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A B S T R A C T

Typically, m ateria ls w ith  h igh  electrical conductiv ity  such  as m etals are o p aq u e , an d  

m aterials w ith high optical transparency such as glass are insulating. F inding m aterials 

that are both  transparen t to visible light and  electrically conductive has proven to be a 

significant challenge. T here is an  ever increasing  need  for such  m ateria ls as m an y  of 

to d ay 's  p o p u la r electronic devices requ ire  one o r m ore layers to  be b o th  tran sp a ren t 

w h ile  sim u ltan eo u sly  ap p ly in g  a vo ltage o r co n d u c tin g  a cu rren t. In d iu m  tin ox ide 

(ITO) is by far the m ost com m on m ateria l as it satisfies in d u s try  req u irem en ts  for 

m ost devices. H ow ever, it has several critical d raw backs (for exam ple , b rittleness, 

h igh  cost an d  b e in g  typ ically  d ep o sited  via sp u tte rin g  u n d e r  vacuum ). In recen t 

years solution processed nanom aterials have em erged as a potential alternative. These 

m ateria ls can be d eposited  over large areas at low  tem p era tu res , g reatly  increasing  

y ield  an d  th ro u g h p u t an d  red u c in g  cost, w h ile  the n an o m ate ria l topo logy  enab les 

flexible devices.

We p rep a re  g rap h en e  rich d isp ers io n s by  exfoliating  g rap h ite  in w a te r stab ilised  

by su rfactan t. T hin  d iso rd ered  film s of ran d o m ly  stacked  oxide-free, g rap h en e  have 

been  deposited  by v acu u m  filtration. The as p re p a re d  film.s are tran sp a ren t w ith  a 

d irect cu rren t conductiv ity  of 1.5 x lO^S/ jn,  th is can be fu rther increased by an order 

of m ag n itu d e  by annealing  the films. The conduc tiv ity  is stable u n d e r  flexing for at 

least 2000 cycles. The electrical properties are lim ited by d iso rder and  the resistance at 

the junctions betw een flakes.

We dem onstrate a sim ple w ater-based m ethod to prepare g rap h en e /ca rb o n  nano tube 

hybrids. We observe an  o p tim u m  com position  of ~  3 w t%  g rap h en e , w h ich  resu lts  

in  a p eak  in the DC conductiv ity . We calculate a figure of m erit, the DC to optical 

conductiv ity  ratio , VdcI w hich  also  show s a p eak  at th is com position . Acid 

trea tm en t increases bo th  cTucand (iDc/<^Op by a factor of ~  2.5. In teresting ly , acid 

trea tm en t is m ore effective for film s close to the o p tim u m  com position . This has



the effect of sharpening the peaks in both a ^ c  sricl crDc/<^Op- For acid-treated films, 

addition of 3  w t % graphene results in a 4 0 % increase in Uuc!o'Oy com pared to the 

nanotube-only film, from 1 2 . 5  to 1 8 .

With such intense research into finding ITO replacement materials it is im portant to 

have a metric to rate the perform ance of new m aterials and benchm ark them  against 

know n standards. This is generally achieved using figures of m erit (FoMs) such as 

the DC to optical conductivity ratio. Transparent electrodes typically require high 

visible transmittances, T >  90%. For most nanostructured films thin enough to display 

T  > 90%, the conduction can be described by percolation theory. This m eans DC 

conductivities are lower than in bulk, giving correspondingly higher sheet resistances, 

Rg. De. et al. define a percolative figure of m erit, II, for which h igh values result in 

high T  and low Rg. High values of II are achieved for high DC conductivity and low 

optical conductivity. In addition, the film thickness, where the DC conductivity 

first deviates from  its bulk value and the percolation exponent, n, m ust both  be as 

low as possible. Using this m odel we dem onstrate the deficiencies of standard  bulk 

theory and the im portance of understanding  percolation by m easuring R® and T  for 

netw orks of silver flakes. We m easure the bulk ratio of DC to optical conductivity 

to be 35, suggesting Rg =  100n/s(j and T  =  90% are attainable. However, the large 

flake thickness results in high f„„„ and so low II, resulting in actual values o f  T  — 26% 

for Rs =  100n/s(j. This m akes this m aterial com pletely unsuitable for transparent 

conductor applications.

