m ethods used, research g roups have achieved 

State of the art networks of metallic nanowires [33, 57, 58, 60, 63]. Indeed, deposition 

is im portan t for applications since the m ore hom ogeneous netw orks will display m uch 

low er sheet resistances [33]. In d u stry  also requ ires h igh  transm ittance  (T) an d  low 

sheet resistance (Rs) values p a ired  w ith  large deposition  areas an d  low tem pera tu re  

processing. Each of the m ethods p rev iously  covered d isp lay  som e advan tages and  

draw backs b u t perhaps, the fu tu re  of im proving silver nanow ire netw orks is in fact to 

choose the m ost industry-friendly  process and to im prove the netw ork post-deposition 

or to design  the netw ork  to the requ ired  specifications. In o rder to find ou t w h a t the 

best w ay of im prov ing  the netw orks is, it m u st first be  u n d ers to o d  w h a t lim its the 

conductiv ity  of the  netw orks i.e. u n d e rs ta n d in g  the advan tages  and  lim ita tions of 

both the m aterial itself and the netw ork m orphology. The properties of nanom aterials 

are de te rm in ed  significantly  by their struc tu re , i.e. by their d im ensions, crystallin ity  

and  geometry. These param eters w ill in tu rn  influence the conductiv ity  of ind iv idual 

nanow ires and  the conductiv ity  of the in terw ire  junctions.

Silver nanow ires have very  large conductiv ity  w h ich  in  tu rn  genera te  large over

all ne tw ork  conductance. N anow ire  conductiv ity  m ay be a ltered  by their geom etry, 

indeed  confinem ent a long  the nanow ire  d iam eter and  scattering  along  the leng th  of 

the nanow ire  if it is larger th an  the m ean  free p a th  of the electrons [36] can m ake 

the nanow ire  m ore  o r less conductive. The geom etry  of the nanow ires w ill also be 

responsib le  for the connectiv ity  of the netw ork  [68] (as longer nanow ires are m ore 

interconnected) and  also will be partly  responsible for the junction resistivity. Indeed, 

factors like nanow ire-to-nanow ire connections (which m ay lim it the conductivity) will 

play a role in the netw ork conductance and m ust be optim ized. Moreover, a netw ork of 

nanow ires w ith h igh aspect ratio has extremely high transparency [69] in contrast w ith 

netw orks fo rm ed  from  other nanopartic les  such  as do ts, w here  substan tia l coverage 

of the surface is needed  for electrical conduction, leading to low optical transparency.
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Finally, the morphology of the web-like network allows for very high mechanical 

flexibility. It was recently shown by Wu et al. [2] that nanowires can reversibly slide 

along one another while maintaining electrical contact, allowing the network to be 

stretched to strains greater than the fracture strain for individual wires. This is in 

agreement with previous work done on the mechanical stability of networks of silver 

nanowires [32]. This morphology also inherently allows the rearranging of conducting 

pathways and hence has high tolerance for the breaking of conducting paths, and 

therefore will be largely responsible for the networks' conductance.

It is now clear that most network properties are closely related to nanowire geometry 

and that this relation must be investigated in order to maximise the potential of 

silver nanowire networks. And indeed, in order to improve the performance of the 

networks, some research groups have investigated selecting the physical dimensions 

of the wires which maximise network conductivity and transparency. For example, 

it has been predicted that by reducing the wire diameter and increasing the wire 

length of one-dimensional nanomaterials, the network conductivity can be significantly 

improved [68, 70-74]. This should translate into reductions in sheet resistance for 

networks thin enough to have high transmittance. Some work [30, 57] has hinted 

towards the fact that increasing the length of the nanowires does in fact improve 

the electrical properties of the network. However, such improvements have not been 

clearly demonstrated experimentally. In addition, it is not clear whether increasing 

the nanowire conductivity by reducing nanowire diameter would translate into better 

opto-electrical performances. This is largely because it is not known to what extent 

varying the nanowire dimensions will affect the optical properties of the network. 

For example, if the network absorbance increases with decreasing wire diameter, the 

advantages of any conductivity increase would be largely negated. Thus, there is a 

large gap in research on the critical matter of understanding how both the optical and 

electrical properties of nanowire networks depend on the dimensions of the nanowires 

used.

Furthermore, for all types of nanowires, a few steps can be undertaken to improve 

junction conductivity post-deposition. First, the PVP leftover from the nanowire's 

synthesis which acts as an insulating layer between the nanowires can be removed;
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Figure 2.12: Effects of annealing silver nanow ires on A) a hotplate and w ith  B) plasm onic 

welding[75].

th e n  th e  n a n o w ire s  can  be  fu se d  to g eth er. B oth  e n h a n c e m e n ts  can  b e  o b ta in e d  b y  

s im p ly  a n n e a lin g  th e  ne tw orks. It w as re p o rte d  by  v a rio u s  g ro u p s  th a t  an n e a lin g  th e  

n e tw o rk s  to  b e tw e e n  i20°C  a n d  i^o °C  fo r b e tw e en  20 a n d  35 min c an  in c re ase  th e  

n e tw o rk  co n d u c tiv ity  by a factor of 10 [30, 33, 57, 58]. H ow ever several of those  rep o rts  

co n trad ic t each o th e r as extrem e an n ealin g  also has the effect of m eltin g  the n an o w ires  

a n d  h en c e  in c re a s in g  n e tw o rk  re s is tiv ity  [30, 58]. N o  fo rm a l ex p e rim e n ta l w o rk  h a s  

b een  d o n e  on  v ary in g  annealing  tem p e ra tu re  an d  tim e, along  w ith  n an o w ire  d iam eter, 

as so m e  re p o rts  su g g e s t th a t la rg e  n a n o w ire s  can  s u s ta in  lo n g e r a n n e a lin g  a t h ig h e r  

te m p e ra tu re s  [57]. T h e  d e te r io ra tio n  of th e  n an o w ires  d u e  to  excessive an n e a lin g  can  

be avo ided  by fo llow ing  som e ligh t annealing  to  m elt aw ay excess PVP w ith  a localised  

p la sm o n ic  [75], co ld  [76] o r chem ical [77] w e ld in g  of th e  n an o w ires  (see F ig u re  2.12).

2.2.4.2 Networks o f nanoivires at the percolation lim it

In  o rd e r  to  c o m p a re  d iffe ren t d e p o s itio n  m e th o d s , d iffe ren t m a te r ia ls  a n d  d iffe re n t 

n a n o w ire  g eo m e tr ie s , it is im p o r ta n t  to  a d o p t  a fig u re  o f m e r it  co m m o n  to  all th e  

sy s tem s  s tu d ie d . In d e e d  it is n o t  e n o u g h  to  m e n tio n  a specific  p a ir  o f T a n d  Rs as  

th is  d o es  n o t d esc rib e  the  m ate ria l, m e th o d  o r n an o w ire  ty p e  over its w h o le  n e tw o rk  

th ick n ess  ran g e . H isto rica lly  for t ra n s p a re n t co n d u c to rs , the  fig u re  o f m e rit of choice 

has been  the  dc to  op tical con d u c tiv ity  ra tio  or an  eq u iv a len t te rm  [9, 78] w h ich  is easy  

to ob ta in  from  T  - Rs d a ta  as w ill be show n  in C h ap te r 3 of this thesis. This m e th o d  h as
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S T I C K  —  E Q U I P O T E N T I A L  

I N T E R S E C T I O N —  R E S I S T O R

Figure 2.13: A network at its percolation threshold where each junction can be modeled as 

a simple resistance. This is turn allows modelling of complex networks of iD  

nanostructures. [74]

been successfully used to obtain the conductivity  ratio for graphene, carbon nanotube 

and silver nanow ire netw orks [79]. However this approach is not com plete, indeed, for 

one and two dim ensional m aterials at transparencies necessary for device applications 

the sheet resistance increases m uch faster as transm ittance increases. M uch w ork has 

been  done on try ing  to m odel the behav iour of the netw orks for h ig h  transparency, 

m ost of them  based  on percolation theory.

Electrical percolation describes the onset of electrical conductivity across a previously 

in su la ting  reg ion  once conducting  links have been  a d d e d  at a density  exceeding 

som e critical value, the perco lation  th resho ld  (see F igure 2.13). For conducting  rods, 

ran d o m ly  d eposited  in-p lane an d  above the perco lation  th resho ld , the conductiv ity  

follows the percolation scaling law  [80-82],

(7d c  ck ( N  -  N c T  ( 2.1)

w h ere  N  is the n u m b er of rods  p e r u n it area, N q is the  perco lation  th resho ld  (or

critical density) and  n is the percolation exponent. For the random  d istribu tion  of the

conducting  sticks m odel in a square  m atrix, the critical density  is given by

/ ^ t t N c  =  4.236 (2.2)

w here I is the average length of the conducting sticks. The critical exponent, n, should  

d ep en d  only on the d im ensionality  of the space; for a film in tw o d im ensions, theory
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p red ic ts  n =  1.33, w hile  in  three d im ensions n =  1.94 [83], how ever it is well know n 

that the percolation exponent can deviate from  these universal values in the presence 

of a d istr ib u tio n  of in ter-w ire  junction  resistances. The m ag n itu d e  of the  dev iation  

will scale w ith  the details of the d istribu tion , netw ork  connectiv ity  and  hom ogeneity, 

junction resistance and  nanow ire geom etry [80, 81, 84, 85]. O ther reasons for deviations 

from these values are that equation 2.1 was only shown to hold for N  Nq  and hence 

m ight break dow n for thicker netw orks, bu t also the fact that silver nanow ire netw orks 

are  p o ro u s  an d  have an  in trinsic fractal n a tu re  i.e. are n e ith e r tru ly  tw o n o r three 

d im ensional. Som e g ro u p s  have found  it usefu l to su b stitu te  aoc  an d  N c  for m ore 

easily m easurable quantities by substitu ting  in Rg o'qq in to  Rg oi (^V — Vc)~” w here 

Rs is the  sheet resistance of the netw ork  and  V  is the volum e of so lu tion  u sed  in  the 

process of m aking  the netw ork  [58]. In this case, Vq w as found experim entally  as the 

sm allest volum e of solution needed  to m ake a conducting film. O thers have chosen to 

include the average thickness of the netw ork as a proxy for density  (assum ing density 

does not vary w ith increasing netw ork thickness) and to w rite crpc ^  {i ~  tcY' w here tc 

is the threshold  thickness. Since thickness can easily be related to sheet resistance and 

transm ittance  for th in  m etallic films, this final expression is the one tha t will be used 

in this work. A m ore com plete overview in C hapter 3 will cover the use of percolation 

theory  to describe th in  films of silver nanow ires.

2.3 C A R B O N  N A N O T U B E S  E L E C T R O D E S  F O R D E V I C E  A P P L I C A T I O N S

2.3.1 Morphology and properties

Since th e ir d iscovery  by lijim a in  1991 [86], carbon  n ano tubes  (CNT) have been  s tu d 

ied ex tensively  [60, 61, 87, 88]. W ith very  h igh  m obility  { 1 0 ^ s~' )̂ [89] an d  very 

prom ising electrical [90] and  m echanical properties [91, 92], the state of the art carbon 

n an o tu b es  are  a co n ten d er as a rep lacem ent m ateria l for In d iu m  Tin O xide (ITO). 

C arbon nanotubes are extrem ely stiff, d isplaying Young's m odulus close to 1 TPa, and 

are am ong the w orld 's  strongest m aterials, w ith strength betw een 50 and 100 GPa [93].
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Figure 2.14: Structure of a carbon nanotube: A) The seamless rolling of a sheet of graphene 

along a vector C (the circumferential vector) creates a carbon nanotube. The 

electrical properties of the nanotube will depend on the length and direction of C 

with respect to the beehive lattice. B) STM image of a carbon nanotube. The tube 

axis is indicated with a solid, black arrow and the zigzag direction is highlighted 

by a dashed line. A portion of a two-dimensional graphene layer is overlaid to 

highlight the atomic structure[98]

T hey have b een  stu d ied  for potentia l d ev ice  applications and  nanoscale electronics, 

as netw orks for transparent electrodes but also as a co m p o n en t for solar cells [94], 

supercapacitors [95] and b iological sensing [96].

Carbon n anotubes are b u ilt from  a sing le sheet o f sp^- hybrid ised  carbon atom s, 

or graphene, rolled onto itself to form  a seam lessly  connected  tube [97] (Figure 2.14). 

D ep en d in g  on  the orientation  of the rolling, the properties o f the tube w ill change, 

m ainly the electrical properties of the nanotube w ill be greatly affected by its chirality. 

The diam eter of the nanotubes can be defined as:

v/3
71

-QccV +  nm  +  m? (2 .3 )

w h ere flee =  0 .14nm is the carbon-bond length  and n and m are the coordinates of 

the circum ference vector in  the (fli,«2) p lan e (Figure 2.14). In the case of n =  m the 

diam eter w ill be d -  l^ccn  and the carbon nanotube w ill be m etallic [99], in  any  

other case the carbon nanotube w ill be sem iconducting and the bandgap is predicted

to be proportional to ^  w h ere R is the nanotube rad ius and A q
_ 37ofl̂ , 
”  16 . H ere
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Zigzag nanotube (7,0)Armchair nanotube (5,5)
semi

conductor

Figure 2.15: Density of states around the fermi energy Epfor A) metallic and B) semiconducting 

carbon nanotubes. The size of bandgap in the case of semiconducting nanotubes 

is proportional to the inverse of the square of the tube radius. [99]

7o ~  2 .7eV is the  m ag n itu d e  of the  tigh t- b in d in g  tran sfer m atrix  e lem en t (i.e. the 

atom ic energy shift due to the potential from neighboring atom s) [100-102] (see figure 

2.15). H ence, a ne tw ork  of carbon nano tubes w ill be m ade of 1 /3  m etallic nano tubes 

and 2 /3  sem iconducting nanotubes. Carbon nanotubes can be single-walled (SWNT) or 

m ulti-w alled (MW NT) w here m ulti-w alled carbon nano tubes are m ultip le concentric 

cylinders of graphene nested w ithin one another precisely 0 .35nm apart and w here each 

shell has d ifferent sets of {n, m) coord inates (Figure 2.14). A single-w alled  n ano tube  

(SW NT) can have a dianncter of in m  an d  a leng th  of 10 \im, m ak ing  it effectively a 

one-dim ensional s tructu re  com parable to a nanow ire.

2.3.2 Synthesis

2.3.2.1 Chemical vapor deposition (CVD)

CVD is the decom position /reaction  of one or m ore gas phase com pounds w hich gives 

a non-volatile solid  tha t b u ild s  u p  on a substra te . In the case of carbon  n ano tube  

the  gases are a p rocess gas (such as am m onia, n itrogen  or hydrogen) an d  a carbon- 

con ta in ing  gas (such as acetylene, e thylene, e thano l o r m ethane). The substra te  is 

prepared  w ith  a layer of metal catalyst particles w here the size of the metallic particles 

will influence the d iam eter of the carbon nanotubes and is then  heated at around yoo°C 

at am bient pressure [103]. N anotubes grow at the sites of the m etal catalyst w here the 

carbon-con tain ing  gas is b roken  ap a rt and  the carbon is tra n sp o rted  to the edges of 

the particle  to fo rm  the nano tubes. This m echanism  is no t yet well u n d e rs to o d  and
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C athode —

Inert Gas

Oepositlon

A node

Figure 2.16: Schematics of the arc discharge process for carbon nanotubes. As a potential is 

applied between the anode and the cathode, a plasma is created between the 

graphite rods. An inert gas such as He or Ar flows through the chamber at low 

pressure

is still be ing  s tu d ied  [103, 104]. CVD is the m ost p rom ising  m eth o d  of p ro d u ctio n  

for in d u stry  because of its low  price to yield ratio  and  the d irec t deposition  on to  a 

substrate . M oreover, it is possib le to choose the exact site of g row th  by  p a tte rn in g  of 

the catalyst.

2.3.2.2 Arc-discharge method

As show n  in F igure 2.16, th is m ethod  [105] consists in p lacing  tw o sm all d iam eter 

rods (6 mm and  9 mm) m ade of h ighly  purified  g raph ite  very close to each other (less 

th an  2 mm). A n inert gas (He, Ar...) flows in  the cham ber at a con tro lled  p ressu re  

w h ile  a large po ten tia l is app lied  betw een  the rods. A s the rods are b ro u g h t closer 

together, a d ischarge occurs resu lting  in the form ation  of a p lasm a betw een the rods. 

The plasm a causes the graphite in the sm aller rod to sublim ate and deposit itself in the 

form  of carbon nanotubes and o ther nanoparticles onto the larger rod. The type, yield 

and  quality  of the nano tube p ro d u ct is dep en d en t on the relative size of the rods, the 

n a tu re  and  p ressu re  of the gas, the presence of ac or dc voltage and  the tem pera tu re . 

In order to obtain single wall nanotubes (SWNT), a metallic catalyst is added  to one of 

the rods and the type and am ount of m etal will again vary the quality  and quantity  of 

SWNT. The A rc-discharge m ethod  w ill usually  cause the grow th  of CNTs w ith  fewer 

struc tu ra l defects in com parison w ith  o ther techniques.
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2.3.2.3 Laser Ablation

L aser ab la tion , is one of the  su p e rio r  m eth o d s  to g row  SW NTs [106] w ith  h ig h -q u a lity  

an d  h igh-purity . In th is m eth o d , w h ich  w as first d em o n stra ted  by Sm alley  in  1995 [107], 

the p rin c ip les an d  m echan ism s are  sim ilar to  the arc d ischarge  w ith  th e  d ifference th a t 

the  en e rg y  is p ro v id ed  by a laser h ittin g  a g rap h ite  p e lle t co n ta in in g  ca ta lyst m ateria ls  

(u sually  nickel or cobalt). The p ro p e rtie s  of CNTs p re p a re d  by th is p rocess are stro n g ly  

d e p e n d e n t  o n  m a n y  p a ra m e te rs  su ch  as th e  lase r p ro p e r tie s  (en e rg y  fluence, p e a k  

pow er, c o n tin u o u s  w ave v e rsu s  p u lse , rep e titio n  ra te  a n d  o sc illa tio n  v /aveleng th ), th e  

s tru c tu ra l  a n d  ch em ica l co m p o s itio n  o f th e  ta rg e t m a te r ia l, th e  c h a m b e r p re s su re  

a n d  th e  chem ical co m p o sitio n , flow  a n d  p re ssu re  o f th e  b u ffe r gas, th e  su b s tra te  a n d  

am b ien t te m p e ra tu re  a n d  th e  d is tan ce  b e tw een  the  ta rg e t a n d  th e  su b s tra tes .

U nfortunate ly , all these  m e th o d s  p ro d u c e  CNTs w ith  a n u m b e r of im p u ritie s  w h o se  

ty p e  a n d  a m o u n t d e p e n d  o n  th e  te c h n iq u e  u sed . T he te c h n iq u e s  m e n tio n e d  above 

p ro d u c e  p o w d ers  w h ich  co n ta in  on ly  a sm all fraction  of CNTs; the  rest of the  p ro d u c t 

collected w ill be a b len d  of o th er partic les such  as n ano-crysta lline  g rap h ite , a m o rp h o u s  

carbon , fu llerenes a n d  d ifferen t m eta ls  (typically  Fe, C o, M o or N i) th a t w ere  in tro d u ce d  

a s  sy n th e s is  ca ta ly s ts . Im p u ritie s  w ill im p a ir  th e  C N T s' e lec trica l p ro p e r tie s  a n d  

s tru c tu ra l defects  can  create  w eak n esses  for m echan ical s tu d ies , th e re fo re  d ev e lo p in g  

an  effic ien t a n d  s im p le  p u rif ic a tio n  m e th o d  is im p o rta n t fo r C N T  science as co v e red  

b e lo w  [108]. F u r th e rm o re , in  m o s t cases th e  ca rb o n  n a n o tu b e s  m u s t  b e  co llec ted  

a d d in g  a level o f d ifficu lty  to  th e  p ro cess . T hese  c h a lle n g es  re m a in  a n d  im p e d e  th e  

rise  of ca rb o n  n a n o tu b e s  as a "g o -to "  so lu tio n  to  t ra n s p a re n t  flex ib le  a p p lic a tio n s . 

H ow ever, C N T s' lo w  resistiv ity , low  su rface  ro u g h n e ss  a n d  re la tiv e  lo w  co s t m ak es  

th em  an  ideal m ate ria l for th e  creation  of inexpensive tra n sp a re n t flexible ap p lica tio n s 

su ch  as d ie lec tric  ca p ac ito rs  a n d  o th e r  s im p le  c ircu it co m p o n e n ts  w ith  less s tr in g e n t 

req u irem en ts .
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Figure 2.17: Particles in a dispersion m ay adhere together and form  aggregates of increasing 

size which may sedim ent out irreversibly due to gravity (or vice versa).

2.3.3 Exfoliation and deposition

A s d iscussed  previously , the m ost com m on  m eth o d s  for sy n thesising  ca rbon  n an o tu b es  

req u ire  co llec ting  th em  in p o w d e r fo rm  w h ich  fav o u rs  b u n d lin g  from  Van d e r W aals 

in teractions. F u rth erm o re , th is p o w d er m u s t be  c lean ed  in o rd e r to get rid  of an y  non- 

tu b u la r  n a n o p a rtic le s . In  o rd e r  to  m a k e  th in  film s o f n e tw o rk s  o f ca rb o n  n a n o tu b e s  

it is th e re fo re  n e c essa ry  to  fin d  a s im p le  w ay  to  d e p o s it  a c o n tro lled  a m o u n t of 

CNTs o n to  th e  d e s ire d  su b s tra te  w h ils t a lso  sep a ra tin g  the  b u n d le s  of n an o tu b es  a n d  

r id d in g  th em  o f im p u ritie s . M u ch  w o rk  h a s  b e e n  c o m p le te d  in  th is  a rea  a n d  o n e  of 

th e  m o s t su ccessfu l m e th o d s , w h ic h  w a s  th e  o n e  u s e d  fo r th is  w o rk , is th e  liq u id  

p h a se  ex fo lia tio n  o f ca rb o n  n a n o tu b e s  u s in g  a s u rfa c ta n t [109, 110]. P artic les  in  a 

d isp e rs io n  m ay  a d h e re  to g e th e r v ia Van d e r  W aals a ttra c tio n  a n d  fo rm  ag g reg a te s  of 

increasing  size w h ich  m ay  sed im en t o u t irreversib ly  d u e  to  g rav ity  (or vice versa). A n 

in itia lly  fo rm ed  ag g reg ate  is called  a floe a n d  its fo rm a tio n  flocculation; th is p rocess is 

reversib le  (deflocculation). If the  agg reg ate  changes to a m u ch  d en se r fo rm  it is sa id  to 

u n d e rg o  co ag u la tio n ; th is  p ro cess  is irreversib le  (see F ig u re  2.17).

In o rd e r  to  o b ta in  a h o m o g e n e o u s  co llo id a l so lu tio n  of ca rb o n  n a n o tu b e s  in  w ate r, 

th e  ca rb o n  n a n o tu b e s  a re  s e p a ra te d  u s in g  son ic  e n e rg y  a n d  a re  p re v e n te d  fro m  

re ag g re g a tin g  w ith  the  p resen ce  of su rfac tan t. In d e ed , the  ionic p a r t  of th e  su rfa c tan t
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A)

B)

C)

F i g u r e  2 .1 8 : S c h e m a t ic  r e p r e s e n t a t i o n s  o f  th e  m e c h a n i s m  b y  w h ic h  s u r f a c t a n t s  h e lp  to  d i s p e r s e  

S W N T s .  A )  S W N T s  e n c a p s u l a t e d  i n  a  c y l i n d r i c a l  s u r f a c t a n t  m ic e l l e  ( b o t h  c r o s s  

s e c t i o n  a n d  s id e - v ie w ) ;  B) h e m i m ic e l l a r  a d s o r p t i o n  o f  s u r f a c t a n t  m o le c u le s  o n  a  

S W N T ; C )  r a n d o m  a d s o r p t i o n  o f  s u r f a c t a n t  m o le c u le s  o n  a  S W N T [ i i2 ] .

b i n d s  w i t h  t h e  c a r b o n  n a n o t u b e s  w h i l e  t h e  c o u n t e r - i o n s  c r e a t e  a  d i f f u s e  p o t e n t i a l  

a r o u n d  t h e  n a n o t u b e ,  d i s c o u r a g i n g  o t h e r  n a n o t u b e s  f r o m  a g g r e g a t i n g  [ i i i ,  1 1 2 ] .  T h i s  

d i f f u s e  p o t e n t i a l  i s  c a l l e d  t h e  z e t a  p o t e n t i a l  ^  a n d  t h e  p r e s e n c e  o f  I C I < 3 0  m V  w i l l  

c r e a t e  a  s t a b l e  d i s p e r s i o n  ( s e e  F i g u r e  2 .1 8 ) .  T h e  p h y s i c s  o f  t h e  d o u b l e  l a y e r  w a s  n a m e d  

D L V O  t h e o r y ,  a f t e r  i t s  i n v e n t o r s  D e r j a g u i n  a n d  L a n d a u ,  V e r w e y  a n d  O v e r b e e k .