Finally, we examine the thickness dependence of the properties of supercapacitors 

w ith carbon nanotubes as the electrodes. We find the equivalent series resistance, 

R esr> and volumetric capacitance, Gy , to be thickness independent for relatively thick 

electrodes. However, similar to transparent electrodes once the electrode thickness falls 

below a threshold thickiiess t„,i„ (~  lOOnin for R esr and ^  lOntn  for C y),  the properties 

of the electrode become thickness dependent. We show the thickness dependence of 

both R esr and C y  to be consistent w ith percolation theory. The percolation scaling of 

the capacitance is unexpected and occurs because, for sparse networks, the capacitance 

is proportional to the fraction of nanotubes connected to the m ain netw ork. This 

fraction, in turn, follows a percolation scaling law. This allows us to understand  and



quantify the limitations on the achievable capacitance of transparent supercapacitors. 

We find that supercapacitors with thickness independent R e s r  ^nd C y  occupy a well- 

defined region of the Ragone plot. However, supercapacitors whose electrodes are 

limited by percolation display significantly lower performance with greatly reduced 

values of energy and power density.
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I N T R O D U C T I O N

1.1 M O T I V A T I O N

Transparent conductors (TCs) are extremely common in our modern world. Over the 

past decade the market for TCs has seen exponential growth due to the proliferation 

of iPhones, Kindles, big screen LCDs and thin-film solar cells. Each of these various 

devices contains a material that is transparent to visible light and yet electrically 

conductive as an indispensable element in the device stack. Although these devices 

are typically found on rigid surfaces, these is a continued trend towards flexible 

light-weight devices.

Doped metal oxides, especially tin-doped indium oxide (ITO), dominate modern TC 

technology. These materials have been well researched and refined for over fifty years. 

ITO remains the material of choice due to its superior combination of high optical 

transparency and low resistance, the two most im portant features of a transparent 

conductor; emerging nanomaterials struggle to compete with ITO in these respects. 

ITO has been developed to near perfection but still suffers from several drawbacks 

relating both to various material properties and to cost. Since ITO is a ceramic, it can 

crack and fracture under low strains. This effect is further exacerbated over cyclic 

testing meant to replicate device use. These micro cracks can propagate, eventually 

leading to a sharp decrease in the film's electrical conductivity. Failure at low strains 

may not be a significant factor for rigid devices but places a severe limitation on the 

durability of flexible devices. The supply of indium  is constrained by both mining 

and geo-political issues. ITO consists of a ratio of indium ( I I I )  oxide (i«203) and tin 

( IV)  oxide (Sn02), with optimal electro-optic properties occurring at a 90/10 ratio. 

Therefore, Indium composes nearly 75% of the mass of a typical ITO film, and ITO 

consumes 75% of the global indium consumption. Increased demand coupled with
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Figure i . i:  Average price of Indium  over the last several decades. Source: A lex Freundlich of 

the University of H ouston, citing data from the U.S. Geological Survey

limited supply of Indium has led to widely varying pricing for ITO from $i00-$900/kg. 

(See Figure i.i) . Other problems w ith metal oxides include their high refractive index 

and the high cost of producing large area coatings.

Thus, is it obvious that new transparent conducting m aterials are required. These 

must have a num ber of specific properties: they must retain their electrical conductivity 

after repeated flexing; it m ust be possible to deposit them over large areas using low- 

tem perature processing; they m ust have deposition and material costs comparable to 

ITO; and, most importantly, they m ust match ITO in terms of opto-electronic properties. 

For example, it m ust be possible to form these materials into films with transmittance 

T >  90%. This is not challenging, as any material can be m ade extremely transparent 

just by making it sufficiently thin. The most difficult goal is finding a material that has 

high enough electrical conductivity such that, even when formed in a very thin film, it 

displays sheet resistance low enough to be useful.

Netw orks of conducting nanom aterials have been the focus of m any researchers 

seeking to fulfill these criteria. Probably the most studied material are carbon nanotubes 

(CNTs) bu t in the last few years m anv publications have appeared on another form  

of carbon, graphene and disordered arrays of exfoliated graphene flakes. A nother
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contender is nanostructu red  m etals such as m etal nanow ires of copper, silver and  gold 

[2 - 4 ]. D ue to the relatively sm all size of nanoscale form s of highly  conducting  "w ires" 

or "sheets", these m aterials can be solubilised by fairly straightforw ard and  inexpensive 

techniques. This allow s for low tem p era tu re  deposition  from  so lu tion  using  in d u s try  

frien d ly  techiTiques such  as sp ray in g  an d  roll-to-roll coating. T hese m ateria ls  have 

an  in trinsically  large DC conduc tiv ity  w h ich  enab les u ltra th in , optically  tran sp a ren t 

films of the order i-io o n m  thick to have appropria te  conductance. If one considers for 

exam ple the web-like topology of carbon  nan o tu b e  netw orks, because adjacent tubes 

in terac t only  weakly, in te rtu b e  junctions can m ove locally u n d e r  strain . A s in te rtu b e  

charge tran sp o rt is in d ep en d en t of junction  position , the electrical p roperties  ten d  to 

b e  in d e p e n d e n t of s tra in , resu ltin g  in g rea t electrical s tab ility  u n d e r  flexing. T hese 

m ateria l p roperties, com bined w ith  inexpensive m aterials costs and  deposition  m ake 

these em erging  nanom aterials very attractive for use as p rin ted  transparen t electrodes 

as ITO rep lacem en t m ateria ls. H ow ever, one m ajor p rob lem  rem ains. The in d u s try  

s tan d ard s  for a transparen t electrode as set by o u r collaborators H ew lett Packard (HP) 

are a tran sm ittan ce  T > 90% and  sheet resistance R 5 < 100n/s<] ; very  few p rev io u s  

s tu d ies  have d em o n stra ted  n an o stru c tu red  netw orks tha t are th in  en o u g h  to  achieve 

these requirem ents.

This w ork will focus on the opto-electronic properties of netw orks of liquid-exfoliated 

g ra p h en e  flakes an d  h y b rid s  w ith  ca rbon  nan o tu b es . For b o th  netw ork  ty p es  it w ill 

be  sh o w n  th a t a dev ia tio n  from  bu lk -like b eh av io u r occurs a t th icknesses below  the  

in d u stria lly  re levan t reg im e (T >  90% ). This m eans DC conduc tiv ities  a re  low er 

th an  in  bu lk , g iv ing  co rresp o n d in g ly  h ig h er shee t resistances, Rg- To im prove o u r 

u n d e rs ta n d in g  of the consequences of th is, w e develop  a m odel w h ich  re la tes T to 

Rs in  the perco la tion  regim e. We have also  exp lo red  the effects of perco la tion  on  the 

p ro p erties  of supercapacito rs w ith  th in  n an o tu b e  netw orks as electrodes. We observe 

th a t the  key p ro p e rtie s  of a supercapacito r, n am ely  the equ iv a len t series resistance  

/?ESR3 nd  volum etric  capacitance Cy,  becom e th ickness d ep e n d en t below  a th resh o ld  

thickness. A gain we show the thickness dependence of these quantities to be consistent 

w ith  percolation  theory.
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Figure 1.2: (a) Chirality (i3) and diameter (df) {n,in) map of SWNTs according to direction of 

rolling chiral vector, Q, = na^ + ma2 into a circle. Here, a \ and 82 are the unit vectors 

of the graphene sheets, (b) Formation of a SWNT by rolling graphene sheet along a 

chiral vector C;,, such as the (11,3) vector shovv'n here, (c) Schematic drawings of 

SWNT networks composed of 1/3 metallic (black rods) and 2 /3  semiconducting 

(red rods) [10].