O n c e  t h e  c a r b o n  n a n o t u b e s  h a v e  b e e n  d i s p e r s e d  i n  a  s u r f a c t a n t  s o l u t i o n ,  i t  i s  p o s s i b l e  

t o  s e p a r a t e  S W N T s ,  l a r g e  b u n d l e s  o f  n a n o t u b e s  a n d  o t h e r  i m p u r i t i e s  b y  c e n t r i f u g i n g  

t h e  s o l u t i o n  ( s e e  F i g u r e  2 .1 9 ) .  A  g e n e r a l  a p p r o a c h  f o r  s o r t i n g  c a r b o n  n a n o t u b e s  b y  

d i a m e t e r ,  b a n d - g a p  a n d  e l e c t r o n i c  t y p e  ( m e t a l l i c  v e r s u s  s e m i c o n d u c t i n g ) ,  u s i n g  t h e  

t e c h n i q u e  o f  d e n s i t y - g r a d i e n t  u l t r a c e n t r i f u g a t i o n  w a s  d e v e l o p e d  b y  A r n o l d  e t  a l .  i n  

2 0 0 6  [ 1 1 3 ] .  T h i s  s c a l a b l e  a p p r o a c h  e x p l o i t s  d i f f e r e n c e s  i n  t h e  b u o y a n t  d e n s i t i e s  ( m a s s  

p e r  v o l u m e )  a m o n g  S W N T s .  I n  t h i s  t e c h n i q u e ,  p u r i f i c a t i o n  i s  i n d u c e d  b y  u l t r a c e n t r i f u 

g a t i o n  i n  a  d e n s i t y  g r a d i e n t .  I n  r e s p o n s e  t o  t h e  r e s u l t i n g  c e n t r i p e t a l  f o r c e ,  p a r t i c l e s  

s e d i m e n t  t o w a r d  t h e i r  r e s p e c t i v e  b u o y a n t  d e n s i t i e s  a n d  s p a t i a l l y  s e p a r a t e  i n  t h e  g r a 

d i e n t .  H o w e v e r ,  f o r  g e n e r a l  u s e ,  i t  i s  e n o u g h  t o  s i m p l y  s e p a r a t e  S W N T s  a n d  s m a l l  

b u n d l e s  f r o m  l a r g e  a g g r e g a t e s  b y  c e n t r i f u g i n g  t h e  c a r b o n  n a n o t u b e  d i s p e r s i o n  f o r  9 0
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Figure 2.19: Centrifugation separation using density gradient ultracentrifugation[ii3].

m in  a t 5500 RPM . The su p e rn a ta n t liqu id  is th en  e ither qu ick ly  d ecan ted  from  the  tu b e  

w ith o u t  d is tu rb in g  th e  p re c ip ita te , o r w ith d ra w n  w ith  a P a s te u r  p ip e tte . Finally, th e  

c a rb o n  n a n o tu b e  n e tw o rk s  can  b e  fo rm e d  u s in g  th e  v a c u u m  filtra tio n  a n d  sp ra y in g  

tech n iq u es  o u tlin e d  p rev io u s ly  in  th e  case of silver n an o w ire  n e tw o rk s.

2.3.4 Transparent flexible carbon nanotube electrodes

C a rb o n  n a n o tu b e s  w e re  o n e  of th e  m o s t p ro m is in g  iD  m a te r ia ls  to  b e  in v es tig a ted  

fo r t r a n s p a re n t  a n d  flex ib le  n e tw o rk s  in  th e  a im  o f re p la c in g  m a te r ia ls  th a t  hav e  

b een  im p ro v in g  to  n e a r  p e rfec tio n  over d ecad es , m a te r ia ls  su ch  as silicon , copper, or 

th e  t r a n s p a re n t  c o n d u c to r  ITO. T h e  a ttra c tiv e n ess  in  all cases lies n o t n ec essa rily  in  

in c re a sed  p e rfo rm a n c e , b u t  in  ch e ap , ro o m  te m p e ra tu re  fa b rica tio n , a n d  a ttr ib u te s  

su ch  as m ech an ica l flexibility.

M u ch  w o rk  w a s  u n d e r ta k e n  to  s tu d y  th e  p ro p e r tie s  o f n e tw o rk s  of ca rb o n  n a n 

o tu b e s  a n d  m a n y  m o re  p ro p e r tie s  fo r ca rb o n  n a n o tu b e  n e tw o rk s  h av e  b e e n  s tu d ie d  

a n d  e x p la in e d  th a n  fo r s ilv er n an o w ire s . U n lik e  s ilv er n a n o w ire s , th e  m o rp h o lo g y  

o f b o th  th e  n a n o tu b e s  a n d  th e  n e tw o rk s  a n d  th e ir  in flu en ce  o n  th e  o p to -e lec trica l 

p ro p e r tie s  o f th e  n e tw o rk s  h av e  b e e n  ex ten s iv e ly  lo o k ed  in to  [87, 114, 115]. It w as  

re p o r te d  b y  S ta d e rm a n n  u s in g  c o n d u c tiv e  tip  A FM  o n  v e ry  sh o r t  le n g th  sca les th a t 

d isc re te  d ro p s  in  c o n d u c ta n c e  c o u ld  b e  m e a su re d  w h ic h  sp a tia lly  c o r re s p o n d e d  to
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ju n c tio n s  b e tw e en  ca rb o n  n a n o tu b e s  in  a n e tw o rk  [116-119]. T h e  c o n d u c tiv ity  d ro p  

d e p e n d e d  o n  the  ty p e  of junc tion , m eta llic /m e ta llic , sem ico n d u c tin g /sem ico n d u c tin g  

o r m e ta llic /sem ico n d u c tin g  b u t in  all cases the  ju n c tio n  resistance  is several o rd e rs  of 

m ag n itu d e  h ig h er th an  the n an o tu b e  b u n d le  resistance an d  hence d o m in a te  the  overall 

n e tw o rk  resistance.

H e ch t [114] th e n  sh o w ed  th a t th e  dc c o n d u c tiv ity  sca led  w ith  th e  av e rag e  C N T  

b u n d le  len g th  as a p c  in ag reem en t w ith  som e theoretical w o rk  d o n e  by  B alberg

in 1983 [74] w h e re  C N T n e tw o rk s  w ere  m o d e led  as a tw o -d im en sio n a l sy stem  of ra n 

d o m ly  d is tr ib u te d  co n d u c tin g  sticks w h ich , n ea r perco la tio n , d isp lay ed  a d ep en d en ce  

ctqc ^  H ow ever, 2.48 acts as an  u p p e r  b o u n d  in  the  case w h e re  n e tw ork  resistance 

is on ly  d e p e n d e n t on  ju n c tio n  resistance. O th e rs  have sh o w n  th a t the  co n d u c tiv ity  of 

C N T n etw o rk s w ill decrease  w ith  increasing  film  p o ro sity  an d  b u n d le  d iam ete r [70], a 

m o d e l w h ich  is in  perfec t ag reem en t w ith  a s tu d y  of ju n ctio n  resistan ce  in  the  case of 

p ris tin e , a c id -trea ted  an d  an n e a led  SW N T b u n d le s  [87].

N e tw o rk s  o f ca rb o n  n a n o tu b e s  in  th e  p e rco la tio n  re g im e  w e re  a lso  ex ten s iv e ly  

s tu d ied , in  fact m uch  of the research  based  on CNTs w as used  to  b u ild  the  fo u n d a tio n s  

for s tu d y in g  n e tw o rk s  of n an o -sca led  w ires . S ince th e  b as is  fo r th e  s tu d y  o f s ilv er 

n a n o w ire  n e tw o rk s  w as  ex tra c ted  from  lite ra tu re  o n  C N T  n e tw o rk s , th e  p ro p e r tie s  

of p e rco la tiv e  ca rb o n  n a n o tu b e  n e tw o rk s  w ill n o t b e  a rev ie w ed  to  av o id  re p e titio n . 

F u rth erm o re , because  of the very-w ell k n o w n  p ro p e rtie s  and  low  surface ro u g h n ess  of 

ca rb o n  n a n o tu b e  n e tw o rk s  th ese  w ere  th e  id ea l c a n d id a te  for th e  seco n d  p a r t  o f th is  

w ork: u s in g  p o ro u s , tra n sp a re n t a n d  flexible e lec tro d es for d ev ice  ap p lica tio n s.

2.3.5 Transparent flexible capacitors and capacitive sensing

W ith the  scientific co m m u n ity 's  a tten tio n  m o n o p o liz ed  by  su p e rcap ac ito rs , v e ry  little  

w o rk  h as  b ee n  ca rried  o u t o n  tra n sp a re n t, flexible d ie lec tric  ca p ac ito rs  (TFC). In  fact, 

o n ly  o n e  p a p e r  m en tio n s  th e  p ro d u c tio n  of a t ra n s p a re n t flexib le d ie lec tric  cap ac ito r 

w ith  flexible ca rb o n  n a n o tu b e  e lec tro d es  to  be  u se d  as a sk in -like  p re ssu re  a n d  s tra in  

sen so r [3]. Som e capacitive sen so rs  m ad e  from  co p p e r e lec trodes an d  PDM S d ielectric
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were also made, acting as a flexible, though non-transparent, dielectric capacitor

[120] and some transparent and flexible pressure sensors were recently produced for 

touch screen applications using Indium Zinc Oxide (IZO) and polycarbonate dielectric

[121]. However, the characterization of the properties of TFC as a function of device 

morphology has never been tackled. Although the motivation behind this work was to 

use porous electrodes to build transparent and flexible capacitors to be used in the 

field of transparent flexible electronics, a byproduct of these capacitors with porous 

electrodes is their ability to be used in the area of capacitive humidity sensing. Indeed, 

the porous nature of CNT electrodes allows for small molecules to travel through them 

in order to interact with the dielectric layer of the capacitor. These devices could be 

very useful in the case of biosensors, where the sensor needs to blend in with and 

follow the movements of a patient's skin. Furthermore, detection of the concentration 

of a specific gas molecule in mixtures of various gas molecules is increasingly required 

for control and monitoring of various industrial or medical processes.

Capacitive-type sensors have good prospects given that the capacitor structure is 

so simple, enabling miniaturization and achieving high reliability and low cost. The 

principle of capacitive sensing is usually to choose the dielectric in the device to 

be sensitive to a range of gas or liquid analytes. Little so far is known about the 

fundamentals of capacitive type chemical sensors, in particular, gas sensors based 

on capacitance change, though it can be assumed that the analyte will interact with 

the dielectric in various ways [122-126]. It can, for example, cause swelling of the 

dielectric, affect the dielectric constant of the new system or affect the resistance of the 

porous electrode as it comes in contact with it, all of which will affect the measured 

capacitance of the system. It is therefore very important to characterize the properties 

of transparent flexible capacitors with nanostructured electrodes in order to control 

those properties for applications.
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2.4 T R A N S P A R E N T  F L E X I B L E  H E A T E R S  ( t F H )

When an electric current flows through a solid or liquid with finite conductivity, 

electric energy is converted to heat through resistive losses in the material. The heat 

is generated on the micro scale when the conduction electrons transfer energy to the 

conductor's atoms through collisions; this phenomenon is called joule, resistive or 

ohmic heating. Transparent flexible heaters are an interesting application to transparent 

flexible nanostructured electrodes simply based on joule heating at the junctions in the 

network.

Transparent heaters have already been developed and are in production [127, 128] 

using either ITO sputtered on a polyester film or using a micro wire heating element 

laid in a pattern between two clear substrate materials. Transparent heaters are de

signed to work with LCD panels, windows, mirrors, solar panels, camera lenses, touch 

screens or any application that requires light or visual transmittance in cold and moist 

environments. However, both ITO and micro-wires display weaknesses; ITO is brittle 

and will not be useable in the case of flexible applications and wires do not heat the 

substrate homogeneously. This is why attention has been turned once again towards 

materials such as metallic nanowires, carbon nanotubes and graphene which give a 

homogeneous coverage of the substrate while remaining transparent and flexible.

The matter of joule heating in networks of nanowires has already been tackled, 

mainly because in very resistive, industrially relevant networks, current density is 

very high and represents a problem when it comes to electromechanical stability of 

devices [129]. Figure 2.20 illustrates how very thin networks of silver nanowires will 

fail over time if current densities are high enough. Although silver nanowires have 

small diameters and display some small intrinsic defects, including interfaces and 

dislocations, it is believed junctions are mainly responsible for joule heating. The power 

dissipation which happens mainly at the nanowire/nanowire junctions is proportional 

to the current and resistance of the network as P =  I^R and is partly responsible 

for network failure in percolative films [7, 130]. Khaligh et al. showed through SEM 

imaging of nanowires that after annealing or after network failure, the nanowires



M A T E R I A L S  A N D  B A C K G R O U N D

^  20

16

12

8

4

0
200 10 30 40

Sheet resistance (Q/sq)
0 5 10 15 20

Current density (mA/cm^)

Figure 2.20: Dependency of time to failure on resistance and current density in the case of a 

thin network of metallic nanowires. A) The number of days to failure versus sheet 

resistance, when conducting 17 niA.cni'  ̂ across samples with different resistances 

B) The relationship between the number of days to failure and current density, as 

measured with three different 30 0 /Q  electrodes. [129]

disp layed  the  sam e m orpholog ica l a lterations, fu rthe ring  the claim s tha t hea ting  is 

responsib le  for ne tw ork  failure  [129]. This show s tha t it is im p o rtan t to u n d e rs ta n d  

and  characterise the tem perature increase of nanow ire netw ork as a function of current 

ap p lied  an d  netw ork  density  in o rd er to avoid netw ork  failure and  to  be able to use 

these netw orks for tran sparen t flexible heater applications.

2.4.1 Heating devices in the literature

T ransparen t flexible heaters  m ade  from  one or tw o d im ensional nanom ateria ls  have 

started  em erging as recently as 2007, led by carbon nanotubes th in  [6] and  thick films 

[131]. C arbon nano tubes w ere chosen for their ex traord inary  therm al conductiv ity  of 

nearly  3500 W/mK, extrem e therm al stability for tem peratures as high as 3200 K in vac

uum  [130, 132] and em issivity close to 1 [6, 133]. The research was focused on proving 

the concept of carbon nano tube netw orks as heaters and  less so on understand ing  the 

link betw een iietw ork p roperties an d  tem pera tu res attained . However, as the in terest 

grew  for those sim ple devices so d id  the am ount of research. In 2010, Jang et al. [134] 

published  w ork on the dependence of pow er input on m axim um  achieved tem perature. 

They reached  the conclusion tha t tem pera tu re  increased as pow er app lied  increased;
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Figure 2.21: Understanding the mechanism for heat loss dependency with the change in film 

thickness. A) Heat losses of a conventional film heater (Pt thin film). B) Conduction. 

C) Convection. D) Radiation losses of the SWCNT network heater.[5]

th is m ake sense since increasing  the  pow er in p u t is done  by  increasing the curren t 

w hich  in tu rn  allow s for m ore electrical energy  to be converted  into heat. In 2010, 

Kang et al. [5] characterised the tem perature response of carbon nanotube heaters as a 

function of netw ork resistance (at room  tem perature) and applied  voltage. It is pointed 

ou t that the pow er in p u t depends on V and  R as P =  and  that the thin films can 

be characterised  by the h ea t genera tion  as a function  of in p u t pow er T hough

w hat is in teresting about this paper is that for the first tim e the m echanism  of heating 

is tackled an d  exp la ined  as a function  of rad ia tion , convection an d  conduction  i.e. a 

stable tem p era tu re  occurs w hen  the  hea ting  pow er com pensates for the h ea t loss at 

the interfaces (air and  substrate), (see Figure 2.21).

H eat transfer th rough  conduction is believed to happen  at discrete points of contact 

of the SW NTs w ith  the substra te  w hich  m eans th a t as the film  grow s thicker, the 

heat loss th rough  conduction  increases rap id ly  (Figure 2.21 B)). The second heat loss 

m echan ism  is convection th ro u g h  air w hich, they suppose , w ill have a larger effect 

in  very  th in  film s (Figure 2.21 C)). Finally, som e h ea t loss is a ttr ib u ted  to rad ia tion
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F ig u re  2.22: I n p u t  p o w e r  a s  a  f u n c t io n  o f  th e  s t e a d y  s t a te  te m p e r a tu r e  o f  a  n e tw o r k  o f  s i lv e r  

n a n o w ire s  d e p o s i te d  o n to  p o ly (e th y le n e  n a p h th a la te )  (P E N ) a n d  g la s s  su b s tra te s [7 ]

w h i c h  w i l l  d e c r e a s e  a s  t h e  f i lm  t h i c k n e s s  i n c r e a s e s  a s  S W N T s  h a v e  v e r y  h i g h  o p t i c a l  

a b s o r p t i o n  p r o p e r t i e s  [1 3 3 ] ( F i g u r e  2 .2 1  D )) .

A l t h o u g h  S W N T s  a r e  a n  e x c e l l e n t  c a n d i d a t e  f o r  T F H  a p p l i c a t i o n s ,  a  l o t  o f  a t t e n t i o n  

h a s  b e e n  g iv e n  to  g r a p h e n e  in  t h e  l a s t  f e w  y e a r s .  I n d e e d ,  t h e  o u t s t a n d i n g  t h e r m a l  c o n 

d u c t i v i t y  o f  g r a p h e n e  f i lm s  [ 1 3 5 - 1 3 8 ]  p r o v i d e s  a n o t h e r  a d v a n t a g e  f o r  u s i n g  g r a p h e n e  

i n  t r a n s p a r e n t  h e a t e r s .  A s  i t  d e l i v e r s  h e a t  q u i c k l y  t o  t h e  e n v i r o n m e n t ,  t h e  r e s u l t  i s  a  

f a s t e r  h e a t i n g  r a t e  a n d  a  m o r e  h o m o g e n e o u s  t e m p e r a t u r e  d i s t r i b u t i o n  a d d i t i o n a l l y  

t o  t h e  l o w  s u r f a c e  r o u g h n e s s  a n d  h o m o g e n e o u s  c o v e r a g e  i n t r i n s i c a l l y  p r o v i d e d  b y  

t h e  m o r p h o l o g y  o f  g r a p h e n e  t h i n  f i lm s .  F u r t h e r m o r e ,  s i n c e  t h e  t e m p e r a t u r e  d e p e n d s  

o n  t h e  m o r p h o l o g y  o f  t h e  f i lm ,  t h e  d e s i r e d  t e m p e r a t u r e  c a n  b e  s e t  b y  m o d i f y i n g  t h e  

s h e e t  r e s i s t a n c e  u s i n g  c h e m i c a l  d o p i n g  a n d  v a r y i n g  t h e  th i c k n e s s  o f  t h e  g r a p h e n e  f i lm  

[8 , 1 3 9 ].

F in a l ly ,  a n d  a s  f o r  m o s t  t r a n s p a r e n t  f l e x ib le  a p p l i c a t i o n s ,  a  c o u p l e  o f  a r t i c l e s  [7 , 140 ] 

h a v e  v e r y  r e c e n t l y  b e e n  p u b l i s h e d  o n  T F H s  m a d e  f r o m  s i lv e r  n a n o w i r e  e l e c t r o d e s  a s  a  

lo g i c a l  c o n t i n u a t i o n  f r o m  c a r b o n  b a s e d  n a n o m a t e r i a l s  f o r  t h e i r  v e r y  h i g h  c o n d u c t i v i t y  

r a t i o  c o m p a r a b l e  t o  t h a t  o f  IT O . I n  2 0 1 2 ,  t h e  f i r s t  A g N W  T F H s  w e r e  r e p o r t e d  

f r o m  C e l le  e t  a l.  [7 ]. S i lv e r  n a n o w i r e s  s e e m e d  to  b e h a v e  q u i t e  s i m i l a r l y  to  c a r b o n - b a s e d  

m a t e r i a l s  a l t h o u g h  th e  m a x i m u m  t e m p e r a t u r e s  w e r e  a c h ie v e d  a f t e r  m u c h  lo n g e r  t i m e s  

(2 0 0  sec  f o r  A g N W s  a g a i n s t  60  sec  f o r  S W N T s  a n d  g r a p h e n e )  w h i c h  c a n  b e  a  r e s u l t  

o f  s i l v e r ' s  m u c h  l o w e r  t h e r m a l  c o n d u c t i v i t y  c o m p a r e d  to  S W N T s  a n d  g r a p h e n e .  T h e
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Figure 2.23: Fitting of heat exchange mechanisms governing heat exchange from the surface of 

a perpendicularly-aligned CNT film [i4i]

sam e  p a p e r  a lso  sh o w s  h o w  th e  su b s tra te  h a s  an  effect on  th e  te m p e ra tu re  ach iev ed , 

w h ic h  m e a n s  h e a t co n d u c tio n  th ro u g h  th e  s u b s tra te  is an  im p o r ta n t  p a r t  o f th e  

p ro cess  (F ig u re  2.22) in  ag re e m e n t w ith  p re v io u s  th eo rie s  fo r SW N T  film s. In d e e d , 

h e a t  d isp e rse s  m o re  ra p id ly  w h e n  a m a te r ia l h a s  a h ig h  th e rm a l d iffu s iv ity  v a lu e . 

A t 50 °C, th e  th e rm a l d iffu s iv ity  o f th e  su b s tra te s  u s e d  are  a b o u t  1.5 x io~^ ni^/s, fo r 

p o ly (e th y len e  n ap h th a la te )  (PEN) a n d  5.9 x ni^fs for g lass. T hese  v a lu es  in d ica te  

th a t h e a t tra n s fe r  is lo w er w ith  th e  P E N  s u b s tra te  a n d  th u s  h e a tin g  ra te  a n d  s te a d y  

s ta te  te m p e ra tu re  a re  b o th  s lig h tly  h ig h e r  w h e n  c o m p a re d  w ith  th e  g lass  su b s tra te . 

T h is  p a p e r  a lso  re p o r te d  th a t a p p ly in g  too  h ig h  a v o ltag e  w ill d e s tro y  th e  n e tw o rk s  

d u e  to  m e ltin g  of th e  n an o w ire s  w h ic h  is an  in co n v en ie n ce  fo r ap p lic a tio n s  w h e re  

h ig h ly  tra n sp a re n t perco la tive  n e tw o rk s  m u s t be  u sed .

A lth o u g h  m u c h  w o rk  h a s  b ee n  u n d e r ta k e n  to  c rea te  s ta te  o f th e  a r t  flex ib le  a n d  

tran sp a ren t h ea te rs  for a w hole  ran g e  of app lica tions, too  little effort h as  been  p u t in to  

u n d e r s ta n d in g  ex ac tly  the  m ech a n ism  b e h in d  th ese  n a n o s tru c tu re d  p o ro u s  h ea te rs . 

W ith in  th e  la s t few  m o n th s , so m e  w o rk  h a s  a r ise n  o n  th e  th e o ry  of h e a t tra n s fe r  in  

TFH s. Janas e t al. [141] have in  M arch  of th is year p u b lish e d  w o rk  on  C N T  th in  film s 

as h ea te rs . T he film  w as  su s p e n d e d  w h ile  su rface  te m p e ra tu re  w a s  m o n ito re d  w ith  

a th e rm a l cam era . T h ey  re p o rt th a t, a ssu m in g  co m p le te  co n v e rs io n  o f e lec tric  p o w er
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into heat, fitting of the data (Figure 2.23) revealed two regimes of heat evolution. The 

lower regime is convection to air and conduction to the supporting quartz slides. 

Then radiative emission starts to dominate at about 150 °C and at temperatures higher 

than 400 °C one could see a very faint red glow of the hot surface. Another paper 

[139] published last July states some of the basic equations of thermodynamics and 

heat convection and radiation in order to obtain an expression for time dependent 

temperature.

In this work, networks of silver nanowires will be studied in order to fill the gaps in 

the understanding of the time-dependent behaviour of the networks during the heating 

process and the dependence of the saturation temperature on the current applied and 

thickness of the nanowire network.
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3.1 N E T WO R K S  OF O N E - D I M E N S I O N A L  N A N O M A T E R I A L S

3.1.1 Electrical a nd  optical properties o f  th in  m eta llic  f i lm s

3.1.1.1 Electrical properties

In the scientific quest to find a new transparent flexible conducting material, metallic 

nanoparticles were always an attractive option. Metals are characterised by high 

electrical conductivity brought on by the fact that a large number of electrons in a 

metal are free to move about. Those free electrons are called conduction electrons, i.e. 

the valence electrons of the atom become the conduction electrons of the metal. The 

characteristic feature of metallic binding is the lowering of the energy of the valence 

electrons in the metal as compared with the free atom. This comes from the fact that 

metals crystallise in relatively close packed structures: hep, fee, bcc...[i42] The Drude 

model of electrical conduction was proposed in 1900 by Paul Drude to explain the 

transport properties of electrons in conductive materials. The model assumes that the 

microscopic behavior of electrons in a solid may be treated classically, meaning that 

electrons are assumed to travel a distance X (the mean free path) in a straight line in 

the solid before being scattered by (and loosing most of their momentum to) a much 

larger immobile positive ion on the crystal lattice (see Figure 3.1) . Therefore, it is 

possible to model the behaviour of electrons in a metal by assuming they behave like 

an ideal gas of particles of mass m  and velocity v^t associated to temperature of the gas. 

Electrical current density under an applied electric field, E , can then be written as

e^NT
J =  - e N v a  =  E =  a E  (3.1)m

39
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E,l

Figure 3.1: Drude Model electrons (shown here in blue) driven by an electric field E constantly 

bounce between heavier, stationary crystal ions (shown in red)

where a  is the conductivity of the material, N  is the number of electrons with charge —e 

per unit volum e and t  is the time between collisions of the electrons with impurities, 

lattice imperfections and phonons within the crystal. Furthermore, the current density 

is by definition the current per cross sectional area

I = ^ (3..)

and the potential drop along a line of length I in an electric field E is

V = El (3.3)

=  jPl  (3 4 )

V = R 1 (3.5)

also know n as Ohm's law, w here the resistance is jR =  . In a thin film, A  =  lut

w here t is the thickness of the film and w is the w idth  of the film, therefore

R =  (3.6)

where by definition

=  ;̂ 7 (3-7)at

is called the sheet resistance. The concept of sheet resistance is applicable to films thin 

enough to be considered as two-dimensional entities. Although sheet resistance should 

have the same units as resistance, its unit is in fact taken as f i /D  to indicate that the 

value is that of a unit area of material. Here, a  is the dc conductivity of bulk silver and 

will be symbolised from now on by ctdc,b ■
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r,
T2

Figure 3.2: For a a thin semitransparent material with thickness I A, multiple reflections and 

transmission arise causing interference.

3.1.1.2 O p tica l  properties

In a thin metallic film, the evaluation of the am plitude and phase of the electromagnetic 

wave is lengthy but straightforward, although only the end result will be given here. 