1 . 2  C A R B O N  N A N O T U B E S  ( C N T S )

1.2.1 P ro p e r t ie s

First experimental observations of CNTs w êre made by lijima in the early 1990s [5], 

and fundamental transport properties were investigated during the subsequent decade 

[6-8]. Nanotubes can be thought of, as sheets of hybridised carbon atoms known 

as graphene, rolled into a cylindrical shape and exist both as a single-walled nanotube 

(SWCNT) and as a multiwalled nanotube (MWCNT). Depending on the chirality along 

the graphene sheet either semiconducting or metallic electronic states are created [9] 

as can be seen in Figure 1.2. Both experiments and theory have shown that SWCNTs 

possess high mobility (on the order of 100000cm^y“^s^^) [11], high conductivity (up 

to 400000Sc;«“ )̂, and, for semiconducting nanotubes, tube diameter-dependent band 

gap {Egap ~  1/Rfj/be) [12, 13]. However, despite their outstanding electrical, optical and 

mechanical properties, CNTs have been slow to find a commercial use. One of the 

major roadblocks towards widespread usage of CNTs is the inability to obtain bulk 

quantities of material with suitable purity. CNTs have been produced by three major 

methods; arc discharge, laser ablation and chemical vapor deposition (CVD). CNTs, as
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p ro d u c e d , ty p ica lly  co n ta in  a m ix tu re  of v a rio u s  m a te ria ls  in c lu d in g  ca ta ly st partic les, 

c a ta ly s t  s u p p o r t ,  a m o rp h o u s  c a rb o n  a n d  a m ix tu re  o f n a n o tu b e s  o f v a r io u s  le n g th s , 

d ia m e te rs , tu b e  n u m b e r  a n d  ch ira litie s . F o r u s e  in  a p p lic a tio n s  w ith  m a c ro sc o p ic  

d im e n s io n s , r a n d o m  n e tw o rk s  (a lso  ca lled  th in  film s F ig u re  1.2C) of C N T s w ere  

re p o r te d  th ro u g h o u t th e  m id-2ooos as a n ew  tra n s p a re n t e lec tron ic  m a te ria l [14, 15].

1.2.2 Dispersion

M o st re p o r ts  o n  C N T  tra n s p a re n t  film  d e p o s it io n  h a v e  fo llo w ed  th e  s o lu tio n  ro u te , 

excep t in  a few  cases w h e re  tra n sp a re n t C N T film s w ere  p re p a re d  by d irec tly  d raw in g  

from  su p e r-a lig n e d  C N T  a rra y s  [16-18]. In  g en era l, th e  so lu tio n  a p p ro a c h  u ses  a tw o- 

s te p  s tra teg y , firs t re p o r te d  in  1997 [19], o f d is a s se m b lin g  C N T s in  a liq u id  m e d iu m , 

a n d  th e n  a s se m b lin g  th e m  in to  a n e tw o rk  s tru c tu re  w ith  r a n d o m  o r ie n ta tio n . To 

d isp e rse  a n d  stab ilize  CN Ts in  a liq u id  involves overcom ing  a n d  sh ie ld in g  th e  v an  d e r 

W aals in te rac tio n  b e tw een  CNTs by  carefu l d es ig n  an d  m an ip u la tio n  of a C N T -solu tion  

in te rfa c e . T h e re fo re , o n e  o f th e  p r im a ry  a re a s  of re se a rc h  fo r m a k in g  tr a n s p a re n t  

co n d u c tiv e  film s is in  p ro c e ss in g  the  p u rif ie d  C N T  m a te ria l in to  p r in ta b le  inks. T here  

a re  th re e  m a jo r a p p ro a c h e s  to  d is p e rs in g  C N Ts: a) d is p e rs in g  C N T s in  n e a t o rg an ic  

so lven ts [20-22] o r su p e ra c id s  [23], b) d isp e rs in g  CNTs in  aq u e o u s  m ed ia  w ith  the u se  

o f d is p e r s in g  a g e n ts  su c h  as s u rfa c ta n ts , d is p e rs a n ts , o r  o th e r  so lu b ilisa tio n  a g e n ts  

[24], c) a d d in g  fu n c tio n a l g ro u p s  w h ich  w ill h e lp  d raw  the  CNTs in so lu tio n  [25]. Each 

o f th e se  m e th o d s  h a s  a d v a n ta g e s  a n d  d isa d v a n ta g e s  in  te rm s  of m a k in g  p ro cessab le  

C N T -b ased  inks.