Indeed, if the film is very thin then incident light will be subjected to multiple reflection 

and transm ission before exiting the film as shown on figure 3.2 By calculating the 

m ultiple reflections and transmissions at the two symmetrical boundaries (given by 2 

= 0 and z = I), assuming the thickness of the metallic film is lower than the wavelength 

of visible light and that the film is optically conductive, the transm ittance of light can 

be approxim ated as[i43]

T =  (1  +  ^CT.pt'^ (3-8)

W here a o p  is the conductivity of the material as light interacts w ith it - or the optical

conductivity. The definition of sheet resistance (equation 3.7) can be subbed in

+ (3-9)\  2 R s  (Td c .b )

The ratio of dc to optical conductivity, , is a figure of merit used widely in the area 

of transparent networks of nanotubes/nanow ires where a larger ratio will lead to better 

opto-electrical properties. N ote that equation 3.8 is analogous to the Beer-Lambert 

law, T =  =  £ - ô{o'dc,bRs )  ̂ expanded to first order with a o p  ~  Vzo- In fact, a more

popular figure of m erit in the field of transparent conductors is [9, 79], however 

the form of equation 3.8 will be more usefull in this work.
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Figure 3.3: T ransm ittance  ( A =  5 5 0 nm)  p lo tted  as a function  of film  sh ee t resistance for

3.1.2 Characterisatio77 o f  a percolntive netw ork

T h e  a b o v e  d e f in i t io n  o f  t r a n s m it ta n c e  a s  a  f u n c t io n  o f  s h e e t  re s is ta n c e  d e s c r ib e s  th e  

p ro p e r t ie s  o f  th in  m e ta llic  film s v e ry  w ell w h e n  th o se  th in  film s h av e  th ic k n e sse s  above 

a c e r ta in  c ritic a l th ic k n e s s  H o w e v e r  th is  th e o re tic a l m o d e l d e v ia te s  fo r f ilm s  w ith  

th ic k n e s s  b e lo w  th is  th r e s h o ld  a s  s h o w n  in  F ig u re  3.3. T h is  is  e a s i ly  u n d e r s to o d  fo r  

n e tw o rk s  o f  o n e -d im e n s io n a l  m a te r ia ls  w ith  v e ry  few  co n n e c tiv e  p a th s . In d e e d , as  th e  

n u m b e r  o f p a th s  d e c re a s e s  th e  c o n d u c t iv i ty  w ill d e c re a s e  e x tre m e ly  fast. L ik e w ise , as 

m o re  lin k s  a re  a d d e d , n e w  c o n d u c tin g  p a th s  a re  fo rm e d  a n d  th e  c o n d u c tiv ity  in c rease s  

ra p id ly . T h e  t r a n s m it ta n c e  o n  th e  o th e r  h a n d  w ill  r e m a in  m o re  o r  le s s  u n a f fe c te d  b y  

th e  c h a n g e  in  a v a ila b le  c o n d u c t iv e  p a th s .  T h is  p h e n o m e n o n  is  c a l le d  percolation  a n d  

h a s  b e e n  s tu d ie d  e x te n s iv e ly  in  th e  a re a s  o f m a th e m a tic s  (c o m p u te r  co n n ec tiv ity , social 

n e tw o rk in g )  [144-146], c h e m is try  [147] a n d  b io lo g y  (e p id e m ic s )  [148-150].

netw orks of silver nanow ires and  carbon nanotubes as well as evaporated  silver and 

com m ercial ITO. This w ork by De et al. show s tha t equation  3.9 fails to describe the 

d a ta  accura tely  a t h ig h  tran sm ittan ce  in  the  case of n e tw o rk s of o ne-d im ensional 

nanostruc tu res. [32]
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P erco la tion  can  be d iscussed  in te rm s of probability , the  p ro b ab ility  th a t a conductive  

p a th  w ill be p re sen t betw een  the  tw o sides of a n e tw o rk  as m ore  n anow ires are a d d e d  to 

the  netw ork . T he p ro b ab ility  at w h ich  a conductive  p a th  occurs is called the percolation 

threshold. T he b eh a v io u r a t th ick n esses g rea te r th a n  a few  n a n o m e te rs  is d is tin c t from  

tru e  p erco la tion  how ever, perco lation-like co n d u c tiv ity  sca ling  h as  been  observed  for a 

n u m b e r of system s far from  the  perco la tion  th resho ld [32 , 35, 79, 95 ,151 , 152]. This can  

be  co n sid ered  as an  in te rm ed ia te  sy stem  b etw een  tru e  p erco la tio n  an d  b u lk  behaviour. 

T heoretical w o rk  h as  been  d o n e  on  th e  perco la tive  b eh a v io u r of n e tw o rk s of ro d s  a n d  

it w as  fo u n d  th a t a t th ick n esses n ea r p erco la tio n  (from  above) th e  co n d u c tiv ity  of the  

n e tw o rk  follow s

(7d c  «  ( N  -  N c ) "  ( 3 .1 0 )

w h ere  N  is the  n u m b er of ro d s p e r u n it area, N c  is the perco la tion  th resh o ld  (or critical 

d ensity ), n is the perco la tion  ex p o n en t w h ich  w o u ld  on ly  d e p e n d  o n  the d im en sio n ality  

of the  space  in the  case of tru e  p erco la tion  (see C h ap te r 2, sec tion  2.2.3) ^nd  a p c  is the  

c o n d u c tiv ity  o f th e  p erco la tiv e  n e tw o rk , d iffe ren t to  crpc g. For th is  s tu d y , it is m o re  

co n v en ien t to  ta lk  ab o u t the  th ick n ess of th e  n e tw o rk  ra th e r  th a n  the  n u m b e r d en s itv  

of w ire s  m ak in g  u p  the  n e tw o rk . T he n u m b e r of ro d s  p e r  u n it  a rea  can  be w ritte n  as

AJ 1 , s
^  =  (3 -11)

rriN I  , .(3.12)
P nw i ^ n w )

^  Pnw i ^ n w )
(3-13)

"  p̂ 7 v )f^nw \ ^nzv/

w h e re  nij^ is th e  m ass  o f th e  n e tw o rk , m,„i,the m ass  of a n an o w ire , is th e  d e n s ity  

o f a n a n o w ire , V„za is th e  av e rag e  v o lu m e  o f a n a n o w ire , A  is th e  su rface  a rea  o f th e  

film  a n d  is th e  th in  film  density[70 , 79] (no te th a t d u e  to  h ig h  porosity , 7  ̂ pmo )■ 

T herefo re , th e  effective th ick n ess of the  film  can  b e  w ritte n  as



4 4  T H E O R Y

This can be subbed in to  equation  3.10 by  w r it in g

(Tdc S ' ' '  [ N  -  N c ) "  

oc (sN-sNc)"

(3-17)

(3.18)

Th is  m eans th a t w e can w r ite  the c o n d u c tiv ity  o f pe rco la tive  f ilm s  p ro p o rt io n a lly  to 

f i lm  th ickness as

CTd C ( f  -  fc)" (3-19)

For in d u s tr ia lly  re levant film s , t »  tc m eaning {t — tc) ^  t, therefore

o-DC =  k t^  (3-20)

w here  A: is a p ro p o rt io n a lity  constant. Hdc increases w ith  increasing thickness u n t il i t

reaches its b u lk  value, croc g, at t =  tmi„ , m eaning

or

k = 0'DC,B 

f"  .min

a llo w in g  us to  w r ite

O'DC — O-DC.B

(3-21)

(3.22)

(3-23)

Le t's  recall tha t the sheet resistance, Rs , is a fu n c tio n  o f n e tw o rk  con d u c tiv ity , w h ich  

is n o w  dependent on n e tw o rk  thickness, and can be w r it te n  as

Ks = ( ĉ DC,B I - —  I f 
V \  hnin  J

(
•Rs =

- 1

(3-24)

(3-25)

Th is new  expression fo r the sheet resistance as a fu n c tio n  o f n e tw o rk  thickness can be 

subbed in to  equation  3.8 in  o rde r to  get a perco la tive  equ iva len t

1 + min { R s O'DC,B Unin )
-V1.+1

- 2

^op) 
Rs<̂dc ,b Unin

n+1 - 2

— H I )
V-i+i

‘̂ DC,b/(70p

V«+i' - 2

(3.26)

(3-27)

(3.28)
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This can be rewritten as

T =  1 +  —n (3-29)

where IT is the percolative fig u re  o f  m erit

(Td c .b / o-op _ (3-30)

Equations 3.9 and 3.29 are used to describe the behaviour of thin silver nanowire films 

in Chapters 5 and 7. The change in bulk and percolative figures of merit will be studied 

as the geometry of the nanowires are varied.

3.2 T R A N S P A R E N T  FLEXI BL E C A P A C I T O R S  W I T H  N A N O S T R U C T U R E D  E L E C T R O D E S

3.2.1 Transparent po lym er fo r  dielectric applications

A  polymer is a macromolecule composed of many repeated subunits[i53], known 

as monomers, which are usually composed of a string of - CH2- groups paired with 

various side groups. These side groups are what affect the polymers' properties most. 

In this study, poly(vinyl) acetate (PVAc) was used as the polymer for the dielectric layer 

of the capacitors, the structure of PVAc is shown in Figure 3.4. In order to create the 

capacitor's dielectric layer, PVAc must be dissolved into a solvent in order to use it in 

the liquid phase. PVAc is soluble in many solvents, including acetone, tetrahydrofuran, 

methanol, ethanol or toluene. In order for a polymer to mix in a solvent the Helmholtz 

( f ) free energy of the system must be minimised i.e. the entropy, S, must be maximised 

as the internal energy, U, is minimised. This is well described by Hansen solubility 

parameters (HSP)[i54] where materials with similar HSP have high affinity for each 

other. HSPs cover three types of interactions, the atomic (or dispersive) interactions, 

the permanent dipole-permanent dipole interactions and hydrogen bonding. The basic 

equation governing the assignment of Hansen parameters is that the total cohesion 

energy, E, must be the sum of the individual energies that make it up

E  — E d  +  E p  +  E h (3 -3 1 )
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Figure 3.4: Polyvinyl alcohol structure
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Figure 3.5: Effective electric field inside the polymer due to charges on the plates of a capacitor

where Ed is the dispersive energy, Ep is the polar cohesive energy and Eh is the cohe

sive energy source in hydrogen bonding. The solubility param eters are individually 

defined as
f~F

(3 -3 2 )

where V  is the molar volume. This means the square of the total solubility param eter 

can be w ritten as the sum  of the squares of the D, P, and H components.

^  d f ,  + S i  +  S'H (3-33)

For a polym er to dissolve in a solvent, their individual Hansen param eters { S o ,  Sp,  Sh  

) m ust match as closely as possible.

In capacitors an  electric field interacts w ith the bound  electrons in the dielectric 

as show n in figure 3 .5 .  The electron cloud is forced off-centre from the polym er's 

molecular core hence creating dipoles throughout the material. The total electric field in 

the polymer is then the applied field minus the induced polar field and the polarisation 

can be written

P =  £ o ( £ r - l ) E  (3 .3 4 )
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Using the electric susceptibility, we can also write

£r  =  l + X e  (3-35)

The dielectric constant Sr is a property of the polymer and varying ê- will vary C.

3.2.2 Basics o f  Im pedance spectroscopy

For this study, networks of various nanomaterials such as carbon nanotubes and silver 

nanowires were sprayed on either side of a thin film of insulating polymer in order to 

produce dielectric capacitors. To study these devices, impedance spectroscopy was used. 

It is well known that the current flowing through a resistive element in a circuit will 

follows Ohm's law:

I =  j  (3 -3 6 )

However, in more complex circuit elements and under an applied ac potential, the 

behaviour of the electrical response will vary with varying frequency. Similarly to 

resistance, impedance is a measure of the ability of an element to resist current in such 

a case where the electrical response is frequency-dependent . Electrical impedance 

is normally measured using a small excitation signal. This is done so that the cells' 

response is pseudo-linear as shown in Figure 3.6. In a linear (or pseudo-linear) system, 

the current response to a sinusoidal potential will be a sinusoid at the same frequency 

but shifted in phase. However, the signal must be large enough so that the current 

response is larger than the margin of error of the setup. The excitation signal expressed 

as a function of time has the form

Vt =  Vosin{Lot) (3.37)

where Vt is the excitation voltage at time t, Vq is the amplitude of the signal and co 

is the radial frequency. The relationship between the radial frequency (rad/s) and the 

frequency (Hz) is

CO =  I n f  (3.38)

In a linear system, the response h  is shifted by an angle (p and has amplitude Iq

It =  k s i n { c o t  +  cp) (3.39)
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Current

V oltage

Figure 3.6: In the case of a non-ohmic system, the current response to an applied ac voltage is 

non-linear as shown here. However, if the voltage applied is very small the current 

response appears to be linear as shown in the inset. This pseudo-linear behaviour 

means we can assume that the input consists of the weighted sum of several signals, 

then the output is simply the superposition (weighted sum) of the responses of the 

system to each of the signals.

hence the impedance can be expressed in terms of its magnitude Z q and a phase shift 

between its various components <p. If the applied sinusoidal signal Vt is plotted on 

the x-axis of a graph and the sinusoidal response signal It on the y-axis, the result 

is an ellipse (or oval) for a linear system (see Figure 3.7). This oval is known as a 

Lissajous figure and provides information on the type of circuit that is being dealt with 

in addition to information on 1 and V. If the system is not linear, i.e. the frequency of

the current response is different to the frequency of the applied potential, the resulting

curve will be a three dimensional knot and for an ohmic system, the Lissajous curve 

will be a line (cp = 0). Figure 3.7 illustrates various possibilities for a linear system.

The impedance of the system is represented as a complex quantity

Z =  Z o e x p  (icp) (3.40)

where the amplitude Z q represents the ratio of amplitudes of the voltage and current 

and cp is the phase shift between I  and V.  Alternatively, Euler's formula

exp ( i ip )  =  cos{\p) +  isin{xp) (341)



3- 2  T R A N S P A R E N T  FLEXI BL E C A P A C I T O R S  W I T H  N A N O S T R U C T U R E D  E L E C T R O D E S

II

1/ ( 1)

j - ( t )

 ̂ x ( t )  =  s iii(2 jrt)

 ̂ y ( t )  =  sin(27T( -  ' ^ )

{ x ( t )  =  s in (2 7 rt) 

v ( ‘ ) =  s in (2 jr (  -

»«)

d '= - 180° ,
.  x ( t ) -------------------------------------------------------U S - -

{x ( t )  =  sin (2 :ri) 

y (()  =  sin(27rf — tt)

i= - l8 0 ®
( im - c r te d )

(ill “c iu .'u lra tu rc "  )

f r ( t )  =  sin(2)ri)

1 » (') =  sin(2iri -

v(‘)

6 = 0° T(t)

x ( t )  =  s in (2 r r l)  

y ( ( )  =  s in (2 jr ( )

N

{ x ( 0  =  sin(27Tt) 

y ( 0  =  sin{27T( -

III

x ( t)  =  sin(2 ;ri) 

y(£) =  sin(277( -  I

6=-90®
( In  “q u w lra tu r* ? "  )

x ( 0  =  s in (2 7 rt)

 ̂ y(0 =  s in { 2 T T (  -  -J)

IV

Figure 3.7: Lissajous curves deliver information about what type of circuit is being tested.

Indeed the shape of the curve carries information on the presence and the weight 

of an imaginary component to the impedance. For example, a resistor which only 

has a real component will display a linear Lissajous curve. On the other hand, the 

current through a capacitor will lag the voltage by V2 radians, the Lissajous curve 

will in this case be a circle.
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argZ

> •  ReZ
R1+R2
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Figure 3.8: A) N yquist plot for an RC parallel circuit: the sem icircular shape is typical of 

these circuits. The semicircular shape arises as the frequency increases and has for 

diam eter the am plitude of the series resistance in the circuit. B) The RC parallel 

circuit corresponding to the above N yquist plot

a llo w s u s  to  w rite

Z =  Zo[cos(p + isirif] (342)

sh o w in g  th a t  th e  im p e d a n c e  is c o m p o se d  o f a rea l p a r t  a n d  an  im a g in a ry  p a r t. It 

is p o ss ib le  to  ex trac t th e  n a tu re  o f th e  c ircu it s tu d ie d  fro m  th e  n a tu re  o f th e  rea l 

a n d  im a g in a ry  p a r ts  of th e  im p ed an c e . E ach e q u iv a le n t c ircu it w ill d isp la y  a ty p ica l 

N y q u is t  p lo t, i.e. a p lo t  of im a g in a ry  im p e d a n c e  v e rsu s  rea l im p e d a n c e  th e re fo re  

N y q u is t p lo ts  a re  im p o r ta n t  fo r m a tc h in g  d ev ices  to  th e ir  e q u iv a le n t c ircu it. O n  th e  

N y q u is t P lo t th e  im p e d a n c e  can  b e  re p re se n te d  as a v ec to r (a rro w ) of le n g th  I Z I as 

sh o w n  on  F igu re  3.8 . T he an g le  b e tw een  th is  vec to r a n d  th e  x-axis is th e  p h ase  ang le , 

<p (— argZ),  d iscu ssed  p rev iously .

A lth o u g h  th e y  p ro v id e  a v e ry  u se fu l se t of in fo rm a tio n , N y q u is t P lo ts  h av e  o n e  

m ajo r sh o rtco m in g . W hen  loo k in g  a t an y  d a ta  p o in t o n  th e  p lo t, one  ca n n o t tell w h a t 

frequency  w as u sed  to  reco rd  th a t po in t; therefo re  it is essen tia l th a t the  in fo rm atio n  be 

rep resen ted  in  a d iffe ren t form at. Bode p lo ts  describe the  in fo rm atio n  m ore th o ro u g h ly
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Figure 3.9: Typical Bode plots for parallel RC circuit (as seen in Figure 3.8). A) M agnitude of 

the im pedance as a function of frequency, the shape of the curve can be related to 

the type of circuit using first principles of im pedance as show n in C hapter 5. B) 

Phase versus frequency, the phase goes to o for low frequency as reactance term  

becomes negligible.

by sep a ra tin g  the in fo rm ation  ab o u t the p h ase  an d  the  in fo rm atio n  ab o u t the  am p litu d e  

of th e  im p ed an c e  a n d  by  sh o w in g  freq u en cy  in fo rm a tio n  (F igure  3.9).

3.2.3 Series RC circuits

T he sa m p le s  in  th is  s tu d y  w o u ld  id ea lly  ex h ib it b e h a v io u rs  ty p ica l o f a se rie s  RC 

e q u iv a le n t c ircu it. T his m e a n s  th a t  th e  d ev ice  w o u ld  n o t p re s e n t  a le ak in g  c u rre n t 

c re a te d  b y  a s h o r t  b e tw e en  th e  e lec tro d es  ac ro ss  th e  d ie lec tr ic  layer. If a s h o r t  w as 

p re sen t, the  N y q u is t an d  Bode p lo ts  w o u ld  be th a t of a p a ra lle l RC circu it as sh o w n  in 

F ig u res  3.8 a n d  3.9.

N Y Q U I S T  PLOT In  the  case of an  RC series c ircu it, th e  im p ed an c e  is eq u a l to

^  — R $er  +  Xc (3-43)

w h ere  X q is the capacitive reactance. A s a p o ten tia l is ap p lied  to  a capacitor, the  cu rren t 

re sp o n se  is eq u a l to  a co n s tan t C, th e  cap ac itan ce , m u ltip lied  by  th e  ra te  of ch an g e  of 

v o ltag e  p e r  u n it  tim e:

h =  c - ^  (344 )
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Figure 3.10: A series RC circuit will have a N yquist plot displaying a typical Delta function 

because the series resistance, R, is frequency independen t w hile the reactance, 

X q = lA ’C, is frequency dependent.

A s seen  above , th e  v o ltag e  can  w rit te n  as Vt — Voexp{kof)  a n d  th e re fo re , th e  cu rre n t 

b eco m es It =  icoCVoexp {icot). S u b s titu tin g  th is  in to  th e  e q u a tio n  fo r O h m 's  law  

(eq u a tio n  3.5) lead s  to
Voexp{iajt) 

icoCVoexp (icot)

O r

T his a llo w s u s  to  w rite

Xc =  T
icoC

Z  =  Rser - coC

(345)

(3 4 6 )

(347)

w h e re  Rser is th e  rea l p a r t  o f th e  im p e d a n c e  a n d  VwC is th e  im a g in a ry  p a r t  o f th e  

im p e d a n c e . T h is m e a n s  th a t  th e  N y q u is t p lo t w ill b e  c o m p o se d  o f a se rie s  of p o in ts  

w ith  id en tica l x -com ponen t eq u a l to  Rser b u t d iffe ren t y -co m p o n en t d e p e n d in g  on  the 

fre q u en c y  a t  w h ic h  th e  im p e d a n c e  is m e a su re d . T h is m e a n s  th a t  if th e  n y q u is t p lo t 

fo r a d ev ice  is a d e lta  fu n c tio n  th e n  th is  d ev ice  is k n o w n  to  b eh a v e  like an  RC series 

c ircu it (F igu re  3.10).

BODE PLOT A s b efo re , if th e  d ev ice  b eh av es  like a n  RC se rie s  c ircu it it w ill have 

im p ed an c e
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where the m odulus of the im pedance will be equal to

Zl =  yR L  + (>A.c)2 (3 4 8 )

Likewise, the phase in the case of an RC series circuit can be obtained by using 

Pythagoras' theorem  in the im aginary plane (Figure 3.8) allowing us to write:

The Bode plots for such a circuit should therefore allow us to extract the values for the 

phase and the m odulus of the im pedance. The m ethod for obtaining Rser, C  and the 

time constant, t  =  R C ,  from the Bode plots will be outlined in experimental Chapter 6.

3 . 3  T H E R M A L  C O N D U C T IV IT Y  OF T H I N  SILVER N A N O W I R E  NET WORKS

3 . 3 . 1  Theoretical m ode ls  f o r  heat transfer

Thin film heaters work on the simple principle that in a resistive circuit elem ent 

electrical power gets dissipated as heat. This is called Joule heating and the pattern of 

heat flow through a material from such heating m echanism  follows a few principles. 

First, in the case of a direct current, the power dissipated (electrical energy being 

converted to therm al energy) follows Joule's law:

And in the case w hen Ohm 's law is applicable. Joule's law can be rewritten as

Heat will then travel through and away from the thin film following a few principles 

outlined in recent papers [139, 141]. First, let us note that in heat transfer analysis, a 

body is said to behave like a "lum p" if its interior tem perature rem ains essentially 

uniform  at all times during  a heat transfer process. The tem perature of such bodies 

can be taken to be a function of time only, T(t) .  H eat transfer analysis that utilizes 

this idealization is know n as lum ped system analysis. In the case of silver nanowires.

(349)

P  =  I V (3 -5 0 )
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lum ped system analysis is assum ed to be applicable so that the tem perature remains 

uniform  w ithin the body at all times and changes w ith  time only, i.e. T  = T(t). Let's 

consider a thin metallic film of m ass m and specific heat Cp initially at a uniform  

temperature Tg. At time f =  0, ( T=Tq) a current is applied to the film and heat transfer 

takes place between the body and its environment. During a differential time interval 

dt, the temperature of the body rises by a differential am ount dT. Then, the net transfer 

of heat into the body over a time dt will be

dQ = mCpdT (3 .5 2 )

In any system, the overall driving force for heat flow processes is the cooling (or 

leveling) of the thermal gradients within this system. As shown in Chapter 2 , raciiation 

and convection are the two m ain heat transfer m echanism s playing a role in the 

stabilisation of the surface temperature of TFHs. All bodies constantly emit energy by a 

process of electromagnetic radiation and the intensity of such energy flux depends upon 

the tem perature of the body and the nature of its surface. Radiation is a consequence 

of therm al agitation of the molecules composing the heated material and this type of 

heat transfer can occur in vacuum . Heat transfer through radiation can be described 

by a reference to the so-called black body. A  black body is a body w hich absorbs all 

energy that reaches it and reflects or transm its nothing. The energy radiated  from it 

per unit time is described by the Stefan-Boltzmann lazv of black body radiation

Pblackbody ~  A d T  (3-53)

w here A  is the surface area of the system, T is the tem perature of the body  and 

(T =  5.6703 X 10~^W.m~^.K~‘̂ is the Stefan-Boltzmann constant. However, a system 

that does not absorb all incident energy can still be described by the Stefan-Boltzmann 

law w ith the introduction of the emissivity, e. For a black body, e =  1 w hile for an 

infinitely reflective surface £ —> 0. Therefore, the Stefan-Boltzmann law can be applied 

to TFHs and can then be rew ritten as

Pr =  eaA  -  Tô ) (3 .5 4 )

where e < i. The addition of the Tq term  accounts for the fact that as the system radiates 

heat into its environm ent, the environm ent radiates heat back into the system.
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The second h ea t transfer m echan ism  in play, convection, is the transfer of h ea t by 

m ass m o tion  of a flu id  from  one reg ion  of space to another. In the  case of TFHs, 

natural convection is at play w ith  the flow being caused by differences in density  due to 

therm al expansion  upon  heating  of the air. Indeed, w hen  cool gas flows past a w arm  

body, as air in the  case of TFHs, the flu id  im m edia te ly  ad jacent to the  body  form s 

a th in  slow ed-dow n reg ion  called a boundary layer. H ea t is conducted  th ro u g h  th is 

layer an d  in to  the  gas s tream , increasing  its tem p era tu re  an d  causing  it to d isplace. 

The Stefan-Boltzm ann-law  im plies that the heat d issipation  th rough  rad ia tion  w ill be 

m axim ised at h igh  tem pera tu res, therefore convection will be largely responsib le for 

cooling the device at lower tem peratures. For a lum ped  system , the heat lost th rough  

convection per un it tim e is described by Fourier's law as

Pc = h A { T - T o )  (3.55)

w here  h is the  convective h ea t transfer coefficient, A  is the surface area of the system  

and To is the tem perature of the su rround ing  air. Following these basic principles, the 

form al s tu d y  of the heat loss m echanism  in the case of silver nanow ire  netw orks will 

be covered in  experim ental C hap ter 7.
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4 . 1  I N T R O D U C T I O N

In order to characterise the properties of netw orks of nanom aterials and devices, it was 

necessary to develop a m ethod to produce sam ples in a reproducible m anner and which 

w ou ld  lead to good  quality  netw orks. W ith that in m ind , filtra tion  w as the m ethod  

used  for the s tu d y  of the p ropertie s  of nanow ire  ne tw orks w hereas sp ray ing  of the 

nanostructures onto the substrates for enhanced sam ple-to-sam ple continuity was used 

subsequently. Once the sam ples were m ade, a series of steps were taken to characterise 

their optical and electrical p roperties. This chapter will cover the techniques used.