F rom  a m a n u fa c tu rin g  p erspective , d irec t so lu b ilisa tion  of CNTs in  a su itab le  so lven t 

is  p e rh a p s  th e  s im p le s t  m e th o d  a n d  m o s t fav o rab le . N o  s o lu b lis a tio n  a g e n ts  w o u ld  

b e  in v o lv ed  w h ic h  c o u ld  c rea te  p ro c e ss in g  issu e s  d u r in g  m a n u fa c tin g , a n d  a lso  lead  

to  d e c re a se d  c o n d u c tiv ity  in  th e  d e p o s ite d  film  . T he m ajo r is su e  w ith  u s in g  o rg an ic  

so lv en ts  h as  b een  th e  in ab ility  to  d isp e rse  C N Ts a t  a c o n cen tra tio n  h ig h  e n o u g h  to  be 

u se fu l fo r in d u s tr ia l  a p p lic a tio n s  (>  O.li i ig/ inl) .  S tu d ie s  h av e  sh o w n  th a t  a so lv e n t 's  

e ffec tiv en ess  in  d is p e r s in g  C N T s is re la te d  to  th e  H ild e n b ra n d  so lu b ility  p a ra m e te r.
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Figure 1.3: Rms bundle diameter versus ink concentration for CNTs in various solvents as

effective solvents at d ispersing un-functionalized CNTs are d im ethylform am ide (DMF), 

N -m ethyl-2-pyrrolidone (NM P), chloroform , and  dichlorobenzene. However, none of 

these so lvents can d isp erse  CNTs a t levels g rea te r than  0 .1 i ng/ ml .  Recently, w ork  by 

Prof. C o lem an 's  g ro u p  has show n th a t the  so lvent cyclohexylpyrro lidone (CHP) can 

d isp erse  CNTs u p  to  2 mg/ n i l  w ith  h ig h  levels of in d iv id u a l tubes or sm all b u nd les, 

as shovv'n in  F igure 1.3 [27]. H ow ever, the h ig h  bo iling  p o in t (154 ^C) of th is so lvent 

m ay be an  issue in  h ig h  speed  roll-to-roll m an u fac tu rin g  on  plastic. C o n tinu ing  to 

search for optim al solvents w hich can disperse CNTs at high concentrations and have a 

reasonably  low boiling po in t (below 150 °C) could  lead to a successful m anufacturing  

process for h igh  perform ance tran sp a ren t conductive films.

Solubilisation of CNTs in w ater-based inks is m ost often assisted  by various solubil­

isation agents, the m ost com m on being  surface active agents know n as surfactants. The 

am philic p roperties of the surfactan t assist in the suspension  of the hydrophobic CNT 

particle in w ater [28]. F igure 1.4 show s a schem atic represen ta tion  of how  surfactan ts 

m ay adsorb  onto  the n an o tu b e  surface. There are th ree classes of surfactants: anionic 

(negative charge in w ater), cationic (positive charge in w ater), and  nonionic (neutrally  

charged in  w ater). The hydrophobic end  of a su rfactan t w ill attach to CNTs, w hile the 

hydroph ilic  end  he lps pu ll the  CNTs in to  so lvents such  as w ater. It h as been  found  

that the /r-like stacking of benzene rings benefits the b in d in g  of su rfactan t and  CNTs. 

The headgroup , chain length, and  su rfactan t w eight are found  to affect the d ispersion

measured by AFM [27]

p articu la rly  a d ispersive  co m p o n en t b etw een  17- 18MPa^^^  [26]. Som e of the m ost



1.2  C A R B O N  N A N O T U B E S  ( C N T S )

NaDDBS SDS T riton  X-100

C i j H j s - Q - S O j 'N a '  C H 3(C H 2) „ 0 S0 3 N a ' 0 ( C H 2 C H j0 ) n - H - O ~  C b H ,,
N=approx 9 5

-®>-S03 SO4 -

Figure 1.4: Schematic representation of how surfactants may adsorb onto the nanotube 

surface.[29]

ab ility  o f the surfactant. A m o iig  surfactants, Triton X-ioo, sodiumdodecyl sulfate (SDS), 

and sodium  dodecylbenzene sulfonate (NaDDBS) are the most w id e ly  studied.