4 . 2  S I L V E R  N A N O W I R E  F I L M S  T H R O U G H  F I L T R A T I O N

For the p u rp o se  of th is study, silver nanow ires w ere p u rch ased  from  Seashell Tech

nologies [155] as suspensions in isopropyl alcohol. A  sm all vo lum e of the d ispersion  

w as d ilu ted  d ow n  to  0.001 nig/niL w ith  M illipore w ater. This w as subjected  to a few 

m inutes low pow er sonication in a sonic bath (Model Ney Ultrasonic). Silver nanow ire 

films were prepared  by vacuum  filtration of the above dispersions using porous mixed 

cellulose ester filter m em branes (M F-M illipore m em brane, m ixed cellulose esters, hy 

droph ilic , 0.2 |im , 47 m m ). As the  solvent fell th ro u g h  the po res of the m em brane, 

the nanow ires w ere trap p ed  on its surface, fo rm ing  an  in terconnected  netw ork . The 

density  of th is ne tw ork  (nanow ires/a rea ) could be controlled  w ith  h igh  precision  by 

sim ply  contro lling  the  volum e of d ilu te  su spension  filtered  th ro u g h  the m em brane. 

The deposited  film s w ere transferred  to a polyethylene tereph tha la te  (PET) substra te  

u sing  h ea t an d  p ressu re  [60]. The PET w as then  hea ted  at 100 °C and  the  A gN W

57
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film /m em brane was placed on the PET face down. A  ^ kg weight was then placed on 

top of it for 2 hours. The cellulose filter m em brane was then removed by treatm ent 

w ith acetone vapor and subsequent acetone liquid baths followed by a m ethanol 

bath  [60, i56]leaving a pristine film w ith  a diam eter of 36 mm. This m ethod has the 

benefit that the speed of the vacuum filtering process does not perm it wire flocculation, 

creating optically hom ogeneous films. A nother factor helping w ith  hom ogeneity is 

that the denser regions act as a blockade to fluid flow through the filter, allowing 

rarer regions to accum ulate tubes. The m ethod is inexpensive and scalable to larger 

areas. The drawbacks are the possibility of an uneven film if the filtration surface isn't 

perfectly horizontal and the relatively long sample preparation time. Furtherm ore, as 

the thickness builds up for very thick films, suction may vary which in turn will affect 

stacking w hich m eans the film density /porosity  m ight diverge from that of thinner 

films. A diagram  of the setup is shown in Chapter 2, Figure 2.9.

4.3 S P R A Y I N G

In Chapters 6 and 7, sam ples w ere m ade using spray deposition for both carbon 

nanotube and silver nanow ire electrodes. The advantages of spray deposition over 

other methods are the capacity for large area processing, low cost, homogeneity within 

a sam ple and very good reproducibility [33]. The mechanics of spraying are rather 

simple, a very sharp needle is inserted into a nozzle of diam eter between 150/(m and 

600/(m depending on the size of the material being sprayed. As the needle is withdrawn 

from the nozzle an annulus form s betw een the needle and the nozzle. A solution of 

nanom aterials in a solvent can then run  dow n the needle and  escape through the 

annulus. N itrogen is directed at a high pressure through a gap around the annulus, 

forcing the liquid to atomise as shown in Figure 4.1.The size of the droplets will depend 

on the pressure of the nitrogen pressure (see Chapter 2, section 2.2.3). The quality of the 

final network depends on a num ber of parameters such as solution concentration, scan 

speed, airbrush height, flow rate, back pressure and substrate tem perature. Substrate 

tem perature and back-pressure are critical for the drying dynam ics of droplets once
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Solu t ion
d r o p le t s

N e e d le

Nozzle
N i@

35psi

Cap

1 1  
• • • A to m ise d

s o lu t io n

Figure 4.1: Diagram of the workings of the spray pen. The solution runs down along the needle 

which is inserted to a certain depth into the nozzle. The size of the annulus created 

dictates the flow rate. Nitrogen at high pressure flows between the nozzle and the 

cap, atomising the solution into a spray.

they  reach  the  surface[33, 65-67] as covcred in  C h ap te r 2, section 2.2.3. se tup  

used  in this s tu d y  w as a H arder & Steenbeck infinity a irb rush  secured to a JANOM E 

JR2300N robo t as show n  in F igure 4.2. Spraying  w as perfo rm ed  w ith  a so lu tion  of 

e ither CN T in su rfac tan t or A gN W  in IPA, b o th  a t 0.15 mg.ml'^. The back-p ressu re  

u sed  w as betw een  30 and  55 psi an d  the flow -rate w as 2.5 The nozzle  used

h a d  a d iam ete r of 150//m in the case of carbon  nano tu b es  an d  g raphene , an d  SOOfim 

in the case of silver nanow ires. The tem pera tu re  app lied  was lim ited by the substra te  

itself, from  i io °C  for PET to several h u n d red  degrees for glass. The silver nanow ires 

w ere purchased  from  Seashell[i55] w hile the carbon nano tubes w ere pu rchased  from  

Iljin[i57].

4.4 O P T I C A L  S P E C T R O S C O P Y

Light interacts w ith  m atter in different ways depend ing  on its com position, for exam 

ple, som e m etals are  sh iny  w hile glass is tran sp aren t and  rubies are red . W hen ligh t
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Glass p ip e t t e
c o n ta in in g
N a n o m a ter ia l iANOME

W2300N N itro g en  in let

R ob ot  c o n tro ller J a n o m e  ro b o t

S u b s tra te

E m e rg e n c y
s t o p

H o tp la te

Figure 4.2: Sprayer setup: The spray pen is secured to a Janome robot and can spray patterns 

onto the substrate. The solution of nanomaterial is introduced to the pen via a glass 

pipette secured to the pen through the use of parafilm. The substrate (PET, Si, Glass 

etc...) can be heated to help the formation of homogeneous networks
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Figure 4.3; P ropagation  of ligh t th ro u g h  a tran sp aren t m edium . The incident light is reflected, 

tran sm itted  and  refrac ted .[158]

in te ra c ts  w i th  m a t te r  m o s t  o p tic a l p h e n o m e n a  w ill fa ll u n d e r  o n e  o f  th re e  c a te g o rie s , 

n a m e ly  re flec tio n , p ro p a g a t io n  a n d  tra n s m is s io n  (see F ig u re  4.3). F u r th e rm o re , p r o p a 

g a te d  lig h t c a n  b e  s c a tte re d , a b so rb e d , o r  re fra c te d  b y  th e  a to m s  in s id e  th e  m a te r ia l  b u t  

all w ith  th e  sa m e  fina l re su lt, th e  d e c re a se  in  h o w  m u c h  lig h t is t r a n s m itte d  th ro u g h  th e  

s a m p le . T h e  a b s o rp t io n  o f  l ig h t  b y  a n  o p tic a l m e d iu m  is  q u a n t i f ie d  b y  its  a b s o rp t io n  

c o e ff ic ie n t a,  d e f in e d  a s  th e  f ra c tio n  o f  th e  p o w e r  a b s o rb e d  in  a  u n i t  le n g th  o f  th e  

m a te r ia l .  T h is  c a n  b e  re -w r it te n  as;

—  =  - f t  X I  (.r) (4.1)

w h e r e  x  is  th e  d ire c t io n  o f  p r o p a g a t io n  o f  th e  b e a m , I(x) is  th e  in te n s i ty  o f  l ig h t  a t  

p o s i t io n  X  a n d  ^  is  th e  c h a n g e  in  l ig h t  in te n s ity . T h is  c a n  b e  in te g r a te d  to  o b ta in  th e  

B e e r-L a m b e rt law :

//M =
^0

Iu y  =  (4 -3)

/ =  /oe-'*" (44)

w h e r e  Iq is th e  o p tic a l  in te n s i ty  a t  x  = 0. T h e  B e e r-L a m b e rt la w  c a n  b e  u s e d  to  o b ta in  

th e  t r a n s m i t ta n c e  o f  a th in  f ilm  - a  q u a n t i ty  u s e d  to  d e s c r ib e  o p t ic a l  p r o p e r t ie s  o f
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Diffraction g ra t ing

B eam
s p l i t t e r

M irro r

Light bu lb

S a m p le

R e f e r e n c e D e tec to r s

Figure 4.4: Schematics of a spectrophotom eter: a beam  of w hite light is split and  passed 

through a sam ple and a reference cell. The transm itted light intensity is m easured 

for different wavelengths. The wavelength of the incident light can be chosen using 

a diffraction grating.

tra n s p a re n t  e lec tro d es . T ra n sm ittan ce  w h ic h  is th e  frac tio n  o f in c id e n t lig h t a t a 

spec ified  w av e len g th  th a t  p asses  th ro u g h  a sam p le  can  be d e fin ed  as

1
T  =

=  e

k
—  O C X

(4-5)

(4.6)

m ean in g  th a t the in ten sity  of ligh t in  th e  sam ple  decreases by  for every  u n it len g th  

trav e lled  by  th e  lig h t th ro u g h  th e  m a te r ia l. A lso , th e  co n c en tra tio n  o f a so lu tio n  co n 

ta in in g  n an o p artic les  can  be fo u n d  by  u s in g  the  absorbance of the sam ple. A bso rbance 

is d e fin ed  as

A =  - l o g

w h ile  th e  co n cen tra tio n  is

C =

(4-7)

(4.8)

w h e re  I is th e  th ick n ess  o f th e  sam p le . A b so rp tio n  a n d  tra n sm itta n c e  s p e c tra  w e re  

m e a su re d  u s in g  a V arian  C a ry  6oooi sp ec tro p h o to m e te r. A  sch em atic  of th e  m ach in e  

is sh o w n  in  F ig u re  4.4. B aseline sp e c tra  w ere  tak en  b efo re  all sam p le  scan s a n d  each  

sam p le  w as sca n n ed  o n  average 5 tim es to  confirm  n e tw o rk  un ifo rm ity .
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A)

Length S urface 2

S urface 1
Thickness (t)

Width (w)

Figure 4.5: A) Setvip for four point probe method; 4 strips are painted onto the sample with the 

outer strips connected to the current and the inner strips connected to the voltage. 

B) The direction for the length of the sample is parallel to the current.

4.5 F O U R  P O I N T  P R O B E

Resistivity measurements are important for characterizing the properties of materials 

and determine their suitability for device application. As a matter of fact, figures 

of merit for TC applications are directly related to the conductivity of the material 

(Equations 3.9 and 3.29 ). However the approach for such measurements must minimize 

or remove the resistivity input from the contacts. The four point probe method was 

devised in order to rid the resistivity measurements from any such input. With the 2 

point method current and voltage are measured in the same wire and the measured 

voltage is a result of the sum of the resistances from the sample and the connecting 

wires. For high resistance (> IMO) this method can be used because contact resistances 

are negligible. For low resistivity measurement this method will not be accurate as 

the contact resistance will be very close to the resistance of the sample. This is why, 

for low resistivity, four point probing is advised. The method consists in placing four 

equidistant, parallel strips of silver paint of identical length onto a flat area of the 

material to be measured. A current is applied through the outer strips (i and 4 in 

Figure 4.5) while the floating potential is measured between the two inner strips (2 

and 3 in Figure 4.5). Since no current flows through the inner strips the potential 

difference measured is only due to the resistance of the sample between the inner 

strips (2 and 3) [159]. The resistance can then be obtained from Ohm's law V = R 1 

The systems studied all through this thesis are thin films of thickness below a few 

hundred nanometres and therefore sheet resistance is used in place of resistance to
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d e sc rib e  th e ir  p ro p e rtie s . W h e n  th e  te rm  sh ee t re s is tan ce  is u se d , it is im pU ed  th a t 

th e  c u r re n t flow  is a lo n g  th e  p la n e  o f th e  sh ee t, n o t p e rp e n d ic u la r  to  it. In  a re g u la r  

th ree -d im en s io n a l cond u c to r, th e  resistan ce  can  be  w ritte n  as

^  =  (4 -9)

w h e re  p  is th e  resistiv ity  of th e  m ateria l, L is the  len g th  of th e  sam p le  (alw ays p ara lle l 

to  the  d irec tio n  of the  cu rren t) an d  A =  W x f is the  cross-sectional area  of the  sam ple. 

Then:

w h e re  Rg is th e  sh ee t re s is tan ce  in  n / D  . In  fact, Rs  h a s  th e  sam e  d im en s io n s  as th e  

re s is tan c e  b u t  th ese  n ew  d im e n s io n s  in d ica te  th e  re s is tan c e  of a sq u a re  o f th e  sa m e  

m ateria l. F rom  th e  d efin itio n  of resistance w e can  th en  w rite :

== ( ĉ d c b O  ̂ ( 4 - i i )

For th is  s tu d y  a d ig ita l m u tim e te r  (K eith ley  2400) w a s  co n n e c ted  to  fo u r s ilv er e lec 

trodes, w h ich  w ere u n ifo rm ly  spaced  on  the surface of the  sam p le  (F igure 4.5), via th in  

s ilv er w ire s  (d ia m e te r = lOjim).  T he a p p lie d  c u r re n t w a s  re c o rd e d  a n d  th e  p o te n tia l 

re sp o n se  m e a su re d  u s in g  the  L abv iew  softw are.

4.6 S E M

SEM  is o n e  o f th e  m o s t w id e ly  u s e d  te ch n iq u e s  in  c h a ra c te r is in g  n a n o m a te r ia ls  a n d  

n an o stru c tu res . A  coheren t, m o n o ch ro m atic  s tream  of elec trons is accelera ted  to w ard s 

a sam p le . T he s trea m  is th en  co n fin ed  a n d  fo cu sed  in to  a b e a m  of v e ry  fine sp o t size 

(~  5nm)  u s in g  a series of m agnetic  lenses a n d  h as  energy  ran g in g  from  a few  h u n d re d  

e lec tro n  v o lts  to  50keV.  T he b ea m  th en  scan s across th e  su rface  of th e  sp ec im en  w ith  

th e  h e lp  o f d e flec tio n  coils. W h e n  th e  e lec tro n  b e a m  in te ra c ts  w ith  th e  sam p le , th e  

e lec trons lose energy  by  re p ea ted  sca tte rin g  a n d /o r  ab so rp tio n  w ith in  a sm all v o lu m e 

of the  spec im en  k n o w n  as the in te rac tio n  volum e. This v o lu m e can ex ten d  5//m  in to  the 

su rface  d e p e n d in g  on  th e  e lec tro n s ' in itia l energy, th e  a to m ic  n u m b e r  of th e  m a te r ia l 

a n d  th e  d e n s ity  o f th e  m a te r ia l. V ario u s d e tec to rs  a re  p la c e d  w ith in  th e  c h a m b e r
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Figure 4.6: Schem atics of an  SEM: an  elec tron  b eam  is crea ted  an d  confined  u sin g  m agnetic  

lenses. The accelerated electrons interact w ith  the sam ple and  the energy lost by the 

back-scattered or secondary electrons can be m easured. This inform ation is used  to 

create a p ic tu re  of the surface of the sam ple.

to  d e te c t  e la s tic a lly  b a c k -s c a tte re d  e le c tro n s , in e la s tic a lly  b a c k -s c a t te re d  e le c tro n s  (o r 

s e c o n d a ry  e lec tro n s) a n d  th e  e m iss io n  o f  e le c tro m a g n e tic  ra d ia t io n  fro m  th e  a b s o rp tio n  

a n d  re -e m is s io n  o f e le c tro n s . T h e  re s o lu tio n  o f th e  SEM  a p p ro a c h e s  a few  n a n o m e te rs  

a n d  th e  in s t r u m e n t  c a n  o p e ra te  a t  m a g n if ic a t io n s  th a t  a re  e a s ily  a d ju s te d  f ro m  10 to  

o v e r  300000. T h e  th e o re t ic a l  l im it  to  a n  in s t r u m e n t 's  r e s o lv in g  p o w e r  is d e te r m in e d  

b y  th e  w a v e le n g th  o f  th e  e le c tro n  b e a m  u s e d  a n d  th e  sp e c if ic a t io n s  o f  th e  s y s te m  

[160]. T h e  w a v e le n g th  is  l in k e d  to  th e  e n e rg y  so  th a t  b e s t  r e s o lu t io n s  a re  o b ta in e d  

fo r  v e ry  h ig h  e n e rg y  e le c tro n s . T h e  d ra w b a c k s  o f  th is  a re  th a t  th e  e le c tro n  b e a m  

m ig h t  d e s tro y  th e  s a m p le  b e in g  a n a ly z e d  a n d  th a t  lo w  c o n d u c t iv i ty  s a m p le s  w ill  

c h a rg e  c a u s in g  im a g in g  d if f ic u ltie s . O n c e  th e  b e a m  h a s  in te r a c te d  w i th  th e  s a m p le  

th e  co lle c te d  e le c tro n s  w ill h a v e  d if fe re n t  e n e rg ie s  a n d  h e n c e  c a r ry  in fo rm a tio n  a b o u t  

th e  to p o g r a p h y  o f th e  su rfa c e  o f  th e  s a m p le  b u t  a lso  a b o u t  th e  c h e m ic a l c o m p o s it io n  

in fo rm a tio n  n e a r  th e  su rfa c e [ i6 o ] . T h e  SE M  u s e d  in  th is  s tu d y  w a s  a Z e iss  U ltra  P lu s  

F ie ld  E m is s io n . I t a l lo w e d  u s  to  m e a s u r e  th e  d ia m e te r  a n d  le n g th  o f  n a n o w ire s ,  th e  

th ic k n e s s  o f  b u lk  n e tw o rk s  o f n a n o m a te r ia ls  a n d  th e  c ro ss  se c tio n  o f  so m e  d ev ice s .
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Figure 4.7: Example of an image obtained through SEM of a film of silver nanowires. The 

nanowires reacted with sulphur compounds in the air and hence are covered in 

silver sulphide (AgiS). [161]

4.7 I M P E D A N C E  SPECTROSCOPY

Throughout this work, capacitive devices were characterized using im pedance spec

troscopy. The principle of electrochemical im pedance spectroscopy (EIS) is simple, 

an AC voltage is applied to the sam ple w hile the current response is m easured as a 

function of voltage frequency. Background inform ation on EIS is largely covered in 

C hapter 3 and hence will no t be covered here. The spectroscope used in this study 

w as a G am ry 3000, AC voltage applied varied betw een 25 and 50 m V  at frequencies 

ranging from loHz  to iMHz.

4.8 T H E RM A L  M E A S U R E M E N T S  OF SILVER N A N O W I R E  NETW OR KS

M easuring the surface tem perature of a device can be done in several ways; for 

exam ple, through infrared m easurem ents of the energy radiating from the sample 

or through the use of a therm istor as was the case for this study. A therm istor is 

a type of resistor w hose resistance varies significantly w ith tem perature, more so
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than  in s tan d ard  resistors. Therefore, as the sam ple heats up  the therm isto r heats up  

a long  w ith  it a n d  its resistance changes. The resistance of the th erm isto r can then  

be m easu red  an d  linked  to the tem p era tu re  by using  the  S te in h a rt-H a rt equation , a 

w idely  used  th ird -o rder approxim ation:

Y  = a + bln (R) +  cln^ {R) (4.12)

w here  a, b and  c are know n param eters , R is the  m easu red  resistance an d  T is the 

tem p era tu re  in Kelvin. In th is w ork, K echuang silver nanow ires w ith  d iam ete r D =  

25nm  and  L =  \ 5 \im w ere sprayed onto  a 2 x 2 cm piece of PET w ith  a back-pressure 

of 45psi, a flow rate  of 2 .5 mm^.s~^ on a h o tp la te  a t 120^0 . The PET w as then  taped  

on to  a glass slide  an d  tw o silver electrodes w ere p a in ted  at e ither ex trem ity  of the 

sam ple. A curren t w as passed th rough  the sam ples using  a Keithley 2400 sourcem eter 

causing  the tem pera tu re  of the netw ork  of silver nanow ires to increase th rough  Joule 

heating. The tem pera tu re  of the netw orks could then be m easured  using  a therm istor 

w hich had been screwed onto the side of the sam ple at the halfway po in t betw een the 

e lectrodes (see F igure 7.4). The resistance changes in the th erm isto r w ere  m easu red  

using  a Lakeshore 370AC resistance b ridge  an d  the co rrespond ing  tem p era tu re  w as 

calculated  using  MATLAB. In o rder to reduce the effects of tem pera tu re  fluctuations 

w ith in  the laboratory, the sam ple w as enclosed in an insu lating  box.
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T H E  D E P E N D E N C E  OF  T H E  O P T O - E L E C T R I C  AL P R O P E R T I E S  

OF  S I L VE R N A N O W I R E  N E T W O R K S  O N  N A N O W I R E  L E N G T H  

A N D  D I A M E T E R

5 .1  I N T R O D U C T I O N

One dimensional nanomaterials are already in use as transparent conductors for device 

applications. This chapter will deal with studying the properties of networks of silver 

nanow ires as a function of the geom etry of the nanow ires m aking up  the network. 

First, the controlled shortening of the nanowires by sonication induced scission will 

be studied in order to investigate the role played by the length of the nanow ires 

on the opto-electrical properties of the network. Then the influence of the nanow ire 

d iam eter will be investigated, leading to the use of figures of m erit describing the 

behaviour of both  thick nanowire networks and highly transparent netw orks in the 

percolation regime. The data will allow us to understand  the role of the nanow ire 

diameter on the overall network properties and make assumptions on which nanowire 

geom etry will lead to the best netw orks for device applications. As an introduction, 

the advantages and draw backs of annealing the netw orks and the effect on their 

opto-electrical properties will be investigated.

5 . 2  SAM PLE  P R E P A R A T IO N

For this study, silver nanowires (AgNWs) were synthesized by Seashell Technologies 

and  supplied as suspensions in isopropyl alcohol (IPA) {CAgNW -  12.5 nig.mf^). A  

small volume of the dispersion was diluted to 0.001 nig.mf^ w ith  M illipore water. In 

general, this was subjected to 2-5 ruin low power sonication in a sonic bath (Model Ney

69
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Ultrasonic) to eliminate bundles of nanowires. Silver nanowire films were prepared 

by vacuum filtration of the above dispersions using porous mixed cellulose ester filter 

membranes (MF-Millipore membrane, mixed cellulose esters, hydrophilic, 0.22 \im, 47 

mm). The deposited films were dried on a hotplate (50°C) followed by a wet transfer 

to a polyethylene terephthalate (PET) substrate using heat and pressure as described 

in Chapter 4.2. The cellulose filter mem brane was then removed by treatm ent w ith 

acetone vapour and subsequent acetone liquid baths followed by a methanol bath; the 

end film was 36 mm in diameter.

5.3 A N N E A L I N G  OF THE N E T W O R K S

As seen in Chapter 2, many groups have reported an amelioration of the opto-electrical 

properties of nanowire networks after annealing, however this amelioration was not 

quantified. With this in mind, networks of silver nanowires with different lengths and 

diameters but the same film thickness were made and transferred onto a glass substrate.

The thickness was chosen to be such that the networks would display bulk behaviour, 

i.e. t ^  lOOnm. They were then annealed in an oven w ith a nitrogen atm osphere at 

200°C for 30 min, the time and tem perature were chosen to match that found in the 

literature. Sheet resistance and transmittance were m easured before and after anneal 

as shown on Figure 5.1, A). This graph displays a clear shift of the data upwards and 

left which indicates that the sheet resistance of the network has decreased and that 

the network has become more transparent. These changes can be explained by the 

removal of polym er leftover from the synthesis of the nanowires. For each nanowire 

type, the conductivity ratio for the network was calculated before and after anneal 

using equation 3.9

It is clear from Figure 5.1, B) that annealing the networks has the effect of increasing 

the conductivity ratio. Knowing that there was both an increase in the transmittance 

and a decrease in the sheet resistance suggests that annealing has the double effect 

of increasing the dc conductivity and decreasing the optical conductivity. In the case
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Figure 5.1: A nnea ling  o f th ick  nanow ire  netw orks at 200°C fo r 30 m inutes w here each colour 

describes a set o f nanow ires w ith  a d iffe ren t aspect ratio : A ) Transm ittance and 

sheet resistance before and after anneal; the le ft-sh ift shows an increase in  opc.B 
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of croc,B/ annealing  could  be responsib le  for b o th  rem oving  the  po lym er from  the 

junctions and  w eld ing  the nanow ires together. This w ou ld  d ram atically  decrease the 

junction  resistiv ity  and  also increase overall netw ork  conductance. To a lesser extent, 

rem oving  the po lym er from  the netw ork  w ou ld  m ean  ligh t w ou ld  n o t be scattered  

as m uch , low ering the optical conductiv ity  of the  ne tw ork  a n d  hence increasing  the 

overall transm ittance of the th in  film (see C hap ter 3, equation  3.8).

5.4 D E P E N D E N C E  OF NET WO R K PROPERTIES  ON  N A N O W I R E  LEN GTH

5.4.1 Sonication induced scission

In o rd er to s tu d y  the effects of nanow ire  geom etry  on  the netw ork , it is im p o rta n t 

to control the geom etry  of those nanow ires. F u rtherm ore , it is critical to separa te  

the influence th a t the leng th  and  d iam eter of the nanow ires have on  the dc an d  

optical conductiv ities of the netw ork. As d iscussed in  C hap ter 2, the d iam eter of the 

nanow ires is contro lled  for the  m ost p a rt by the d iam eter of the initial seed  at the 

tim e of form ation, therefore the only geom etric param eter that can be controlled is the 

leng th  of the nanow ire . In th is regard , a d ispersion  of n anow ires w ith  in itial leng th  

6[im w as sonicated  in  a sonic b a th  for go min. Every few  m inu tes, a coup le  of d ro p s 

of the  d ispersion  w as rem oved in  o rd er to  be analyzed . This so lu tion  w as d ro p p e d  

onto gold coated silicon for SEM m easurem ents of the length of the nanow ires. Im ages 

taken  by SEM w ere analyzed  using  the p rog ram  Im ageJ as show n  in Figure 5.2. The 

resu lts  of th is analysis are show n  in F igure 5.3 in c lud ing  the leng th  d istrib u tio n  of 

the nanow ires after scission. It is clear from  the data  th a t the length  of the nanow ires 

follows a pow er law: L oc f“ 0.33 exponent is reasonably  close to the value of -0.5 

expected  from  sonication induced  scission[52-54]. This d iscrepancy  could  be d u e  to 

the fact that previous work on sonication induced scission was done in the presence of 

a surfactant w hich w ould  have an  effect on the size of the bubbles, cavitation velocity 

a n d  am p litu d e  of the s tra in  on the  nanopartic les. F u rth e rm o re  it w as done in the 

p resence of carbon  nano tu b es  w h ich  have a d ifferen t s tru c tu re  an d  tensile s tren g th
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Figure 5.2: The program ImageJ was used to measure length and diameter of the nanowires.

SEM images were taken of each samples and the length and diameters of a number 

of nanowires were measured, those measurements were then statistically analysed 

as shown in Figure 5.3.

com pared to silver nanowires. However, this study dem onstrates that the length of 

the nanowires can be controlled, making it possible to investigate the dependence of 

the properties of the network using nanowires which have been shortened to different 

lengths.

5.4.2 Dependence ofooc.B and CQp on length

With studying the effects of nanowire length on the properties of the network in mind, 

both a thick film (2-3 \im) and a thin film (200-300 nm) were prepared for different 

sonication time by vacuum  filtration. The thicknesses of these films were estim ated 

by breaking the films and imaging the cross section via SEM (Figure 5.4). It m ust be 

noted that this method, like all methods of thickness measurements for nanostructured 

thin films, is som ew hat unreliable and presents an error of up  to 30%. However, in 

this experiment the variation in conductivity over the range of nanowire lengths was 

large enough that the thickness-related error in conductivity was acceptable. For the
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Figure 5.4: Measuring the network thickness using the ImageJ program. A thick film is pro

thick films which w ere m any times thicker than the nanow ire diam eter and hence 

displayed bulk-like properties, the sheet resistance and thickness were m easured and 

^DC,B calculated using

For the thin films, the optical transmittance was measured (at 550 nm) and the thickness 

estim ated in order to calculate aop using

Figure 5.5 shows o d c .b a n d  ao^as a function of nanowire length with scatter attributed 

in both cases to the difficulties in m easuring film thickness, t.

Clearly, odc,b exhibits a linear dependence on the length of the nanow ires . This is 

not surprising as longer nanow ires are more likely to connect w ith other nanowires, 

increasing the connectivity of the netw ork and hence increasing the probability the 

netw ork will be conductive [114]. In fact, sim ulations on netw orks of conducting 

sticks have shown that the conductivity should scale w ith nanowire length as a power

duced and transferred onto a silicone substrate, the silicone is then snapped in half 

and the cross section of the film is imaged under SEM. High surface roughness 

and difficulty to align the sample perpendicularly to the line of sight leads to a 

measurement error of up to 30%.

(5-1)

(5 -2)
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Figure 5.5: CQQ g and aop against the length of the nanowires making up the network. A) The 

dc conductivity displays a linear relationship as a function of length while B) the 

optical conductivity seems to be independent of nanowire length.
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Figure 5.6: SEM of silver nanowire with A) small diameter as opposed to B) large diameter.

law  opc.B ^  w ith  exponen t in the range  0 < a < 2.48 w h ere  zero m eans junction  

resistance is neglig ib le an d  2.48 m eans junction  resistance dom ina tes the netw ork  

resistance[74, 114]. Indeed , by s tudy ing  netw orks of carbon  nano tubes, H echt found 

a = i.4 6 [ii4 ]. It is clear from  figure 5.5 th a t a pow er law  is ap p ro p ria te  for o u r data  

b u t w ith  exponen t a = 0.9 ± 0.2. The d iscrepancy  w ith  theo ry  cou ld  com e from  the 

fact that the netw orks in this s tudy  exhibited bulk-like behavior w hile the theoretical 

stud ies w ere m ade  using  percolative netw orks. This shou ld  not cause problem s since 

the conclusions d raw n  from  this s tu d y  w ill only affect bu lk-like  netw ork  p roperties. 

For the rest of this w ork a linear relationship: o d c ,b   ̂ will be assum ed and the length 

of the nanow ires w ill be rescaled to rem ove the influence of the  leng th  on  odc.b- In 

the case of th in  film s, the data  show n in F igure 5.5, B) s trong ly  suggests th a t OQp is 

ind ep en d en t of the leng th  of the nanow ires.

5.5 D E P E N D E N C E  OF NET W OR K PRO PERTIES  ON  N A N O W I R E  D IA ME T E R

N ow  the effects of the  leng th  on ooc,B an d  oop have been  un d ers to o d , it is necessary 

to investigate the effects of the d iam eter on  the p ro p ertie s  of the  nanow ire  netw ork . 

In o rder to do  this, four types of nanow ires w ith  d ifferen t leng ths an d  d iam eters 

w ere pu rchased  (61 nm < D < i 2 j  nm  as m easured , in table 5.1, Figure 5.6). For each 

type  of nanow ire , a set of films w ith  th icknesses rang ing  from  a few  nanom eters
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Figure 5.7: Transmittance spectra for thin films for four types of nanowires with different 

diameters. The spectra are relatively flat over the visible range ^gonm < X < joonm.

to a few microns were m ade and the sheet resistance and transm ittance (at 550 nni) 

were m easured for each film. N ote that the thickness used in this study is the mean 

thickness for a continuous film w ith density equal to that of the network, therefore, 

some values for the thickness obtained are lower than the diameter of the nanowires for 

percolative networks. The actual thickness of the films could not be formally measured 

using the SEM method because in the percolation region the surface roughness of the 

films is as large as the film thickness itself. The transm ittance spectra are show n in 

Figure 5.7 for thin films of sam e thickness w ith nanow ires of different diam eters. A 

typical exam ple of the transm ittance at 550 nm and sheet resistance data for a range 

of nanow ire networks w ith  a given D and L was p lotted  in figure 5.8 displaying an 

increase in sheet resistance as the transm ittance increases.

The aim of novel transparent conductors is to obtain the highest possible transm it

tance paired with very low sheet resistance. It is therefore necessary to fit the data to a 

model in order to extract information that will allow us to investigate the suitability of 

nanow ires for applications com pared to other transparent conductors. It is believed 

that nanowire networks display thickness independent (i.e. bulk-like) dc conductivities 

above a certain thickness tmin- Below thin films are controlled by percolation and
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Figure 5.8: An example of the T versus Rs curves representativ^e of transparent networks of low- 

dimension nanomaterials.The network enters the percolation regime at thickness 

f„„„. At this thickness the network exhibits a transmittance Tx and sheet resistance

Rx-

the percolation exponent n and have DC conductivity which is dependent on film 

thickness. As discussed in Chapter 3, the transm ittance is defined as

T = \ l  + ^
IRs  \ o'dc,b J.

for bulk networks (i.e. thick films, dashed line in Figure 5.10) and as

(5-3)

T =
[ r s )

-2

where

11 =  2
ĉ d c b / c t o p

l / » + l

(5-4)

(5-5)
{^ol-min^Op}

for percolative networks (i.e. thin films, full lines in Figure 5.10). In order to extract the

values for the figures of merit n and H from the data, equations 5.3 and 5.4 must 

be rearranged. For the percolative part of the network, equation 5.3 can be rearranged 

as

T - 0.5 1 =
Z q tJQp

Ks '2-0'dc,e
(5-6)
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Figure 5.9: Fitting data in order to obtain bulk and percolative figures of merit from the slope 

and intercept in both regimes using equations 5.8, 5.11 and 5.12 .

= - h i  { ^ ]  -  InRs
\ '2-0'd c ,b )

(5 7 )

This m eans that by p lo tting  In (T — l )  against In arid setting  the slope to -1, 

then
<^DC,B =  0 .5exp { — intercept)

Identically, equation  5.4 can be rearranged

^_o.5 ]_  f
I I  \ R s J

Vn + l

In -  1) =  - I n  (n)----------- ^
 ̂  ̂ ’ n + l  \ Z o

(5-8)

(5-9)

(5.10)

This m eans that by plotting  In [T — l )  against In and  fitting the data linearly, 

it follows that
1

n =  —1
slope

and

n  =  exp {—intercept) (5 -1 2 )

A n exam ple of the fitting is show n in Figure 5.9 The data  is very well described by 

equations 5.3 and 5.4 w hich in both cases allow us to obtain the values for odc,bI^Op for
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Figure 5.10: Data for the transmittance as a function of sheet resistance for the four nanowire 

types used in this study. In each case, the data can be divided into two regimes, 

the bulk-like regime and the percolative regime. These regimes have been fitted 

using equation 5.3 (dashed line) and equation 5.4 (solid line) respectively.
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D (nm) L ([im) <^DC,B/crop T,{%) n n

61 4.0 140 37 42 0.59

64 34 151 67 56 0.67

88 4.4 153 61 20 1-53

127 8.7 205 83 30 2.44

Table 5.1: Measured Parameters for each wire type. Note that the values of aix:,B/<^Op are 

as-measured and not rescaled to represent the case when L = ^[im

bulk  netw orks and  IT and  n for percolative netw orks for different types of nanow ires. 

A nother p a ram ete r describ ing  the netw orks, aopimhu can  also be ob tained  from  the 

data and w ill be discussed subsequently. These values are listed in the table in Figure 

5.1 w ith  reu se d  as a proxy for ooptmin- 

C onductiv ity  ratios for the different nanow ires range from  140 to 205 in accordance 

w ith  recent w ork  u n d e rtak en  on silver nanow ires as tra n sp a ren t conducto rs  [32]. 

However, it w as p rev iously  show n that ooc.B scales linearly w ith  L. The p roperties of 

different nanow ires cannot be com pared  w ithou t rescaling the length  of each type of 

nanow ires. The rescaled  leng th  w as chosen to be L =  5/mz and  the  rescaled as 

a function  of D d a ta  is show n  in F igure 5.11 (the conductiv ity  ratio  w as rescaled  by 

m u ltip ly ing  it by ^). These d a ta  can be fit to a pow er law  odc,b/'^Op ^  w ith  |3 = 

0.79 ± 0.2 (exact fit in legend. Figure 5.11). This rather low value of p com pared to the 

expected value  ~  2 — 3 [79, 114, 115] im plies tha t the opto-electrical p ropertie s  of 

nanow ire netw orks vary  ra the r slow ly w ith  D. This suggests that either the p red ic ted  

d ependence  of opc,B on  D is w ro n g  or th a t aopalso scales w ith  D. In e ither case, 

com bining this resu lt w ith  the opto-electronic dependence  on L allow s us to w rite

^D C ,B  ^  ^— ----  oc -  (5.13)
c^Op D

U nderstanding  the reason behind this slow change is m ade difficult by the difficulty 

in accurately m easuring  film thickness w hich prevents an  independen t s tudy  of o o c ,b  

and  aopusing equations 5.1 an d  5.2. Indeed , the range of w ire  d iam eters is too sm all 

an d  so varia tions in  aoc,B arid aop w ith  d iam eter are  un like ly  to overcom e errors
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Figure 5.11: The ratio of dc to optical conductivity as a function of nanowire diameter It was 

shown in figure 5.5 that the dc conductivity scaled linearly with L, therefore in 

this study, all nanowires were rescaled to L = 5|im. The dashed line is a power law 

fit to the data ^  =  4.27 x lO^^D-O-79 (gj

associated w'ith m easuring the film thickness. In fact it w^as found during this work 

that the errors associated with film thickness m easurem ents were so large as to make 

any comparative analysis of g d c ,b  and a o p  completely unreliable. However, as shown 

by equations 5.3, 5.4 and 5.5 it is not necessary to know individual values for o d c ,b  and 

aopSince it is possible to describe the system fully, know ing ooc.Bl^Op, n and aoptmin- 

<̂ DC,B/cJOparid n can be found by fitting equations 5.3 and 5.4 respectively to the data, 

however aopfminis no t as straightforw ard to obtain, fmin is the transition thickness 

from bulk to percolative network, therefore aopfmincan he found by assum ing a film 

of thickness fmin has transm ittance Txat the point of intersection of the two curves 

generated by equations 5.3 and 5.4. Equation 5.2

can be rearranged as

(TOpimin =  ^  -  1 ) (5 -14 )
•^0
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Figure 5 .12 : Proxy for optical conductivity as a function of m ean nanovv^ire diam eter. The 

dashed line is a power law fit to the data; C o p t m i n  ~  3.98 x (SI units).

As  Tx is easily ob tained  from  the g rap h s it is s tra ig h tfo rw ard  to ob tain  OQptmin arid 

the d a ta  is show n in F igure 5.12 as a function  of nanow ire  d iam eter. It is clear from  

the g rap h  th a t OQptmin scales w ith  D (exact fit in  F igure 5.12 legend) how ever, De et 

al.[79] have show n that fminis also a function of the nanom aterial diam eter for different 

m ateria ls therefore it is n o t possib le to conclude as to w h a t is responsib le  for th is 

dependence, dopimin will be used below as a way to characterise thin, industry  relevant 

films.

3.6 D E P E N D E N C E  OF P E R C O L A T IO N  P ARA ME TE RS ON  N A N O W I R E  D IA M E T E R

5.6.1 Extracting n  and II

The low  th ickness (high T  an d  h igh  Rg) po rtions of the  curves in  F igure 5.10 w ere 

fitted using  perco lation  th eo ry  as described  by equa tion  5.4 an d  from  these fits the 

percolation exponent, n, and  the percolative figure of m erit, E , were obtained for each 

wire type. These are p lotted  as a function of w ire diam eter in figure 5.13. Figure 5.13, A) 

shows that the percolation exponent increases w ith  increasing d iam eter from  ~  0.6 to

slope  =  -1.8 ± 0 . 7

120 160 20040 80

Diameter, D (nm)
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Figure 5.13: Percolation fit constants as a function of mean wire diameter, D. A) The percolation 

exponent, n, and (B) the percolative figure of merit, II. In A), the data has been 

fitted to an empirical power law; n = 9.12 x (SI units). In B), the data

has been rescaled to represent the values expected for samples of wires with the 

same mean length of 5 [im. The dashed line in B) represents a continuous function 

calculated using equation 5.5 incorporating the empirical fit curves shown in 

figures 5.11, 5.12 and 5.13 A).
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~  3.5. Empirically the data appears to fit very closely to a quadratic dependence (exact 

fit in legend). For a tw o-dim ensional netw ork, the theoretical value for n is 1.33 [61, 83], 

however it is well know n that the percolation exponent can deviate from  its universal 

value in  the presence of a d istribu tion  of in ter-w ire  junction  resistances, w ith  the 

m agnitude of the deviation scaling w ith  the details of the distribution[8o, 81, 84, 85]. It 

is likely that a d isordered netw ork will have a broad distribution of junction resistances 

and  so larger n. Indeed , such  a rela tionsh ip  has recently  been  observed  for sp ray  

cast A gN W  netw orks w here  n w as observed  to scale linearly  w ith  the  n e tw o rk  n o n 

un ifo rm ity  [33]. In ligh t of this, th is da ta  suggests th a t the ne tw ork  n on -un ifo rm ity  

tends to increase w ith  increasing w ire diameter. This clearly suggests that for netw orks 

in the  percolative regim e, low  d iam eters  are advan tageous because low  values of n 

lead  to m ore un ifo rm  netw orks. It m u st be no ted  th a t follow ing from  eq u a tio n  5.4, 

low er values of n lead  to low er Rs , coup led  w ith  h igher T i.e. be tte r opto-electrical 

properties. A gain this suggests that low D w ires are desirable.

The percolation  fits also give values for IT as show n  in Table 5.1 w here  the  values 

m ust be corrected  for the vary ing  leng th  as p rev iously  stated . This w as done  by 

m ultip ly ing  the orig inal values of II by ( j . The rescaled da ta  is show n  in 

Figure 5.13, B) as a function of D. Here IT increases sharp ly  as D decreases, reaching 70 

for D = 60 nm. That h igher values of II lead to lower Rs, coupled w ith  h igher T, again 

suggesting that low D w ires give better opto-electrical properties. We note that values 

of n  approaching 70 are extrem ely high. Recently, De et al. analyzed the literature[79] 

for ne tw orks of m etallic nanow ires using  equation  5.4(Figure ). The h ig h es t va lue  

of n  found  w as 48 for ne tw orks of copper nanow ires [34]. As described  above, II is 

a com posite  p a ram ete r defined  by equa tion  5.5. The m ore fu n d am en ta l p a ram ete rs  

controlling  II are ODc,B/^Opr ĉ Op̂ min arid n. However, for each of these p a ram ete rs  

em pirical expressions were generated  by fitting the data  in figures 5.11, 5.12 and  5.13, 

A).The generated  expressions were

n =  9.12 X il3nl-96
(5 -1 5 )

(T O p tm in  =  3.98 X (5.16)

=  4.27 X 4  7- ^ — 0 .7 9 (5 -1 7 )
^Op
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carbon-based films

n comrrwut

G rren e ru /.’ ' no data 3,3 0,75 unsortefl SWNTs
Green e f  a /." 4.8 9,4 0,65 sorted SWNTs(M)
Green e f j / . " 3 i 8,7 0,91 sorted SWNTs (M)
Peiefo /.'* no data 13,1 1,04 SWNTs
Chandra f f  a/."’ 8.5 12,3 0,50 pristine SWNTs
Chandra f fo / ." ’ 19.5 23,8 0,36 doped SWNTs
L iffa /.’^ 2.4 4.7 0,64 pristine SWNTs
L iero /.’= 11.0 9.1 1,60 doped SWNTs
M anivannaneta/.'^ 3.8 9.6 0,82 SWNTs
Unalan etal.'’ no data 2.6 1,49 SWNTs
Parekhffii/.'* 1.2 no data no data SWNTs
Parekh e t al.'* 5.1 no data no data doped SWNTs
D anffa/.* 4 J no data no data SWNTs
D an « a /.* 11.3 no data no data doped SWNTs
W uefa/.^= 
metallic films

1,7 4.7 0.51 reduced graphene oxide

Rathmell e ta l .“ no data 6.2 6.50 CuNWs deposited
Wu e ra /.^ ' 106 48 0.83 CuNWs fused
O'Connor ef a t ” 72 4,7 5.3 thin Ag film

F ig u re  5.14; V a lu es  o f  <^Dc,B/aop, n  a n d  n fo u n d  b y  D e  e t  al. fro m  fitt in g  th e  d a ta  fro m  the  

litera ture  w ith  e q u a tio n s  5.3 a n d  5 4 -[7 9 ]

These expressions can be substitu ted  into equation 5.5 to give a sem i-em pirical expres

sion for n  as a function of D

4 n - 0 , 7 9  1 V ( i - 9 .1 2 x 1 0 1 3 d 1 '^ 6 )

11 =  2
4.27 X 10-^ D

(5.18)
(1.5 X

This is show n in figure s. 13, B) as the dashed line and clearly shows the rap id  increase 

in n  for D < 80 nm.

5.6.2 Resistance for  90% transmittance

The data  described above show s tha t low er values of D give better values of n and  H, 

w ith  respect to opto-electrical applications. However, having two param eters describing 

the perform ance is not ideal. A single figure of m erit which could directly be linked to 

perform ance w ould  be m uch m ore desirable. We note that for industria l applications 

the transm ittance generally  needs to be above 90% while the sheet resistance m ust be 

as low as possible. W ith this in m ind, a useful param eter is the sheet resistance of a film 

w ith  T = 90%, As netw orks w ith  T = 90% generally  reside  in the percolative
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regime, this new parameter can be found by setting T = 90% and rearranging equation 

5.4:
/  \  V h + 1

0.054 =  — y  j{T = 9 0 %  j  (5 -1 9 )

where 0.054 arises from setting T = 90% and subbing into — l) , then;

^ 7=90% ^  2o (0.054n)~^"+^^ (5.20)

Alternatively, can be written in terms of more fundamental quantities by

combining equations 54  and 5.5 and again setting T = 90%

T
(Zodopt min ) 

(^DC.B/aop

n +  l

V«+i V»+1
- 2

(5-21)

2 (0.054)"+' «  „r=°90% (ZoP-OpJm,-,,)" (5-23)^DC,B

u T = 90% ^ 0  f  Z o l 7 0 p i m i n \ ^
=  O lT-ocV ^ 0.54 )  <5-24)

This expression displays an exponential relationship between and n, underlin

ing the importance of n i.e. network uniformity. Both these expressions were used to 

calculate using the data described above for each wire type (Figure 5.15). Al

though there is some scatter and considerable uncertainty, these data clearly show that 

lower diameter wires give better values of To make the diameter dependence

clearer, a semi-empirical expression for as a function of D was generated using

the empirical expressions for odc,b/^Op> ^ arid ooptmin described above, similarly to 

what was done with equation 5.18. This is shown as the solid line in Figure 5.15. These 

data clearly show that very low values of can be expected if wires w ith very

low D can be produced. Although it must be noted that for lower diameters, electrons 

will start to feel the effects of confinement and increased scatter will start to play a part 

in the dc conductivity. In fact, measurements have shown the nanowire conductivity 

to fall by a factor of two as D is reduced from 50 nm to 25 nm[i62, 163]. Figure 5.15 

also indicates that larger nanowires would improve the opto-electrical properties of 

the network, however it is believed that larger nanowires would lead to increased
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F ig u re  5.15: T h e  e s t im a te d  she e t re s is ta n c e  asso c ia te d  w i t h  a f i lm  o f  t ra n s m itta n c e  o f  90% , 

J?g“ 90%  ̂ p lo t te d  as a fu n c t io n  o f  m e a n  w ir e  d ia m e te r . T h e  d a ta  p o in ts  re p re s e n t 

j^T=90°/o c a lc u la te d  tw o  w a y s : u s in g  v a lu e s  o f  O  a n d  n fo u n d  fo r  each  w ir e  ty p e  

u s in g  e q u a tio n  5.20 a n d  u s in g  v a lu e s  o f  cropimin a n d  n u s in g  e q u a tio n  5.24 

( in  e a ch  case th e  v a lu e s  u s e d  w e re  th o se  re s c a le d  to  re p re s e n t s a m p le s  o f  5 }im  

lo n g  n a n o w ire s ) . T h e  s o lid  l in e  re p re se n ts  a c o n t in u o u s  fu n c t io n  c a lc u la te d  u s in g  

e q u a tio n  5.24 in c o rp o ra t in g  the  e m p ir ic a l f i t  cu rve s  s h o w n  in  f ig u re s  5.11, 5.12 an d  

5.13, A ) .
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haze[30, 33] due to an increase of the optical conductivity from increased scattering of 

light and w ould also dim inish the uniform ity of the network and hence lower n.

5.7 C O N C L U S I O N

The aim of this w ork was to understand  the reasons behind the broad variation in 

the opto-electrical properties of silver nanowire thin films. Preliminary work on silver 

nanowires showed that annealing thick networks for a short period of time enhances 

their opto-electrical properties w hich is believed to be due to the removal of leftover 

polym er from synthesis and welding of the nanowires at the junctions.

In order to investigate the role played by nanow ire length on netw ork properties, 

nanow ires w ith  initial length L =  4.5/mz were shortened to about l}im using sonic 

energy. It was shown that the length of the wires followed a power law w ith respect 

to sonication time of the form  L <x f-o.33 ^  similar tim e dependence was found by 

H echt[ii4] for work on carbon nanotubes. This shows that sonication induced scission 

will be a powerful tool for tuning nanowires to industry specified requirements.

A range of netw orks of silver nanow ires w ith different lengths (L) and diam eters 

(D) were then produced and their transmittance and sheet resistance measured. It was 

found that while the bulk-like dc conductivity, (JDc,Bf of the netw orks scales linearly 

with L, the optical conductivity is invariant with respect to L. However, the ratio of dc ^

to optical conductivities often used as a figure of merit for transparent conducting thin 

films was shown to scale linearly with wire diameter, allowing us to write oc It 

m ust be noted that m ore w ork should be undertaken in order to understand ing  the 

individual dependence of the dc and optical conductivities on D.

Within the technologically relevant regime of T > 90%, thin films were best described 

by percolation theory. In this case the dependence of T on Rs is controlled by two 

param eters: the percolation exponent, n, and the percolative figure of m erit, E. n 

was found to decrease w ith  decreasing D while II increased w ith  decreasing D. In 

both cases, this behavior points to better opto-electrical perform ance for netw orks 

of lower diam eter wires. This could be checked by calculating the expected sheet
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resistance for a network with T=go7o, which was found to fall rapidly with

decreasing D. It was estimated that by preparing networks of wires with D = 25nm, 

values as low as =  2 5 0 /□  could be obtained (for nanowires with length

L = 5/m/). In fact, since this work has been conducted Leem et al. have published a 

paper showing thin films of silver nanowires with transmittance T =  90% and sheet 

resistance Rs =  1 2 0 / 0  by using silver nanowires with diameter D =  25nm and length 

L ~  \2}im. This corresponds rather perfectly to our predictions for and shows

that networks of silver nanowires with opto-electrical properties matching that of ITO 

are indeed within reach.
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F L E X I B L E  T R A N S P A R E N T  D I E L E C T R I C  C A P A C I T O R S  W I T H  

N A N O S T R U C T U R E D  E L E C T R O D E S

6.1  I N T R O D U C T I O N

M any devices are on their way to becom ing perfectly flexible and transparent w ith 

the help of a range of novel nanom aterials such as graphene, carbon nanotubes and 

metallic nanowires. With this in mind, devices have already been produced using those 

nanom aterials such as solar cells, touch screen panels or supercapacitors. However, 

little attention has been paid to one of the m ost basic electronic com ponents: the 

dielectric capacitor. The previous chapter dealt w ith understanding  the influence of 

the geom etry of silver nanow ires on the properties of the network. In this chapter, 

transparent flexible capacitors were built and their properties linked to the geometry of 

the device, namely the thickness of the dielectric layer and the thickness of the porous 

nanostructured electrode. First the optical and electrical properties of the electrode 

layer will be investigated in the context of a capacitive device. Then the device will be 

modeled as a simple equivalent circuit in order to extract the resistance and capacitance 

value from impedance spectroscopy data. It will be dem onstrated that the transparency, 

capacitance and, in particular, series resistance depend on the nature of the electrode. 

Finally, the capacitors will be tested mechanically to check their integrity under tension 

and compression.