C N T stab ilization depends on the surfactant molecules that lie on the tube surface 

paralle l to the cy lind rica l axis. These surfactants lead to a h igh  fraction o f in d iv id u a l­

ized CNTs after d ispersion, resu lting  in  h igher C N T  f ilm  conductiv ity . Resasco et al. 

and Yodh et al. have extensively studied the interaction between surfactants and CNTs 

[29, 30]. The phenomenon depends on the chemical characteristics o f CNTs, the surfact­

ant, and the solvent nature. The major forces are the Coulombic attraction between the 

charged surfactant heads, the hydrophobic bond ing  between the surfactant tails and 

the C N T surface and the C N T- arom atic r in g  interactions. Therefore, understand ing 

the surface charge o f CNTs is im portant for s tudying the ir interactions w ith  surfactants. 

There are three states fo r surfactants in  dispersions: free surfactant, m icelles, and 

adsorbed onto CNTs. The adsorption o f surfactant onto a CNT surface depends on the 

surfactant, CNT concentration, and the system charge nature ( pH  value). Sonication is 

required for surfactant-assisted CNT dispersion. D ispersion occurs by the form ation of 

gaps or spaces at the bundle ends in the h igh shear environm ent o f the ultrasonicated 

solution. The adsorbed surfactant diffuses in to  th is space along the bund le  length, 

thereby separating the CNTs. The s tab ility  o f the d ispersion is large ly determ ined by 

the electrostatic repulsion due to the surface charge. The Zeta-potential, an abbreviation 

fo r e lectrokinetic po ten tia l in  a co llo ida l system, is the po ten tia l d ifference between 

the dispersion m edium  and the stationary layer of flu id . Because i t  is a good measure 

o f co llo ida l stab ility , d iffe re n t ionic surfactants can be evaluated fo r the ir a b ility  to 

stabilize CNTs in  so lu tion  in  terms o f the Zeta potentia l o f the dispersion. One o f the
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m ajo r is su e s  w ith  s u r fa c ta n t a s s is te d  so lu b ilisa tio n  sc h e m e s  is th a t  th e  p re se n c e  of 

la rg e  a m o u n ts  o f s u r fa c ta n t in  th e  as d e p o s ite d  film s can  le a d  to  s ig n if ican tly  lo w er 

co n d u c tiv ity  levels .

1.2.3 Fabrication

O nce a stab le  C N T  d isp e rs io n  is m ad e , d ep o sitio n  o n to  an  a p p ro p ria te  su b stra te  p roves 

a sign ifican t challenge. S o lu tion  b ased  p ro cessin g  is p re fe rred  to  d irec t CV D  for obvious 

reasons. T he low  te m p e ra tu re  p ro cess  a llow s d ep o s itio n  o n to  a rb itra ry  su b stra te s , can  

b e  easily  sca led  to  large a reas , a n d  n o  v acu u m  is n e e d e d , w h ich  sig n ifican tly  red u ces  

cost. T he basic  co n cep t o f a so lu tio n -b ased  d e p o s itio n  p ro cess  is to  u n ifo rm ly  d ry  the  

so lu tio n  w ith o u t  c a u s in g  a g g lo m e ra tio n . T h e re fo re , s o lu t io n /s u b s t r a te  in te ra c tio n s  

n eed  to  be  con sid ered . A b rie f d esc rip tio n  of th in  film  d ep o sitio n  w ill n o w  be  o u tlin ed  

w ith  an  e m p h a s is  o n  v a c u u m  filtra tio n , th e  te c h n iq u e  u sed  to  d e p o s it all film s in  th is 

w ork .

V acu u m  filtra tio n  h a s  severa l a d v a n ta g e s

• H o m o g e n e ity  of th e  film s is g u a ra n te e d  by  th e  p ro c e ss  itself. A s th e  n a n o tu b e s  

accu m u la te , they  g en era te  a filter cake th a t acts to  im p ed e  th e  p e rm e a tio n  rate. If 

a re g io n  b eco m es  th ick er, th e  local p e rm e a tio n  ra te  a n d  a sso c ia te d  d e p o s itio n  

ra te  slow  d o w n , a llo w in g  th in n e r  reg io n s to  ca tch  up .