6 .2  SA MP LE  P R E P A R A T IO N

Flexible, transparent capacitors require both dielectric and electrodes to be flexible and 

transparent. Polymer dielectrics are well known and can fulfill the criteria for flexibility

93
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lOOijm

PVAc

S W N T

Figure 6.1: The "sandwich" method: electrodes were sprayed onto a PET substrate and sub

sequently encased in spin coated polymer then pressed together. This method of 

building the capacitor creates various weaknesses and fractures throughout the 

device. A) Cross section of the dev'ice shows the weakness of the design B) A 

close-up at the interface shows the carbon-nanotube network clearly suffering from 

the design.

and m axim um  transparency. In order to obtain an electrode that is transparent and 

flexible, it was necessary to choose from a pool of novel m aterials such as graphene, 

carbon nanotubes and silver nanowires. It was likely that electrode resistance would 

be relatively high because ultra-th in  electrodes w ould be required to achieve high 

transparency. Therefore, the electrode would have to present high conductivity but also 

low surface roughness to obtain homogeneous capacitive properties. Carbon nanotubes 

were therefore an ideal candidate for this study.

Many m ethods were investigated for preparing transparent flexible capacitors. One 

m ethod consisted in spraying a thin film of carbon nanotubes onto a PET substrate 

followed by the spin coating of a polym er layer on top of the electrode and finally 

spraying a second electrode on top. This configuration was ideal since spin coating can 

achieve very low polymer thicknesses and hence increase the range of capacitance that 

could be obtained. However, this configuration encouraged the formation of pinholes 

creating shorts in the device. Another method consisted in spraying two electrodes onto 

independent pieces of PET. Both were then encased in a layer of spin coated polym er
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th en  h ea ted  u p  in  o rder to ren d e r the po lym er soft. The sam ples w ere then  p ressed  

together in  o rder to b ind  the po lym er layers. This configuration , w h ich  w ou ld  have 

avoided shorts, was not structurally  sound as the polym er presented  a w eakness at the 

in terface betw een  the tw o p arts  of the sam ple (see F igure 6.1). These m ethods w ere 

d isregarded  in profit of the m ethod described below. To fabricate transparent, parallel 

electrode capacitors (Figure 6.2), free-standing polym er dielectric films were produced  

by d ro p  casting  a so lu tion  of po lyv iny l acetate  (PVAc in te trah y d ro fu ran  (THF) at 

C = 60 mg/ml) in to  a Teflon tray. This w as th en  left to d ry  overn ight, follow ed by 

further d ry ing  in an oven at ^o°C for 8 h resulting in, relatively uniform , free-standing 

polym er films. The film thickness w as controlled by the volum e and  concentration of 

solution deposited  and was varied betw een 35 \i7ti and 90 [ini. To deposit the electrodes, 

single w alled  nano tubes (SWNTs) p ro d u ced  by  Iljin g roup[i57 ] w ere d ispersed  in 

w ater w ith the aid of the surfactant sodium  dodecyl sulphate, SDS { C s w n t =  0.15 mg/ml, 

Csds=20 mg/ml). This d ispersion  w as deposited  on to  bo th  sides of the  po lym er film 

by spray casting using  a H arder & Steenbeck infinity a irb rush  secured to a JANOM E 

JR2300N robot. Spraying w as perfo rm ed  using  a 30 psi back -p ressu re  (2.07 x IQ^Pa) 

and a flow-rate of 2.5 mm^/s, w ith  the polym er film on a hotplate at ^o°C. As explained 

earlier (C hap ter 2, section 2.2.3) the  hom ogeneity  of the netw ork  an d  hence better 

opto-electrical properties depend  on the rate of evaporation of the droplets. Since it was 

necessary to stay below the glass transition tem perature of the polym er, the CNT in SDS 

had  to be sprayed  at low tem pera tu re  w hich  m ean t the flow rate had  to be kep t very 

low to accelerate the evaporation rate and avoid agglom eration. The resulting capacitor 

w as stored  u n d er am bient conditions for 24k before m easu rem en ts w ere m ade. N ote 

that the device could not be cleared of SDS since the usual m ethods, w ater baths and 

annealing  of the sam ple, w ou ld  have affected the po lym er dielectric layer. A lthough 

PVAc is not soluble in water, som e w ater could diffuse into the polym er w hich affected 

reproducibility greatly. Also, in order to rid the sam ple of SDS annealing tem peratures 

w ou ld  have h a d  to  be m uch  h ig h er th an  the glass tran sition  tem p era tu re  of PVAc. 

However, the increase in sheet resistance and  tran sm ittance  d u e  to the  presence of 

SDS were low enough that carbon nano tubes still rem ained  a good cand idate  for this
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'iPolymer
SWNT electrode 2

Figure 6.2: A typical flexible transparent capacitor: a) Photograph of a free standing capacitor 

(T = 74%)SEM of caps.The metallic bands at top and bottom are silver paint to 

facilitate connection to external circuitry. Inset: Schematic of the capacitor structure, 

b) SEM image of a spray-coated SWNT electrode at the surface of the polymer 

dielectric, (c) SEM image of a fracture surface of a typical capacitor, (d) Zoomed 

image of the capacitor edge showing protruding nanotubes. Note, (d) had been 

rotated by 90° relative to (c).
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study. F u rtherm ore , no te  th a t the devices w ere very  robust an d  could  be h and led , 

m anipu la ted , and  flexed w ithou t apparen t dam age.

Scanning electron m icroscopy (SEM, Figures 6.2 (b)-(d)) m easurem ents (Zeiss U ltra, 

sam ples coated w ith  a 5 nm  thick layer of a Ti-Au alloy) show the deposited electrodes 

to consist of a very  th in  netw ork  of nan o tu b e  b u n d les  sim ilar to those p rep a red  for 

o ther tra n sp a ren t e lectrode applications. By com parison  w ith  p rev ious w ork, these 

netw orks were expected to be 5-20 nm  thick. As the capacitor electrodes were being de

posited, a piece of PET was sim ultaneously sprayed (one side only) w ith  SWNTs under 

identical conditions to facilitate the characterization of the electrodes individually. The 

transm ittance of these individual netw orks (w ith PET film as reference) as well as that 

of the capacitors them selves (no reference) w as m easu red  u sing  a C ary  Varian 6oooi 

spectrophotom eter. Broad spectra sim ilar to those reported  p reviously  w ere found in 

all cases. The sheet resistance, Rg, of the ind iv idual electrodes w as m easu red  using  a 

Keithley source m eter.

6.3 M E A S U R I N G  T H E  P H Y S I C A L  P R O P E R T I E S  OF T H E  D E V I C E

6.3.1 From electrodes to capacitor: Transmittance

It is im portan t in a com plex device to s tu d y  every elem ent independen tly  in o rder to 

separa te  the influence of each com ponen t on the m easu rem en ts  u n d e rta k en  on  the 

whole device. W ith this in m ind, the transm ittances of the individual electrodes (Tj, T2, 

550 nm) are p lotted against electrode sheet resistance (Ks,/ iri Figure 6.3. Here, the 

subscripts 1 and 2 represent individual electrodes that were sprayed concurrently w ith 

the capacitor electrodes but on PET. These param eters will help to understand  the data 

that will be obtained  later using  im pedance spectroscopy. They are well described by

The figures of m erit w ere extracted from the data for both electrodes as show n in Figure

(6.1)

6.4 fo llow ing the m eth o d  covered in C hap ter 5. Table 6.1 show s the values for the

figures of m erit for the electrodes. For both  electrodes, ~  3 w hich is significantly
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Figure 6.3: Transmittance versus sheet resistance, Rs, for individual nanotube networks, 

sprayed onto PET substrates at the same times as the capacitor electrodes were 

deposited.

f7DC,B/ <̂0 p n n

Electrode 1 2.94 12.753 1.859

Electrode 2 2.89 15.927 1-7

Table 6.1: Figures of merit for the capacitor's electrodes for both the bulk and percolative 

regimes. The figures of merit for both electrodes are practically identical allowing us 

to assume identical electrodes on both sides of the capacitors. This will be used to 

relate the resistance measured by impedance spectroscopy and the sheet resistance 

of the electrodes.
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Figure 6.4: Fitting the bulk and percolative parts of the curve to find the figures of m erit , 

<^DC,B/oop/ for bulk networks and , n  and n, for percolative networks.
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lo w e r  th a n  th e  s ta te  o f  th e  a r t  fo r  t r a n s p a r e n t  c o n d u c to r s .  T h is  c a n  b e  e x p la in e d  

b y  th e  p re s e n c e  o f  SD S a m o n g  th e  n a n o tu b e s  in  th e  n e tw o r k  w h ic h  w o u ld  in c re a s e  

d r a m a t ic a l ly  th e  ju n c t io n  re s is ta n c e  in  th e  n e tw o rk , th e  m a in  s o u rc e  o f  r e s is ta n c e  in  

n a n o tu b e  n e tw o rk s [7 0 , 87]. M o re o v e r , th e  SD S w a s  re s p o n s ib le  fo r  a v is ib le  h a z e  o n  

th e  s u r fa c e  o f  th e  f ilm  w h ic h  m u s t  h a v e  a n  e ffec t o n  th e  o p tic a l  c o n d u c tiv i ty . S ta te  

o f  th e  a r t  f ig u re s  o f  m e r i t  a re  h o w e v e r  n o t  n e c e s s a ry  fo r  s h o w in g  th e  d e p e n d e n c e  

o f  th e  p r o p e r t ie s  o f  th e  d e v ic e  o n  its  g e o m e try , th e r e fo re  c a rb o n  n a n o tu b e s  w il l  b e  

s u f f ic ie n t fo r  th is  s tu d y . In  o r d e r  to  m a k e  s u re  th e  d a ta  fo r  th e  c a p a c i to r s  a n d  th e  

in d iv id u a l  e le c tro d e s  c a n  b e  c o m p a re d , th e  p ro d u c t  o f tra n s m itta n c e  fo r  th e  e le c tro d e s  

w a s  p lo t te d  a g a in s t  th e  t r a n s m it ta n c e  fo r  th e  w h o le  d e v ic e  (F ig u re6 .5 ). I t is  e x p e c te d  

f ro m  th e  B e e r-L a m b ert la w  th a t  th o se  w o u ld  sca le  l in e a r ly  w ith  th e  s lo p e  e q u a l  to  th e  

t r a n s m it ta n c e  fo r  th e  p o ly m e r  film :

T c a p  =  e - “ C N T (f i+ f2 )g -« p „ ; j , fp o ;y  ( 6 2 )

T c a p  —  T \  X  T j X  T p o l y  (6.3)

In d e e d ,  th e  v a lu e  o f  88%  fo r  Tpoi^ f o u n d  f ro m  f i t t in g  d a ta  in  F ig u re  6.5 is  in  g o o d  

a g r e e m e n t  w i th  m e a s u r e m e n ts  o f  th e  t r a n s m it ta n c e  o f  PV A c film s  o v e r  a r a n g e  o f  

th ic k n e s s e s  (4 5  [im) fo r  w h ic h  it  w a s  f o u n d  th a t  8 5 %  <  Tpdy <  8 8 % .  Tp^iy w a s

n o t  f o u n d  to  v a ry  w i th  v a ry in g  th ic k n e s s ,  th is  c a n  b e  e x p la in e d  b y  th e  fa c t th a t  th e  

p o ly m e r  w a s  d ro p c a s t  o n to  a su rfa c e  w ith  ir re g u la r i t ie s  s u c h  a s  s c ra tc h e s  a n d  b u m p s . 

T h e  r e s u l t in g  f ilm  w a s  th e re fo re  n o t  s m o o th  a n d  th e s e  s c ra tc h e s  w e re  p r o b a b ly  th e  

m a in  so u rc e  o f  s c a tte r  a s  th e  l ig h t  w e n t th ro u g h  th e  p o ly m e r  film s. T h is  c a n  b e  e a s ily  

so lv ed , in  fac t in d u s try  a lre a d y  h a s  to o ls  c a p a b le  o f fa b r ic a tin g  h ig h ly  t r a n s p a re n t  th in  

p o ly m e r  f ilm s  (e.g . th e rm a l  s p ra y in g  o r  e x tru s in g  a n d  ro l l in g  la m in a tio n [ i6 4 ] )  w h ic h  

c o u ld  b e  u s e d  in  p la c e  o f PVAc.

6.3.2 Extrac ting  information fro m  Impedance data

I m p e d a n c e  (Z ) s p e c tra  (G a m ry  600 , V a c =  2 ^ - 1 0 0  m V )  w e re  m e a s u r e d  fo r  a r a n g e  

o f  c a p a c i to r s  w i th  v a r io u s  p o ly m e r  a n d  e le c tro d e  th ic k n e s s e s  (fo r  s im p lic ity , th e  

th ic k n e s s e s  o f  b o th  e le c tro d e s  w e re  e q u a l) . It is  p o s s ib le  to  m a tc h  th e  s h a p e  o f  th e
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Figure 6.5: Capacitor transmittance versus the product of the transmittance of the individual 

films. The linear relationship shows a discrepancy in the transmittance of 88% 

which is attributed to the polymer's participation in the overall transmittance.

im pedance spectra to equivalent circuits which, though not always representative of 

the actual circuit, describes the behaviour of the device. Figure 6.6 shows that the 

typical N yquist plot of one of our transparent, flexible capacitor is a delta function 

w hich is representative of a series RC equivalent circuit. Shown in Figure 6.7 is the 

corresponding data for the the m odulus of the impedance, I Z I, plotted as a function 

of angular frequency, o, and the phase, cp, versus oj (NB: Z =  Z^e -i- iZi„, = jZ|e"P). 

From this data it is possible to extract the values for the time constant t  =  RserC, the 

series resistance Rser and the capacitance C of the device by using the definitions of 

im pedance as shown below. As was covered in C hapter 3, the im pedance of an RC 

circuit is defined as

■Z =  R-Ser ^  (6-4)Ac

where ^  is the capacitive reactance and it follows that the m odulus is

This can be used to find C and Rser by considering the fact that as a; —> 00 then ^  0

w hich leads to |Z| =  R . This m eans if the lower part of the curve in Figure 6.7B) is

Tc.p= 0-88T,T
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Figure 6.6: Typical Nyquist plot for the fabricated capacitors. The distinct delta function shape 

is typical of a series RC circuit. The scatter at very low frequency is due to the fact 

that the magnitude of the current response is lower than the magnitude of the error 

on the m easurem ent. However, N yquist plots are m ainly used for understanding  

the equivalent circuit behaviour of the device so that such scatter is acceptable.

fitted and  the slope is fixed to zero then  Rs^r will be equal to the intercept. Identically  

as a; —>• 0 then ^  (i-e. becom es very large) and the series resistance is negligible.

In this case.

taking the na tu ra l logarithm

ln{\Z\) = —ln{co) — InC (6.7)

This m eans th a t fitting  the h igher p a rt  of the curve in  F igure 6.7 A) and  forcing the 

slope to be -1 leads to C =  This m ethod can be used  to find C and  Rser for

m ost sam ples. However, as the thickness of the electrodes increases the w hole curve is 

shifted dow n due to the decrease in electrode resistance; in this case, a different m ethod 

m u st be found . It can be n o ted  th a t the im pedance  is m ade  of tw o parts , the  series 

resistance (Zrc^,/) w h ich  is invarian t for a given sam ple  an d  the reactance {Zi^aginary) 

w h ich  varies w ith  the frequency. Therefore, in F igure 6.6, the im ag inary  p a r t of the 

im pedance decreases w ith  increasing frequency and eventually  m eets the real axis at
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Figure 6.7: Bode plots: A) The phase as a function of frequency shows that for lower frequency, 

the phase shift between current and voltage is — ̂ 2  which is representative of 

a series RC circuit. B) The modulus as a function of frequency shows two sepa

rate behaviours; completely resistive at very high frequency before the capacitive 

component becomes apparent for medium and low frequencies.
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Figure 6 .8 : The time constant can be found by fitting the linear part of the data of tanq> as a 

function of /̂a<. The data starts converging towards - ^ 2  for low frequencies as the 

time constant term  becomes negligible.

Rser as a; —> oo. This can  be  u sed  to  find  Rger for sam p les w ith  th ick  e lec trodes an d  the 

G a m ry  A n a ly s t so ftw a re  w a s  u se d  in  th is  s tu d y . F inally , th e  tim e  c o n s ta n t -  can  be 

fo u n d  from  the  p h ase  d a ta . For an  RC series circuit, th e  p h ase  is

w h ere  the tim e co n stan t for th e  system  is t  =  R s e r C .  T herefore by p lo ttin g  tancp ag a in st 

^  ^ ^  can  be  o b ta in ed  as the slope of th e  linear p a r t  of the  curve as seen in  F igure

6.8. It can  b e  n o te d  th a t  th e  cu rv e  s to p s  b e in g  lin ea r fo r lo w er freq u en c ie s , th is  can  

b e  e x p la in e d  b y  th e  fact th a t  as a; 0 th e n  ^   ̂ oo w h ic h  m e a n s  th a t th e  ^  te rm

becom es neglig ib le  an d  th e  p h ase  converges tow ards tan{oo) =  — 2  . J h e  value  for the 

tim e co n stan t ex trac ted  from  the  d a ta  in  F igu re  6.8 w as th en  su b b ed  in to  eq u a tio n  6.8 

in  o rd e r  to  m o d e l th e  b e h a v io r  o f th e  p h ase . T he m o d e l m a tc h e d  th e  d a ta  v e ry  w ell 

as  sh o w n  in  F ig u re  6.7 A ) (d a sh e d  line). F u rth e rm o re , th e  tim e  c o n s ta n t r  =  2.07}.is 

m a tch es  th e  p ro d u c t of th e  serie s  res is tan ce , Rser> a n d  cap ac itan ce , C, ex trac ted  from  

th e  d a ta  ( R s e r C  — 2.2}is )  in  F ig u re  6.7 A) m e a n in g  th a t  f ittin g  th e  p h a se  d a ta  is a 

second  w ay  to  o b ta in  Rser fo r th ick  e lectrodes.
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It is important to study the electrodes independently from the capacitor in order to 

State whether the equivalent circuit is representative of the device. The transmittance 

was studied in the previous section, however it has not yet been demonstrated whether 

the series resistance in the equivalent circuit is due to the electrodes' resistances. 

Comparing the series resistance obtained from impedance studies and the sheet 

resistance of the electrodes measured independently using four point probing (see 

Figure 6.3) is not possible. Instead, it will be assumed that the device's electrodes 

behave as two resistances in series

and assuming both top and bottom electrodes in the device have the same network 

properties i.e. same sheet resistance

electrodes' sheet resistance. One last step to take is to average the values for sheet 

resistance obtained from four point probing. Assuming the two electrodes are in series

R s  er — Rcap,l Reap,! (6.9)

noting that

R  =  R s (6 .1 0 )
zv

Rs,cap,\  —  Rs,cap,2  —  Rser.RE (6.11)

then

(6.12)

where /12 and z v i^  are the length and width of the device's two electrodes respectively. 

This leads to

{6.13)

or
ZVilV2 (6.14)

Rser, RE  now presents the right unit, namely Q /D for comparison with the independent

R a v g  — R \  +  R i (6.15)

again using

R ^ R s -
zv

(6.16)
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Figure 6.9: The average of the sheet resistance for the electrodes versus a series resistance to 

the sam e units. The data presents a linear relationship betw^een the two, show ing  

that the series resistance measured via impedance spectroscopy is in fact due to the 

resistance of the electrodes. The fitted line has equation R s ,a v c  — l-053Kser,R£

we write

^ S . A V G  ■ =  R s , \ —  +  R s ,2 —  (6.17)
T-^total W 2

+ W 2 ^  , r, h  Q.
R s ,A V G  =  —J— —̂ ^ 5,1 R s ,2   (6.18)

h +I2 IU2

J^Ser, RE arid R s â v g  were plotted against each other as shown in Figure 6.9 which leads 

to the conclusion that within error, R ser ,R E  =  R s , a v g  ■ It can be concluded that the 

series resistance measured by impedance spectroscopy is com posed of the resistances 

in series of the two electrodes.

6.4 VARYING THE DIELECTRIC A N D  ELECTRODE T HI C KN E S S

N ow  that the information relating to the properties of the capacitor has been extracted 

from the individual data, the geom etry of the devices can be varied to investigate  

what consequences this has on the properties. Data sets for a num ber of capacitors 

with separately varying electrode and dielectric thicknesses were analyzed to give the
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Figure 6.10: c/ a plotted against R$er,RE as the polymer and electrode thicknesses are varied.

Changes in C/ a are linked to changes in the polymer thickness while changes in 

Rser.RE are linked to changes in electrode thickness

capacitance per overlapping electrode area, C/A, and series resistance Rser- As shown 

previously, to facilitate com parison between different capacitors, the m easured series 

resistances are rescaled to represent square capacitors (units: Sl/D). The m easured 

data is plotted in Figure 6.10. It is clear from this data that Rser depends solely on the 

electrode geometry while C/A depends solely on the polymer thickness. The scatter in 

the data for varying polym er thickness could be due to the difficulty to deposit the 

exact same am ount of carbon nanotubes on both sides of each capacitor. The outlying 

data point for varying CNT network thickness could be due to scratches on the surface 

of the polym er from the teflon tray which w ould vary the capacitive area from one 

sam ple to the next or a m istake could have been m ade w hen m easuring the volum e 

of polymeric solution. The dependence of C/A on the thickness, tpo\y, of the dielectric 

material is expected to follow

^ p o l y

It is shown in Figure 6.11 that this is indeed the case. This data is consistent w ith a 

dielectric constant of £r =  3.64, close to the expected value for PVAc of ~  3 at room 

tem perature [165]. The capacitances obtained here are not particularly  high. This is
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Figure 6.ii: The capacitance per unit area scales linearly with the inverse of the polymer 

thickness following equation 6.19. The equation for the fit is ^  =  3.22 x 10“ ^ |̂  

leading to the permittivity of PVAc to be 3.64. This is in agreement with the 

literature.

largely due to the relatively low dielectric constant of PVAc and the relatively high 

thickness of the polym er dielectric. Both of these factors should be relatively easy to 

improve using existing materials.

It was shown in the previous chapter that it is very difficult to measure the thickness 

of networks of nanom aterials. Because of this, it is not possible to plot C /A  and Rser 

as a function of electrode thickness. An excellent proxy for electrode thickness is the 

transm ittance of the device, indeed the two are linked by

^  “I l^^O p^electrod^  (6.20)

w here aopis a property  of the netw ork and Zois a constant. Figure 6.12 show the 

transm ittance of the capacitors plotted against C /A  . Varying the thickness of the 

polymer (open symbols) changes C/A but hardly affects T  or Rser- However, changing 

the thickness of the SWNT netw ork (solid symbols) does not affect C /A  bu t has a 

large effect on T and Rser-
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Figure 6.12: C apac ito r tran sm ittan ce  as a function  of areal capacitance . D ata  is sh o w n  for 

capacitors w ith  either constan t electrode thickness b u t variable po lym er thickness 

or vice versa.

F in a lly , m a k in g  th e  a p p r o x im a t io n  th a t  f ro n t  a n d  b a c k  e le c tro d e s  a re  id e n tic a l  (i.e. 

T] =  T2, R s,i =  ^ 5  2/ a n d  a s s u m in g  th a t  th e  re s c a le d  se r ie s

re s is ta n c e  is e q u a l  to  th e  a v e ra g e  o f th e  e le c tro d e  s h e e t  re s is ta n c e s  {Rser,RE =  ^ s ,a v g )> 

th e  tra n s m it ta n c e  o f  th e  c a p a c ito r  c a n  b e  re la te d  to  th e  se r ie s  re s is ta n c e  b y  th e  s q u a re  

o f e q u a t io n  6.1

T = ( l  +  — (6.21)
V ^ i < S e r , R E  (^DC,B /

I n d e e d  th e  e q u a t io n  m u s t  b e  s q u a r e d  s in c e  Tcap =  Tpoly x  Ti x  T2 a s  i t  w a s  s h o w n  

p re v io u s ly . T h is  c u rv e  is  p lo t te d  o n  F ig u re  6.13 b y  th e  d a s h e d  lin e  u s in g  Tpgiy — 0.88 

a n d  =  3 a n d  m a tc h e s  th e  d a ta  q u ite  w ell.

6.5 M E C H A N I C A L  TES TI NG

P re v io u s  w o rk  h a s  s h o w n  th e  e le c tr ic a l p ro p e r t ie s  o f  n a n o tu b e  n e tw o rk s  to  b e  ro b u s t  

u n d e r  flex in g , th e re fo re  th e  p ro p e r t ie s  o f o u r  ca p a c itiv e  d e v ic e s  a re  e x p e c te d  to  re m a in  

s ta b le  a g a in s t  b e n d in g .  To te s t  th is , th e  im p e d a n c e  s p e c t r u m  o f a ty p ic a l  c a p a c ito r  

w a s  m e a s u re d  in  a p la n a r  a r r a n g e m e n t  (F ig u re  6.14, A )). R$er a rid  C fo r  th is  c a p a c ito r
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Figure 6 .1 3 : Capacitor transmittance as a function of series resistance. Data is shown for ca

pacitors with either constant electrode thickness but variable polymer thickness 

or vice versa. The dashed line illustrates the behaviour expected for two identical 

electrodes, each described by the fit line in Figure 6 .3 , assuming a polymer trans

mittance Tpgiy = 0.88, Rser = 2Rs — 3. Note that the series resistance

here has been rescaled to make it represent a square electrode and so is presented 

in n / D

Figure 6 .1 4 ; Measuring impedance on a capacitor A) Impedance is measured while the capaci

tor lays flat B) Capacitor is bent with a radius of curvature of 8 mm and impedance 

measured to check mechanical stability of the device.
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Figure 6.16: Flexibility test; A) Change in the series resistance over a large cycle number; the 

resistance increases slightly although this is believed to be due to a failure from 

the polymer substrate rather that the carbon nanotube electrodes. B) Change in 

the device capacitance over a large cycle number, the capacitance varies very little 

showing the sturdiness of the device.

were extracted from fitting the data as previously explained (Figures 6.15, A)). The 

capacitor was then bent to a rad ius of curvature of ~  8mm (Figure 6.14, B)), before

m easuring again the im pedance spectrum  (Figure 6.15, B)) and extracting C and Rser-

The properties of the capacitor w ere found to be virtually indistinguishable before 

and after bending, dem onstrating the robustness of the structure. To confirm  this 

robustness, a (different) capacitor w as subjected to repeated bend cycles (~  8mm 

radius), m easuring the im pedance periodically. As show n in Figures 6.16, both Rser 

and C are stable under these conditions. The small increase in series resistance is 

believed to be due to a failure on the part of the polymer dielectric, indeed the polymer 

has brittle edges which formed during drying. The edges are believed to be responsible 

for the increased series resistance over the course of the cycles.
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6 .6  OTHER  MATE RI ALS

In  o rd e r  fo r th e  d ev ices  to  b e  in d u s tr ia l ly  re lev an t, th ey  h av e  to  b e  o f u se  in  c ircu its  

w h ic h  a re  fu lly  tra n s p a re n t  a n d  flexible. T h ere fo re , th e  re q u ire d  c o n d u c tiv ity  o f the  

d ev ice  m u s t b e  ab le  to  co m p e te  w ith  the  s ta te  o f th e  a r t  tra n sp a re n t c o n d u c to rs  u se d  

n o w ad ay s . In o rd e r  to am elio ra te  th e  p ro p e rtie s  of th e  capac ito rs , tw o  m o re  m ateria ls  

w ith  d iffe re n t p ro p e r tie s  a n d  a d v a n ta g e s  w ere  in v e s tig a te d  as a re p la c e m e n t fo r the  

ca rb o n  n a n o tu b e  p o ro u s  elec trodes: s ilver n an o w ire s  for th e ir v e ry  h ig h  co n d u c tiv ity  

a n d  g ra p h e n e  fo r its v ery  low  su rface  ro u g h n ess.

6.6.1 Silver nanowires

T he capacitance p e r u n it area for the carbon  n an o tu b es  device is q u ite  low, ran g in g  from  

0-4 to i . i  y.F.m~^, w h ile  the series resistance is ex trem ely  h igh , w ith  values in  the ran g e  

of 2-10  kQ  for 70% transm ittance. As in d ica ted  above, it sh o u ld  be possib le  to  increase 

th e  ca p ac itan c e  b y  u s in g  th in n e r  p o ly m e r film s a n d / o r  d iffe ren t d ie lec tric  m a te ria ls . 

H ow ever, to red u ce  the series resistance, the co n d u c tiv ity  of the e lec trode m ateria l m ust 

be  in creased . O n e  m ateria l th a t  w o u ld  be  ideal for su ch  ap p lica tio n s  silver n an o w ires  

(from  K echuang  A dvanced  M aterials, D = L = ^o\im  Ltd.) w h ich  are  considerab ly

m o re  co n d u c tiv e  th an  SWNTs. To test this, a ran g e  of capacito rs  w as p re p a re d  u s in g  a 

sh e e t o f  p o ly e th y le n e  te re p h th a la te  (PET) 37[jm th ick  as th e  d ie lec tr ic  for s im p lic ity  

a n d  w ith  b o th  e lec tro d es  m a d e  u p  o f sp ray ed  n e tw o rk s  o f A gN W s. T hose cap ac ito rs  

w ere p re p a re d  u sin g  the m eth o d  described  earlier for ca rbon  n an o tu b es. S pray ing  w as 

d o n e  at 40 psi in s tead  of 30 psi an d  the  nozz le  w as ch an g ed  from  a d iam ete r of 200 \im 

to  600 \im  to  ac co u n t for th e  size  o f th e  n an o w ires . In d iv id u a lly , th ese  e lec tro d es  h a d  

tra n sm itta n c e s  in  th e  ra n g e  o f 71 to  96% a n d  sh ee t re s is tan c es  fro m  9 to  126,7 

kQ /O  (F igure 6.17), com petitive w ith  the  state  of the  a rt fo r n an o s tru c tu red  tran sp a ren t 

co n d u c to rs . T he capacito rs fab ricated  from  th is m e th o d  achieved  tran sm ittan ces  m u ch  

h ig h e r  th a n  th a t  for SW N T  ca p ac ito rs  p a ire d  w ith  re sca led  se rie s  re s is tan c es  several 

o rd e rs  o f m a g n itu d e  sm aller. A s for the  SW N T cap acito r study . F igu re  6.18 sh o w s the



F L E X I B L E  T R A N S P A R E N T  D I E L E C T R I C  C A P A C I T O R S  W I T H  N A N O S T R U C T U R E D  E L E C T R O D E S

105

100

85
I -

75 electrode 1 
electrode 2'

70

F ig u re  6.17: T ran sm ittan ce  v e rsu s  sh ee t resis tance, Rg, for in d iv id u a l silver n an o w ire  n e tw o rk s , 

sp ra y e d  o n to  PET  s u b s t ra te s  a t  th e  s a m e  tim e s  as  th e  c a p a c ito r  e le c tro d e s  w e re  

d e p o s ite d . H ere  =  22.2, I I  =  19.98 a n d  n =  6.8

t r a n s m i t t a n c e  o f  th e  d e v ic e  p l o t t e d  a g a in s t  th e  p r o d u c t  o f  t h e  t r a n s m i t t a n c e  o f  t h e  

tw o  e le c t ro d e s .  I n  th e  c a s e  o f  th e  s i lv e r  n a n o w i r e s ,  th e  r e la t io n s h i p  o b t a in e d  is  o f  th e  

f o rm  Tcap  =  Ti X T2 , in  a c c o r d a n c e  w i th  m e a s u r e m e n t s  f o r  th e  t r a n s m i t t a n c e  o f  P E T , 

9 8 %  <  TpET < 1 0 0 % .  F u r th e r m o r e ,  th e  t r a n s m i t t a n c e  o f  th e  c a p a c i to r s  c a n  b e  m o d e le d  

a s  a f u n c t io n  o f  s e r ie s  r e s is ta n c e  u s in g  e q u a t io n  6.21 fo r  th e  b u lk  p a r t  o f  th e  c u r v e  a n d  

th e  f o l lo w in g  e q u a t io n

T  =
1

Usj
f o r  th e  p e r c o la t i v e  p a r t  o f  th e  c u r v e .  T h is  s h o w s  t h a t  e v e n  t h r o u g h  th e  d e v ic e  s u p e r 

im p o s e s  tw o  e l e c t r o d e s ,  i t  is  p o s s ib le  to  o b ta in  t r a n s p a r e n t  f le x ib le  c a p a c i to r s  w i t h  a 

t r a n s m i t t a n c e  o f  85%  fo r  a  s e r ie s  r e s i s ta n c e  o f  400Q/O  ( F ig u r e  6.18).

6 .6 .2  G raphene

G r a p h e n e  is  a n o t h e r  p r o m i s i n g  m a te r i a l  f o r  t r a n s p a r e n t  f le x ib le  a p p l i c a t i o n s  a n d  

a l t h o u g h  th e  c o n d u c t iv i t i e s  a c h ie v e d  f o r  a  n e t w o r k  o f  g r a p h e n e  h a s  b e e n  q u i t e  lo w .
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F i g u r e  6 .1 8 :  A )  C a p a c i t o r  t r a n s m i t t a n c e  v e r s u s  t h e  p r o d u c t  o f  t h e  t r a n s m i t t a n c e  o f  t h e  i n d i 

v i d u a l  f i l m s  f o r  s i l v e r  n a n o w i r e s .  T h e  l i n e a r  r e l a t i o n s h i p  f o l l o w s  t h e  f a c t  t h a t  t h e  

t r a n s m i t t a n c e  o f  P E T  is  c l o s e  t o  i . B ) C a p a c i t o r  t r a n s m i t t a n c e  a s  a  f u n c t i o n  o f  s e r i e s  

r e s i s t a n c e .  T h e  l i n e s  i l l u s t r a t e  t h e  b e h a v i o u r  e x p e c t e d  f o r  t w o  i d e n t i c a l  e l e c t r o d e s  

i n  t h e  b u l k  ( c o n t i n u o u s  l i n e )  a n d  p e r c o l a t i o n  ( d a s h e d  l i n e )  r e g i m e s  b y  s u b b i n g  t h e  

F o M s  o b t a i n e d  f r o m  t h e  f i t s  i n  F i g u r e  6 .1 7  i n t o  e q u a t i o n  6 .2 1 ,  a s s u m i n g  a  p o l y m e r  

t r a n s m i t t a n c e  T p e t  =  1/ ^ S e r  ~  a n d  =  22 . N o t e  t h a t  t h e  s e r i e s  r e s i s t a n c e  

h e r e  h a s  b e e n  r e s c a l e d  t o  m a k e  i t  r e p r e s e n t  a  s q u a r e  e l e c t r o d e  a n d  s o  i s  p r e s e n t e d  

i n  n / D
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Figure 6 .1 9 : A) Capacitor transm ittance versus the product of the transm ittance of the in

d iv idual films for graphene. The linear relationship follows the fact that the 

transmittance of PET is close to i . B) Capacitor transmittance as a function of series 

resistance. The line illustrates the behaviour expected for two identical electrodes 

in the bulk regimes by subbing the FoMs obtained from T-Rser data into equation 

6 .2 1 , assum ing a polym er transm ittance Tp£j  =  1, Kscr =  2 R5 and =  0.1258. 

Note that the series resistance here has been rescaled to make it represent a square 

electrode and so is presented in D /D
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Figure 6.20: Capacitor transmittance as a function of areal capacitance for silver nanowires and 

graphene electrodes. The scatter supported in the silver nanowire data is believed 

to be due to the high surface roughness of the material. This theory is supported 

by the very low scatter in the graphene data which has very low surface roughness 

and by the uniform  packing from vacuum  filtration.

the  n a tu re  of th e  m ateria l co u ld  b e  an  a d v a n ta g e  for th is specific ap p lica tio n . In d eed , 

g ra p h en e  is a tw o  d im en sio n a l n an o m ate ria l y ie ld in g  n e tw o rk s  w ith  very  low  surface  

ro u g h n e ss  (>  10 nm)  w h ic h  w o u ld  b e  a h u g e  a d v a n ta g e  to  co n tro l th e  p ro p e r tie s  of 

th e  tra n sp a re n t flexible capac ito rs . T he g ra p h e n e  cap ac ito rs  co u ld  n o t b e  m a d e  u s in g  

th e  sp ra y in g  te ch n o lo g y  a n d  so  w e re  fa b rica ted  u s in g  th e  tra n s fe r  m e th o d  o u tlin e d  

in  C h a p te r  4.2.F ig u re  6.19 sh o w s  th e  tra n sm itta n c e  a n d  sh e e t re s is tan c e  ach iev ed  in  

th e  case  of g ra p h e n e . W ith  a m a x im u m  tra n sm itta n c e  o f less th a n  30% fo r a se rie s  

re s is tan ce  o f n e a rly  4 k Q / 0  g ra p h e n e  is far from  ach iev in g  th e  sam e  p e rfo rm an c es  as 

silver nanow ires. H ow ever, n ea rly  as m u ch  as h ig h  tran sp a ren cy  an d  h ig h  conductiv ity , 

in d u s try  req u ires  consistency. F igu re  6.20 show s the  d a ta  for Tcap as a fu n c tio n  of CM  

for b o th  silver n a n o w ire  e lec tro d es  a n d  g ra p h e n e  e lec tro d es  (th ese  can  be c o m p a re d  

since  th e  p o ly m e r  d ie lec tr ic  h e ld  th e  ex ac t sam e  th ick n ess  fo r ev e ry  sam p le). T he 

scatter in the  case of th e  silver n an o w ire  e lec trodes in  m assive ( A (c // i)  =  c/ a  for  som e 

sam ples). This can  be exp la in ed  by  the  fact th a t th e  geom etric  su rface  a rea  of the  device
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Figure 6.21: Transmittance as a function of rescaled sheet resistance of the devices for the 

three electrode materials: Silver nanowires, carbon nanotubes and graphene. Silver 

nanowires are the obvious choice to increase electrode conductivity and reduce 

the time constant r  = RC .

is not the true surface area for the silver nanowires. Indeed, the surface roughness is 

so high (~  40nm) that the active area is most probably much larger than its geometric 

surface area (which is the area used in the study). This theory is supported  by the 

fact that scatter is virtually non-existent in the case of graphene. Indeed, graphene has 

very low surface roughness (~  Inm)  and hence active area is identical to geometric 

area in this case. The scatter in the silver data may have been em phasized by a lower 

than ideal hom ogeneity of the networks as shown by the high percolation exponent 

n obtained, as opposed to the graphene which was vacuum  filtered. Increasing the 

homogeneity of the network may be a way of improving the use of silver nanowires as 

the electrode material for applications.

6.7 C O N C L U S I O N

In conclusion, transparent capacitors were produced by spraying SWNT networks 

onto both sides of PVAc thin films and spraying AgNW  or transferring vacuum
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f ilte red  g ra p h e n e  film s o n to  b o th  s id e s  of a PET film . T he p ro p e r tie s  of th e  SW N T  

capacito rs  w ere  sh o w n  to be  to  be  in v arian t w ith  flexing over 40 b en d in g  cycles an d  the 

w ho le  ran g e  of capacito rs d isp layed  tran sm ittan ces  betw een  5% an d  86%, capacitances 

ra n g in g  fro m  0.2 to  1.1 F.cm'^ a n d  series re s is tan ces  ra n g in g  from  p f i/Q  to  4/cf7/Q .

T he p ro p e rtie s  of the capacito rs  w ere linked  to  the  geom etric  s tru c tu re  of the  device 

an d  to the  n a tu re  of the  tran sp a ren t e lectrode m ateria l th ro u g h  im p ed an ce  spectroscopy  

b y  a n a lo g y  o f th e  d ev ice  to  a n  s im p le  e q u iv a le n t RC circu it. It w as  sh o w n  th a t  th e  

m e a su re d  serie s  re s is tan ce  fo r th e  eq u iv a le n t c ircu it c o r re sp o n d s  to  th e  re s is tan ce  of 

th e  tw o  e lec tro d es  in  serie s  a n d  th a t th e  e q u iv a le n t re s is tan c e  a n d  tra n sm itta n c e  o f 

th e  dev ice  o n ly  v ary  w ith  v a ry in g  e lec tro d e  th ickness. Sim ilarly, th e  a rea l capac itance  

o f th e  d ev ice  w a s  sh o w n  to  o n ly  b e  a fu n c tio n  of th e  p o ly m e r th ick n ess  th ro u g h  

c / a  =  ^r£o/d w h e re  d is the  p o ly m er th ickness.

S ilver n a n o w ire  ca p ac ito rs  d isp la y e d  e n h a n c e d  e lec tro d e  c o n d u c tiv ity  (see F ig u re  

6.18) w h ile  g ra p h e n e , a lth o u g h  d isp la y in g  v e ry  low  T  fo r v e ry  la rg e  R$, sh o w ed  

in creased  sam p le  rep ro d u c ib ility  d u e  to  its  layered  tw o -d im en sio n a l n a tu re .

T his s im p le  s tu d y  sh o w s w h a t can  be  d o n e  by h a rn ess in g  th e  in c red ib le  p ro p e rtie s  

o f novel n a n o m a te r ia ls . In d e e d , it w a s  sh o w n  th a t s im p le  d ev ice s  su ch  as d ie lec tr ic  

capacito rs  can  be  con tro llab ly  tu n ed  to  an y  specifications such  as low  sh ee t resistance, 

h ig h  tran sm ittan ce , h igh  capacitance, sm all tim e co n stan t o r large reproducib ility . This 

in  tu rn  co u ld  b e  v ery  u sefu l fo r s tra ig h tfo rw a rd  ap p lica tio n s  su ch  as tra n sp a re n t a n d  

flex ib le  gas, h u m id ity  o r b io sen so rs . F u rth e rm o re , it w o u ld  b e  w o rth  in v es tig a tin g  

asso c ia tin g  th e  a d v a n ta g e s  p re s e n te d  b y  th e  v a r io u s  m a te r ia ls  a n d  c rea te  h y b r id  

e lec tro d es  m a d e  from  a b le n d  of A g N W s, SW NTs o r g ra p h en e . S p ray in g  w o u ld  b e  a 

p o w erfu l too l in  th is  case as a ra n g e  o f d iffe ren t n a n o m a te r ia ls  co u ld  b e  co n tro llab ly  

lay ered  o n  to p  o f th e  su b s tra te . In  fact, in su la tin g  lay ered  n a n o m a te r ia ls  c o u ld  b e  

u se fu l to  th is  a p p lica tio n , fo r ex a m p le  b o ro n -n itr id e  c o u ld  b e  u se d  as th e  d ie lec tr ic  

layer b e tw e en  tw o  layers of c o n d u c tin g  n a n o m a te r ia ls  d ra m a tic a lly  in c re a s in g  th e  

capacitance a n d  flexibility  of th e  dev ice  w h ile  d ec rea s in g  the  th ickness. This m ean s  it 

w o u ld  b e  p o ss ib le  to  b u ild  a s tr in g  of ca p ac ito rs  in  se rie s  by  s im p ly  sp ra y in g  d o w n  

successive layers of c o n d u c tin g  a n d  in su la tin g  m ateria ls .
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THE  D E P E N D E N C E  OF T E M P E R A T U R E  IN T R A N S P A R E N T  

T H I N  FI LM HEAT ERS  O N  FI LM T R A N S M I T T A N C E  A N D  

A P P L I E D  C U R R E N T

7.1 I N T R O D U C T I O N

Transparent conductors acting as transparent flexible heaters (TFHs) have attracted 

the attention of the scientific community in recent years. Indeed, those devices pairing 

transparency, flexibility and heating power would be incredibly useful for any applica

tion where water condensation is problematic, from window defrosters in aviation to 

temperature-controlled liquid crystal display (LCD) displays, medical equipment or 

food packaging. Their very high transparency paired with excellent flexibility make 

silver nanowires an excellent candidate for svich applications. Such silver nanowire 

heaters have already been fabricated and their properties studied as shown in Chapter 

2. However, the dependence of the surface temperature on variables such as applied 

current or network thickness was not explained satisfactorily. The aim of this work will 

be to state what influences the saturation temperatures for thin flexible networks of 

silver nanowires and what dictates the time taken to achieve such temperatures. Finally, 

using all the information gathered, a 3D surface map of the saturation temperature as 

a function of current applied and film transparency will be generated.

7.2 SAM PLE  P R E P A R A T IO N

For this study, silver nanowires (AgNWs) were synthesized by Kechuang [166] and 

supplied as a suspension in isopropyl alcohol (IPA) {CAgNW = ^6 mg.ml~^). A  small 

volume of the dispersion was diluted to 1.5 mg.mt^ in IPA then was subjected to 30

121
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Figure 7 .1 : Helium Ion Microscope picture of a network of silver nanowires with transmittance 

T =  61%, courtesy of D r Alan Bell (AML, CRANN, TCD).

sec low power sonication in a sonic bath (Model Ney Ultrasonic) to eliminate eventual 

bundles of nanow ires. This solution was then further diluted to 0.15 mg.ml'^ and 

sonicated another 30 sec right before being sprayed onto polyethylene terephthalate 

(PET) squares of 2 x 2 cm on a hotplate at izo^C. The tem perature of the hotplate 

during spraying was ideal to both evaporate the IPA swiftly and to remove polym er 

residue left over from synthesis. Figure 7.1 shows a sam ple im aged via Fielium Ion 

spectroscopy exhibiting the quality of the networks. A range of networks with different 

thicknesses were m ade and their transm ittance and sheet resistance m easured. The 

figures of m erit for both  the bulk  and percolation regim es were extracted from the 

data as shown in Figure 7.2 and equations 3.9 and 3.29 were fitted to the data ( Figure 

7.3). The figures of m erit obtained from the fits are =  70.44, 11 =  25.83 and 

n — 5.6 and it can be noted tha t the percolation exponent, n, is quite large m eaning 

that the network is not very homogeneous. The samples were then taped onto a glass 

slide, placed on a piece of insulating foam and connected to a Keithley 2400 digital 

sourcemeter via silver wires which had been painted on with silver paint. A thermistor
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Figure 7.2: Finding the bulk and percolation figures of merit for the silver nanowire networks.

which was housed inside a hole in the side of a U-shaped copper clamp (secured 

using nail polish) was held in place with a small screw placed onto the sample at the 

midpoint between the silver electrodes (at the edge of the sample) as shown in Figure 

7.4 and the temperature was recorded as a function of time using MATLAB.

7.3 T E M P E R A T U R E  D E P E N D E N C E  O N  T I M E

The aim of the study of silver nanowires used as TFHs is to understand the complex 

relationship between the input power and the achieved surface temperature of the 

sample. As part of this thesis, expressions for the temperature at the surface of the 

heater as a function of time, sample transmittance and applied current were derived 

as follows.

The input power for an ohmic Joule heater is equal to

(7-1)
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Figure 7 .3 : Data for the transm ittance as a function of sheet resistance for the nanow ires w ith 

d iam eter 2 5  nm and length 3 0  \im used in this study. The data can be divided into 

two regimes, the bulk-like regime and the percolative regime. These regimes have 

been fitted using equation 5 .3  (solid line) and equation 5 .4  (dashed line) respectively. 

The figures of merit obtained from the fits are =  70.44,11 =  25.83 and n =  5.6.
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C o n n e c t io n  t o  
s o u r c e m e t e r

A g N W s th in  
film o n  PET

T h e r m is to r

Insu la t ing
fo a m

S i l v e r e l e c t r o d e s

Figure 7.4: Setup for the tem perature measurements. The thin nanow ire film was taped down 

onto a glass slide and a thermistor secured onto the side of the sample with a screw. 

The whole setup was then covered inside an insulating cham ber (not shown).

T h e  e le c tr ic  p o w e r  s u p p l ie d  is  c h a n g e d  in to  h e a t  a n d  th e  te m p e r a tu r e  a c h ie v e d  is 

d ic ta te d  b y  th e  sp ec ific  h e a t  c a p a c ity  o f s ilv e r  as

H o w e v e r, s o m e  h e a t  is  lo s t  th r o u g h  ra d ia t io n  a n d  c o n v e c tio n  a s  s h o w n  in  F ig u re  7.5. 

T h e re fo re  th e  in p u t  p o w e r  c a n  b e  e q u a te d  to  th e  p o w e r  u s e d  to  h e a t  th e  n e tw o r k  to  

a t e m p e r a tu r e  T, p lu s  th e  p o w e r  lo s t  th r o u g h  c o n v e c tio n , c o n d u c t io n  a n d  r a d ia t io n  

(F ig u re  7.5)

Pin = mci -j7+Pc\ + Pr\ + Pu (7-3)

W h e re  th e  conductive  power loss is

P c i =  h A  ( T ( 0  -  To) (74 )

th e  radiative pow er loss is

P ri =  £ , o-A ( t ( 0" -  T^) (7-5)
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Figure 7 .5 : Power balance across the system. Current is driven across a silver nanowire network 

( 1 ) causing it to heat up  from  Joule heating. P12; H eat is lost to the substrate as it 

m igrates to the PET substrate (2 ) through conduction. Pci,C2- Power lost through 

convection for the netw ork and substrate respectively; Pri,r2: Power lost through 

radiation for the netw ork and substrate respectively; Pjn; H eat gained through 

radiation for the network and substrate respectively. Pbi,B2: Power gained through 

radiation of the background into the sample.
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a n d  the  p o w e r lo st to the su b s tra te  is

d T ( t )  „ „ ,
P 1 2  =  m 2 C 2 - j - ^  h  P c 2  +  P r 2 ( 7-6)

T he convective a n d  rad ia tiv e  losses from  th e  su b s tra te  a re  th en

Pc2 =  h2A {T{t)  -  To) (7.7)

an d

Pr2 =  £2( tA  ( t ( 0 " -  To") (7-8)

T h e  To te rm  in  e q u a tio n  7.5 a rise s  fro m  h e a t ra d ia t in g  fro m  th e  s u r ro u n d in g s  b ack  

in to  th e  s a m p le  (Pbi ,B2 in  F ig u re  7.5) w h ile  A  is th e  su rface  a rea  of th e  film , o is th e  

S te fan -B o ltzm an n  co n s tan t (5.67 x io~^]N.ni^.K~‘̂ ), hi^2 a re  the  co n v ectio n  h ea t tran sfe r 

coeffic ien t o f th e  a ir  a ro u n d  th e  s ilv e r n a n o w ire  film  a n d  th e  su b s tra te , £1,2 a re  th e  

su rfa ce  em iss iv itie s  of th e  th in  film  a n d  th e  s u b s tra te , a re  th e  m asse s  o f th e  

n e tw o rk  a n d  th e  su b s tra te , Ci,2 a re  th e  specific  h e a t cap ac itie s  o f th e  n a n o w ire s  a n d  

th e  su b s tra te  a n d  To the  in itia l su rface  te m p e ra tu re . T his lead s  to  an  eq u a tio n  for th e  

su rface  te m p e ra tu re  as a fu n c tio n  of tim e

=   -------— --------  -  (T (0 -  To) -  (^1 + ^ 2 ) t r A  4 _  4\
a t  { m i C i  +  m 2 C 2 )  +  m 2 C 2 )  { n i i C i  +  m 2 C 2 j  ^  )

( 7-9)

It is po ssib le  to  e x p a n d  the  ex p ressio n  for th e  rad ia tiv e  p o w er loss

T" -  To" =  (To -  AT)" -  To" (7.10)

w h ere  AT — T  — Tq . R earrang ing  th is  an d  u sin g  a first o rd e r Taylor ex p an sio n  leads to

(t" -  To")Tn" =  t ;0 To
A T I "

-  To (7 -1 1 )

«  To" ( 1 + 4 ^ )  -  To" (7.12)

=  4A TT3 (7.13)

=  4 T 3 ( T - T o) (7.14)

a n d  in  th is  case eq u a tio n  7.9 b ecom es 

dT{t)  f R  1
rf, -  (™.C, +  (™.C. 4 [<"■ +  m t )  -  To)

(7-15)
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From  n o w  on, j5 w ill be  se t as the dissipation constant:

/3 =  [{h, + h 2 ) A  +  A (£i +  £2) o-ATi] (7.16)

then
d T j t )  __ f R _______________^  . . .  . . .

dt {miC\ + m 2C2) {niiC\ +  m.2C2) °

(7 . S )dt  (miCi +  ni2C2) V ^

dT( t )  |6 ̂  ,
-----------  — =  —7--------   ^dt (7 -19)
T ( 0 - T o - ^  ("2iCi+m2C2)

T (0 —  T o  ^  =  I  - 7 -------------------------------------------------------- (7 - 2 2 )
 ̂  ̂ ^  /s V +  m2C2) y

T ( 0 - T o  =  ^  
P

T (0  =  To +  ^
(miCi +  m2C2)

1 — exp —

(7 -2 3 )

{7 -2 4 )(miCi +  ni2C2)

T his e x p re ss io n  p re d ic ts  th e  te m p e ra tu re  rise  o f th e  sam p le  as a fu n c tio n  o f tim e , 

w ith  a tim e  c o n s ta n t t  =  — . O n ce  th e  in p u t  a n d  o u tp u t  p o w e rs  s tab ilize ,

the  te m p e ra tu re  o f th e  sam p le  reach es  a saturation temperature. A n  ex a m p le  o f th is  

beh av io u r is show n  in  F igure 7.6 w h ile  eq u a tio n  7.24 is fitted  to  the  d a ta  an d  obv iously  

m atches the  sh ap e  of the  curve very  w ell for the  d iffe ren t cu rren ts. The tem p e ra tu re  as 

a fu n c tio n  o f tim e  w a s  re c o rd e d  fo r a ra n g e  of s a m p le s  w ith  d iffe ren t tra n sm itta n c e  

and  sh ee t resistance a n d  for each sam ple , th e  d iss ip a tio n  constan t, /3, an d  the  sy stem 's  

overall h e a t capacity , niiCi +  ni2C2 w ere  re co rd e d  as sh o w n  in  F ig u re  7.7.