• B ecause  of th e ir  ex tre m e  r ig id ity  (for ob jec ts  o f su c h  sm all d ia m e te rs ) , th e  n a n ­

o tu b e s  h av e  lo n g  p e rs is te n c e  le n g th s . T h ey  c o n se q u e n tly  te n d  to  lie s tra ig h t, 

g a in in g  m axim al overlap  an d  in te rp e n e tra tio n  w ith in  th e  film  as they  accum ulate . 

T his y ie lds m ax im al e lectrical c o n d u c tiv ity  a n d  m echan ical in teg rity  th ro u g h -o u t 

th e  film s.

• T he film  th ickness is read ily  con tro lled , w ith  nan o sca le  p rec is io n , by  the  n a n o tu b e  

co n c e n tra tio n  a n d  v o lu m e  of th e  su sp e n s io n  filte red .
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• Composite films can be prepared with excellent control over the mass fraction 

[31, 32]. Film size is ultimately limited only by the dimensions of the filtration 

membranes, which are available in rolls as large as 30 cm by 10 m (Millipore).

The "Langmuir Blodgett" (LB) method, is based on the hydrophobic behaviour of 

CNTs. Good surface spreading of CNTs on water is key. The deposition can be achieved 

in a layer-by-layer fashion through either a horizontal lifting or a vertical dipping 

method. Thin films on a surface can quickly and cheaply be formed by self-assembly 

(SA). SA depends on the interactions between the surface and the CNTs. Silane or 

polymer treatment of substrates helps the interactions between CNTs and the substrate 

[33]. When a substrate is placed in a dispersion, CNTs will randomly strike the surface 

and may or may not adhere depending on the chemical groups, which causes this 

process to be slow. This interaction can be guided by chemical preparation of CNTs or 

the surface, by charging the surface locally, or by microfluidic guidance .

Dip coating is a simple process and provides great potential to scale up for large-scale 

coating. The pick-up of the solution depends on the solution viscosity, the interaction 

between substrate and the dispersion, and the coating speed. Afterward, the drying 

process is critical to achieve high-quality films. The substrate can be treated with 

aminopropyltriethoxysilane (APTES) as an adhesion promoter. The thickness can 

be controlled by the concentration of the solution and the time of dip coating. One 

disadvantage of dip coating is that both sides of the substrate are coated, which may 

not be preferred for certain applications. Other coating methods include spin coating 

and drop casting where a high shear rate is involved. A small amount of solution 

is dropped onto a substrate followed by high-speed spinning of the substrate (spin 

coating), or simply air drying (drop casting). Spin coating is useful for generating 

submonolayer CNT films due to the low viscosity of CNT solutions.

Electrophoretic deposition (EPD) has also been used to deposit CNT thin films on 

conductive substrates. The CNTs are locally charged, and so become polarized under a 

DC electric field. The CNTs wrapped w ith surfactants and the CNTs functionalized 

with COOH groups acquire a negative charge in water and are attracted to the positive 

side of the electrode under a DC electric field. Another similar method is called
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dielectrophoresis (DEP), which uses an AC electric field. DEP can allow the deposition 

and separation of CNTs at the same time. DEP relies on the motion of polarizable 

objects due to an external inhomogeneous electric field.

Spray coating is a simple and quick method to deposit CNT film. CNT ink is sprayed 

onto a heated substrate. The substrate is heated to facilitate the drying of the liquid. 

The set temperature for the substrate is adjusted by the choice of solvent. By using 

diluted solution and multiple spray coating steps, homogeneous films can be obtained.

The most widespread deposition method in industry involves depositing solutioii 

on a substrate by one of several methods (including Mayer Rod, Slot Die, and Gravure), 

followed by controlled drying. Inkjet printing is an old and popular technology due to 

its ability to print fine and easily controllable patterns, noncontact injection, solution 

saving, high repeatability, and scalability. It is very prevalent in printed electronics. In a 

typical ink jet printing process, the droplet size is around ~io pL and, on the substrate, 

has a diameter of around 20- 50 pm. Printing on paper is much easier than printing 

on a plastic or glass substrate, due to the high liquid absorption of the paper, which 

avoids the dewetting of the liquid on substrates. The liquid droplet and substrate 

interaction is crucial for uniform drying of the liquid.