A few  re m a rk s  m u s t  b e  m^ade a b o u t j6 a n d  m-[Ci +  m2C2- F irst, miCi +  ni2C2 is a 

fu n c tio n  of fu n d a m e n ta l  p ro p e r tie s  o f th e  sy s tem  a n d  s h o u ld  b e  co n stan t; how ever, 

the v e ry  la rg e  e r ro r  asso c ia ted  w ith  m e a s u re m e n ts  co u ld  e x p la in  th e  v a r ia tio n  in  

ni-iCi +  ni2C2 as  it seem s to  be  d u e  to  sca tte r  fro m  th e  d a ta  w ith  61% tra n sm itta n c e  

ra th e r th a n  fo llow  a tren d . F u rth e rm o re , a ssu m in g  a m ass  of ig  a n d  a specific h e a t of 

1200f . kg~^K~^  [i67]fo r the  PET, w e ob ta in  m2C2 — 1.2 w h ich  is v ery  close to the  values
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Figure 7.6: The temperature rise as a function of time. A current is driven through a sample 

with sheet resistance Rs =  4 2 0 /□  and the temperature is measured by a thermistor 

on the surface of the film as a function of time. Once the current is switched off, the 

temperature falls very quickly.
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Figure 7.7: Dissipation constant and system heat capacity as a function of network transmit

tance. The scatter is most probably due to error associated with flaws in the setup.

shown in Figure 7.7, suggesting that the mic-i +  ni2C2 term is dominated by the mass 

and specific heat of the PET.

Second, there seems to be a correlation between the two terms, however there is no 

pattern to this correlation as it is independent on film transparency (i.e. thickness). 

This seems to be brought on by a variation in ^ which can be explained by the fact 

that it is a function of both fundamental properties of the system and properties of the 

surroundings (see equation 7.16). Indeed, equation 7.16 suggests that ^  is dominated by 

the radiative term (Tq) which is several orders of magnitude larger than an estimated 

value for the convective term (h). This means the variation in ^  may have been brought 

on by the experimental chamber not being perfectly sealed or the initial temperature 

not being perfectly identical due to chiller variations, however we believe the error 

associated with ^  and miCi +  171202 will be small enough in order to be able to draw 

conclusions about the saturation temperatures. Therefore, the rest of this work will
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focus on understanding the dependence of the saturation tem perature on the current 

applied and the network thickness.

7 4  T E M P E R A T U R E  AS  A F U N C T I O N  O F  C U R R E N T

As  t CO, tem perature loses its time-dependence and equation 7.24 becomes

f R
T{t) =  To +  —  (7 .2 5 )

or
f -R

T{t) - T o  = - ^  (7-26)

The resistance can be replaced by the sheet resistance through its definition

R = Rs~ (7 -2 7 )

so that

Therefore plotting the temperature difference against the square of the current should 

lead to a slope of Figure 7.8 shows equation 7.28 fitted to the data for sam ples 

w ith different thicknesses and subjected to a range of currents. It is obvious that this 

equation describes the data very well and equation 7.28 predicts that the slope for 

the different samples should scale linearly w ith Rs- The data in Figure 7.9 represents 

the slopes obtained above as a function of sheet resistance and it is obvious that they 

display a linear relationship, allowing us to w rite and assum e /3 =  0.0131 for the 

rem ainder of this work.

7 . 5  T E M P E R A T U R E  AS  A F U N C T I O N  O F  T R A N S M I T T A N C E

For transparent flexible applications, it is very im portant to be able to predict the 

temperature that can be achieved for a particular network thickness. A good proxy for 

network thickness (actual thickness measurements yield very large error - see Chapter
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Figure 7.8: Tem perature difference, AT = (T — Tq), as a function of current for a range of 

networks w ith different R5. As the current is increased, the saturation tem perature 

also increases. Decreasing the thickness of the film will have the sam e effect of 

increasing the saturation tem perature.
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Figure 7.9: Plotting the slope of the fits in Figure 7.8 against the sheet resistance of each sample.

The slopes increase linearly w ith sheet resistance, allowing us to write == 0 .0131.
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5) is the transmittance of the sample. The definition of transmittance for thin metallic 

films in the bulk region (i.e. network conductivity is thickness-independent) is

-2
Tr.bulk — 1 + Zo f  crop

2Rs \o-Dc,

or

Rs =

Subbing this into equation 7.28
bulk

- 1
Zo f  0-Qp

( T - T o )  =

2 \ o'd c ,b 

Rsl^ I
w

(7-29)

(7-30)

allows us to write an expression for the steady-state temperature as a function of film 

thickness for a given current

\  -1
1

-  1
Z o  (  O-Qp

 ̂\/Tr,bulk J  L 2 \o -D C ,

TbuIkC r̂Mlkf 0  -  Tq _  I I (  1

-  = / 3  To]
w

-1

/2 W
- 1

bulk
^

. 2  \ ( 7 d C,B

l ogw
Tbulk{Tr,bulk, ~  Tq _ 1]

[ n  \ \/Tr,bulk

-1

+  l o g w j

where
1 I Zo (  crop

(7-31)

(7-32)

(7-33)

(7-34)2 \crDC,B.

In the same way, the definition for transmittance of a thin metallic film in the percolation 

regime can be subbed in to obtain the temperature of a percolative film as a function 

of film thickness and current applied

I r,perc n  U s

l/n + l' - 2

Rs = - 1
perc

Tperc{Tr,perc/Tq 1 I

n«+i 

\  -(«+!)

logw

F

Tperc{Tr,perc/Tq
F

\ yTr~pm

=  {n +  l ) l o g w

-  1 n»+i

(7-35)

(7-36)

(7-37)

r,perc
+  logw {S) (7-38)
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F ig u r e  7.10: T h e  lo g a r i th m  o f  a s  a fu n c t io n  o f  th e  lo g a r i th m  o f  — l )   ̂ fo r  a  r a n g e

o f  n e tw o r k s  u n d e r  a n  a p p l i e d  c u r r e n t  o f  20m A .  T h e  d a ta  fo r  b u lk  n e tw o r k s  s i ts  

o n  a  lin e  w i th  s lo p e  1 w h i le  th e  d a ta  fo r  p e rc o la t iv e  n e tw o r k s  s i ts  o n  a  l in e  w i th  

s lo p e  (?! +  1) =  6 .6  m e a n in g  th e  e x p r e s s io n s  d e r iv 'e d  ( e q u a t io n  7 .33 a n d  7 .38) to  

d e s c r ib e  n e tw o r k  b e h a v io u r  a re  a c c u ra te .
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Figure 7 .1 1 : A ) Representation o f a range o f ne tw orks w ith  d iffe re n t transm ittances under 

d iffe ren t currents. The tem perature difference A T  =  (T  — Tq) is norm alised w ith  

respect to the square o f the cu rren t so as to show  a ll the data fo llo w  the same 

trend  obta ined from  F igure 7 .1 0  fo r bo th  the b u lk  and percola tive  netw orks. B) 

The same data represented w ith  more in tu itive  axes.
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where

w (7-39)

This m eans that plotting the natural log of the tem perature difference against

in the percolation regime. Data fitted to equations 7.33 and 7.38 is shown in Figure 7.10 

(for an applied current of 20 niA). For both regimes, the data sits perfectly on the lines 

w ith  slope I (bulk) and 6.6 (percolation) although there w ould ideally be m ore data 

points in the case of percolative networks. To formally link the saturation tem perature 

to the film transm ittance in the case of percolative networks, it would be necessary to 

produce more data points spanning transmittances from 92% to 99%.

Naturally, since the dependence on the current applied has been removed by dividing 

AT by P, the data for all currents and transm ittance should fit on the same line w ith 

slope 1 for sam ples in the bulk  regim e and w ith slope 6.6 in the percolation regime, 

as shown in Figure 7.11 A). A m ore intuitive display of the data is show n in Figure 

7.11 B). Scatter in the data can be explained by the small variation in /3 and by the 

fact that the large percolation exponent n (Figure 7.3) means that the network has low 

homogeneity which could cause spatial non-uniform ity during heating and could be 

at the origin of the observed scatter. However, it w ould be easy to obtain equivalent 

data for networks w ith low n to verify this theory.

7.6 SURFACE PLOT OF TEMPERATURE AS A F U N C T I O N  OF T R A N S M I T T A N C E  A N D

The tem perature was shown to depend on the current applied and the thickness of 

the nanowire network. Therefore, using all the inform ation that we have gathered, it 

is possible to theoretically predict the tem perature achieved for a film w ith  a certain 

transm ittance under a chosen current. Indeed, the tem perature can be defined as

— 1 I should lead to a slope of 1 in the bulk regime and a slope of (n +  1)

C UR REN T
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for a bulk film and

I f f  1 /  Zq \

where the figures of merit n, O have been extracted from Figure 7.2, jS was 

extracted from the intercept in Figures 7.9 B) as 0.0131 Zq is a known constant.

Figure 7.12 shows a three dimensional surface plot of the temperature of the sample as 

a function of current applied and depending on the transmittance (i.e. thickness) of 

the network for bulk networks (A) and percolative networks (B). This shows that as 

the current increases, the temperature of the network increases which follows from 

the fact that the temperature depends on power input. More importantly, it shows 

that the temperature increase is maximised for thinner networks which is ideal for 

TFH applications. Indeed, this will minimise the amount of (expensive) nanowires 

needed for the devices, minimise the magnitude of the current applied and maximise 

the transparency of the heaters. The only drawback to such thin films is their weakness. 

As discussed in Chapter 2, silver nanowires will melt at much lower temperatures 

than bulk silver in a bid to minimise their surface energy. This means that as the 

temperature in the network reaches a threshold temperature, some nanowires or 

connective paths could break and render the network useless for sparse enough 

networks. Indeed, during this work, network breaking could be observed for some 

films with transmittance above 90% for currents between 5 and 20 mA.  An example of 

such behaviour is shown in Figure 7.13.

7.7 C O N C L U S I O N

A range of thin films of silver nanowires were made in order to be used as TFHs. The 

transmittance and sheet resistance for each film was measured using a spectropho

tometer and 4-point probing in order to extract the figures of merit for the nanowires, 

obtaining =  70.44, 11 =  25.83 and n =  5.6. A range of currents was applied to 

each sample while the temperature as a function of time was measured and an expres

sion derived and fitted to the data. The derived equation fit the transient data very 

well, however, the constants obtained from the fits seemed to vary between samples
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Figure 7.12: 3D surface plot of temperature as a function of current applied and network 

transmittance in the case of A) bulk networks and B) percolative networks. It is 

obvious from this graph that thinner films will be ideal for transparent flexible 

heater applications.
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Figure 7 .1 3 : Failure of the network of silver nanowires as a current in applied: a current 

I =  20mA  was applied to a network with transmittance T =  91% . The shoulder 

observed at t ~  270s is typical of conducting paths breaking, increasing the overall 

network resistance and hence increasing the temperature of the sample.

and  for different applied  currents. This variation in the constants can be explained by 

the large error associated  w ith  the m easu rem en ts w hich  are largely d u e  to the setup. 

This scatter shou ld  be tackled in fu ture w ork by im proving  the setup however for the 

sake of this s tudy  we allow ed ourselves to assum e constant using the average value 

extracted  from  F igure 7 .9 . This is because s ta n d a rd  dev ia tion  of 1 0 %  w^as deem ed  

reasonable considering  the scatter in the data  as well as the shape of the dependence 

of the tem pera tu re  on netw ork  transm ittance (Figure 7 .1 1 ) being in dependen t of /5.

A t f —̂ 0 0 , the sa tu ra tio n  tem p era tu re  w as a tta ined  an d  Tgat w as characterised  

as a function  of cu rren t app lied  for a range  of sam ples and  found  to follow  the 

derived  expression  for tem p era tu re  as a function  of cu rren t an d  sheet resistance, 

(T — To) =  allow ing  us to ob tain  the average d iss ipa tion  constan t ji =  0.0131

w hich arises from  the heat loss m echanism s (convection and  radiation).

Finally, the defin ition  of transm ittance for th in  m etallic film s as a function of sheet 

resistance was used in order to relate the saturation  tem peratu re  to film transm ittance. 

The m easured  data  behaved as expected for bo th  bu lk  and  percolative netw orks.
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U nderstanding the mechanisms behind the dependence of the network tem perature 

on current and transm ittance allowed us to sum m arise this dependence through 

generating 3 D surface plots of the saturation temperature for both bulk and percolative 

regimes. Those plots showed that higher temperatures can be obtained by using films 

w ith  very high transm ittance under low currents (e.g. T =  lOO^C for Tr =  94% and 

I =  20mA),  however very thin films are more prone to breaking due to the tem perature 

increase because the network only carries a limited num ber of conductive paths. This 

is inconvenient since high transparency is essential for applications such as heaters 

im bedded into motorcycle helm ets or car w indscreens. In the future, those 3 D plots 

will perm it us to tune silver nanowire networks to the right thickness in order to obtain 

the desired saturation tem perature for a certain applied current.
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8 .1  C O N C L U S I O N

The use of netw orks of nanom aterials, prim arily silver nanowires, as transparent 

flexible electrodes for devices has been studied. Silver nanowires are a very promising 

m aterial for TC applications as previous v/ork has show n bu t the effects of their 

geom etry (or aspect ratio) on netw ork properties have never been investigated. The 

first objective of this work was to understand  the reason behind the broad variation 

in the opto-electrical properties of silver nanow ire thin films. In order to investigate 

the role played by nanowire length on network properties, nanowires were shortened 

using sonic energy. It was show n that the length of the w ires followed a power law 

w ith  respect to sonication time of the form  L  oc f~0-33 line w ith theoretical and 

experim ental w ork done w ith carbon nanotubes. Sonication induced scission is a 

powerful tool for tuning nanowires to industry specified requirements and was used in 

this work to study the effect of nanowire length on network properties, independently 

of diameter. It w as found that w hile the bulk-like dc conductivity, ctu q .b , of the 

networks scales linearly w ith L, the optical conductivity is invariant w ith respect to L. 

The increase in c td c ,b  with increasing nanowire length can be explained by an increase 

in netw ork connectivity w hich w ould result in m ore conducting paths across the 

sample.

A range of netw orks of silver nanow ires w ith different lengths (L) and diam eters 

(D) were then produced and their transm ittance and sheet resistance m easured. The 

networks displayed different behaviours above and below a certain thickness and 

the transm ittance as a function of sheet resistance was described through bulk (thick 

films) and percolation (thin films) theory. The ratio of dc to optical conductivity, 

is a figure of merit used in the area of TCs to describe the behaviour of thick networks -

1 4 1
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where conductivity is independent of thickness - and was shown to scale linearly with 

wire diameter, allowing us to write cc though more work should be undertaken 

for understanding the individual dependence of the dc and optical conductivities on D. 

Furthermore, the conductivity ratio was shown to decrease w ith increasing nanowire 

diam eter allowing us to w rite cx ^  bu t because of the inaccuracy of network 

thickness m easurem ents, it w as not possible to conclude on w hether the dc or the 

optical conductivity (or both) were responsible for this diam eter dependence.

In the percolative regime, the new figures of merit n  and n were used to describe the 

behaviour of the properties of thin networks. Values found for nanowires of different 

diam eters spanned 20 < II <  56 and 0.59 < n < 2.44 and it was found that larger n  

and smaller n lead to better opto-electrical properties, which coincides with nanowires 

with small diameters. In particular, previous work has shown that smaller n leads to 

more hom ogeneous netw orks, w hich explains the decrease in n for nanow ires w ith 

small diameter. 11 is quite an unintuitive figure of m erit since it is a function of n, 

aop and (the transition thickness from percolative to bulk) and it is hard to relate 

it to the physical properties of the network. For this reason the sheet resistance at 

an industrially relev^ant transm ittance of T = 9 0 %, was introduced. It was

shown that decreases for decreasing nanowire diameter. It was estim ated that

by preparing netw orks of w ires w ith D =  25mn, values as low as =  25Q /D

could be obtained (for nanow ires w ith  length L = 5j.im). This prediction has since 

then been fulfilled through the w ork of Leem et al. w ho have recently published 

a paper showing thin films of silver nanow ires w ith transm ittance T — 90% and 

sheet resistance R$ =  1 2 0 /D  were produced  by spin coating silver nanow ires w ith 

diameter D =  25nm and length L ~  This shows that, before any post-deposition

treatment, networks of silver nanow ires w ith opto-electrical properties matching that 

of ITO are already w ithin reach.

The aim of the second part of this thesis w as to design and characterise simple 

transparent flexible devices based on our study of the properties of one-dim ensional 

nanomaterials. The first system studied was the dielectric capacitor m ade transparent 

through the use of porous nanostructured electrodes. Transparent flexible dielectric 

capacitors were made using carbon nanotubes, silver nanowires or graphene networks
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as the transparent flexible electrodes' material and PVAc or PET as the dielectric layer. 

Those devices displayed transmittance between 5% and 86%, capacitances ranging 

from 0.2 to 1.1 F.cm'^and series resistances ranging from pfi/Q to 4kQ/ 0  depending 

on electrode material. Impedance spectroscopy described the device through the use 

of an equivalent series RC circuit and it was shown that the series resistance of the 

equivalent circuit, Rser, was equal to the combined resistances of the electrodes in 

series.

Capacitors with CNT electrodes were characterised by varying the geometry of the 

device, namely the thickness of the electrodes and of the dielectric. It was shown 

that areal capacitance can be adjusted by varying the polymer thickness following 

equation ('/a = r̂fo/d , while the series resistance could only be controlled through the 

thickness of the electrodes. The transmittance of the device followed the definition 

for transmittance as a function of sheet resistance for thin metallic films, although 

the expression had to be squared to account for the two layers of carbon nanotubes 

that light must penetrate. Carbon nanotubes were found to be a good compromise 

between obtaining low enough surface roughness and high conductivity. However, 

silver nanowires would be an option worth examining for applications requiring very 

large conductivities. However, it was shown that the surface roughness of the nanowires 

paired with inhomogeneity from spraying may involve too much inconsistency for 

applications. Conversely, graphene was shown to display poor opto-electrical properties 

but showed incredible reproducibility.

This study showed what can be done by harnessing the incredible properties of novel 

nanomaterials. Indeed, simple devices such as dielectric capacitors can be controllably 

tuned to any specifications such as low sheet resistance, high transmittance, high 

capacitance, small time constant or large reproducibility. Many applications could 

follow from this work such as transparent and flexible gas, hum idity or biosensors. 

Furthermore, materials could be paired in order to create electrodes pairing, for 

example, the high conductivity of silver nanowires with the consistency of graphene. 

Spraying would be a powerful tool in this case as a range of different nanomaterials 

could be controllably layered on top of the substrate. It would perhaps even be possible
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to b u ild  a string o f capacitors in  series by s im p ly  spraying dow n successive layers o f 

conducting materials and insu la ting  materials such as boron n itride  (BN).

The second type o f devices characterised were transparent flexib le heaters (TFH) 

made by using silver nanow ire  netw orks as Joule heaters. Those types o f devices 

have been made in  the past a lthough the mechanism for heat transfer and heat loss 

has not been thorough ly  investigated. A  range o f TFHs were made from  networks of 

d ifferent thicknesses and the ir opto-electrical properties were characterised, obtain ing 

=  70.44, n  =  25.83 and n =  5.6. A  range o f currents was applied to each sample 

w h ile  the temperature as a function  of tim e was measured and an expression derived 

to describe the data:

1 -  exp I — --------   - t
'  [ni iCi  +  m2C2)

(8 .1)

The dissipation constant, /3, was in troduced and extracted from  the transient data fo r 

d iffe ren t samples and d iffe ren t currents applied. I t  was found that the niic-i +  m2 C2 

and terms are constant as expected w ith  scatter due to flaws in  the setup design. 

However, the study went ahead as a standard deviation on the data of io%  was deemed 

reasonable. Expressions fo r the saturation tem perature (temperature at f ^  oo ) as a 

function of current
 ̂, Rsl^ I 

T - T o  =  ------
p  IV

and transmittance

TbulkiT'rMdkfi) — To _   ̂ 1 / 1
-1

Zo f  0-Qp

hulk 2 \0 'D C ,B

and

T p e r c { T r , p e r c / 1 )  ^  ^  ̂ ^
-(n+1)

(fo r b u lk  and percolative netw orks respectively) were derived and were show n to 

describe the data very well. The dissipation constant was extracted from  the data w ith  

an average value j6 =  0.0131. Understanding the mechanisms behind the dependence 

o f the ne tw ork  tem perature on current and transm ittance a llowed us to sum m arise 

this dependence th rough generating a 3D surface p lo t o f the saturation temperature. 

This p lo t showed that higher temperatures w il l be obtained by using film s w ith  higher
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transmittance under high currents (e.g.. T =  100‘’C for Tr =  94% and I =  20mA)  

although very thin films are more prone to breaking at high temperatures increase 

due to the fact that the network only carries a lim ited num ber of conductive paths. 

In the future, this plot w ill perm it us to tune silver nanowire networks to the right 

thickness in order to obtain the desired saturation temperature for a certain applied  

current. This study show s that the heat dissipation m echanism  for TFHs m ade from  

one dim ensional nanomaterials can be easily explained from first principles. More 

importantly, this study shows that TFHs made from nanowires can be produced only  

using a minimal amount of materials which would lower their cost dramatically, since 

very transparent network yield the highest temperatures (with temperature increasing 

m ost rapidly in the percolation regime).

8 . 2  F U T U R E  w o r k : I M P E D A N C E  S T U D Y  OF N E T W O R K S  OF I D  N A N O M A T E R I A L S

The study of the properties of silver nanowire netw'orks in Chapter 5  showed that in 

order to obtain state of the art networks, polym er leftover from nanowire svnthesis 

had to be removed from the networks to increase its opto-electrical properties. Indeed, 

in som e cases, the presence of the polym er (usually PVP) caused the networks to be 

infinitely resistive. A lthough this in a huge inconvenience in the area of TCs, it has 

great advantages in the field of switches where the possibility of having a network, or 

part thereof, in an "on" or "off" state w ould be very useful. Som e work has already 

been done on characterising this phenom enon. Nirmalraj et a l.[i6 8 ] have shown that 

by spray-depositing silver nanowires onto gold electrodes w ith a separation of about 

im m , "on" switching those devices could be im aged via conductive AFM as show n  

in Figure 8 .1 . In order to understand the switching m echanism  of the networks, they  

applied a voltage to a range of networks with different nanowire densities and electrode 

separations. They were able to show that the relationship between the threshold voltage 

(at which the network switches on) and the network density follows a power law
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Figure 8.i: (a) Topography of a random  network of Ag nanowires. The metal coated AFM tip 

was used to locally activate sites in the netw ork by applying a voltage pulse of 6 

V for ~  2s and then  im aging the sam e netw ork region under a lower bias of 2 0 0  

m V .  The current m aps shown in b - f  are a result of applying the voltage pulses at 

selected regions m arked 1-5 on the topographic m ap. The netw ork can be seen to 

tu rn  on locally as the wires become connected to each other and to the electrode 

following local probe excitation. Note: the electrode is located at the top of the 

image.
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Figure 8.2: Equivalent circuit for a silver nanowire network as seen through impedance spec

troscopy.

where n is a function of electrode separation and increases sharply from -i for small 

electrode separation to -0.5 for larger tip-electrode separations. However, a major part 

of the mechanism eluded them as they were unable to see the effect of the creation of 

the conducting paths other than optically. Indeed, until full paths are formed between 

the electrodes it is impossible to measure a current carrying information about the 

network. However, this problem can be avoided by applying an AC voltage to the 

network in addition to the base DC voltage and measuring the current response using 

impedance spectroscopy. In this case, even in the presence of an "open-network", the 

effects of the changes in the network morphology can be recorder. We have done some 

preliminary work using this technique which was found to be very promising. Figure 

8.3 shows the change in series resistance, parallel resistance and capacitance (extracted 

from the impedance spectroscopy data ) as a function of the DC voltage applied. This 

data shows that until 3 V is applied, the network shows no parallel resistance and 

exhibits the behaviour of a series RC circuit in agreement with a circuit which is 

switched off. Once a channel is created between the electrodes, a parallel resistance 

appears as shown in Figure 8.2. However, it must be noted that the values for the 

resistances and capacitance do not correspond to properties of the physical system. 

Indeed, impedance spectroscopy can only measure the values for the impedance of 

the "effective" equivalent circuit components. This is where lies this project's main 

challenge: understanding the mechanism of network switching via information about 

an imaginary equivalent circuit which morphs as voltage is varied and as time goes
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Figure 8.3; DC voltage is applied to the sample for a set time and impedance measured after 

each voltage change. The series and parallel resistance and the capacitance are 

represented in Figure 8.2. This data shows that at 3 V, a parallel resistance appears 

and the values for both series resistance and capacitance changes. The challenge 

will be to match the impedance description of the system to the actual physical 

system.
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