Each of the above methods has its own advantages. The requirements for dispersion, 

substrate, volume, and ink - substrate interaction are different. For example, Mayer 

rod coating and dip coating have more stringent requirements for the dispersion 

rheology, while spray coating and filtration do not. Spin coating is valid for making 

submonolayer networks on rough surfaces, while filtration, Mayer rod coating, and 

inkjet printing can generate films with arbitrary thickness. The application of the liquid 

on substrates is different for different methods, and the drying rate of the liquid on 

substrate is crucial. The ability to scale up for manufacturing should also be considered 

for industrial applications. Mayer rod coating, dip coating, and inkjet printing can 

reasonably lead to scaled CNT coatings, while spin coating is not compatible with 

existing scale-up processes, especially for large-scale plastic electronics. The most 

useful forms of deposition involve roll to roll coating of a CNT ink into large rolls of 

plastic. This leverages various existing techniques such as forw ard/reverse gravure.
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fo rw ard /rev erse  roll, slot d ie and  fo u n ta in /cu rta in  coating. These techniques can coat 

film u p  to 2m w ide at sp eed s u p  to 5 00m /m in .

1.2.4 Properties of Nanotube Thin Films

The electronic, transport, op tical and  m echanical p roperties  of in d iv id u a l CNTs have 

been  ex tensively  s tu d ied  a n d  w ell d o cu m en ted . T he exact p ro p e rtie s  of CNTs are 

extrem ely  sensitive to d eg ree  of g raph itiza tion , d iam eter and  chirality. In a nano tube 

n e tw ork  (NTN) ensem ble averaging  over a large n u m b er of tubes su p p resses  effects 

d u e  to in d iv id u a l varia tions. T hese n e tw o rk s w ill have the collective b eh av io u r of 

the in d iv id u a l tubes w ith  ad d itio n a l p ro p e rtie s  aris ing  from  tu b e-tu b e  in teractions. 

The single m ost im p o rtan t factor in the  even tua l u tilisation  of C N T film s for various 

app lica tions is the co n tin u ed  im p ro v em en t in  the film 's DC co n d u c tiv ity  (o"dc)- -A 

h igh  aoc  enables CNT film s to s im u ltaneously  have su itab ly  h igh  sheet conductance 

(low sheet resistance) and  h igh  transm ission . T ransparen t CN T film s usefu l for m ost 

applications are typically in  a thickness range from  sub-nanom eter to 50n»! thick, and 

follow  several scaling law s w ith  respect to  film  density , th ickness, tu b e  leng th , tube 

w all num b er and  b u n d le  d iam eter. O ther factors tha t influence the tran sp o rt are film 

p u rity  (presence of n o n  C N T  m ateria l), tu b e  d o p in g  level, C N T -surface in teractions, 

and  m eta llic /sem ico n d u ctin g  ratio  [34].

The (Toe of a single CNT can be up  to 200, OOOScm \  w hile a random ly  oriented CNT 

film  has m an ag ed  a h ig h est con d u c tiv ity  of on ly  6600Sc;h“  ̂ [14]. U sing  conductive 

AFM N irm alraj et. al d em o n stra ted  th a t tran sp o rt in single-w alled  carbon  nano tubes 

(SWCNTs) netw orks is d o m in a ted  by  resistance  a t n e tw o rk  ju nctions w h ich  scales 

w ith  the size of the  in te rconnecting  b u n d le s  [35]. T he m ag n itu d e  of th is  in ter-tube 

resistance d ep e n d s  on several factors, b u t is typ ically  of the o rd e r lOOkCl — 20MC1

[36], w hile the resistance along a single C N T one m icrom eter or longer is ~  6k n /} u n

[37]. It is therefore clear th a t for CNTs in  the  typ ical len g th  ran g e  of 2 — i j t m  the 

resistance of a film is la rge ly  d o m in a ted  by the in te rtu b e  (junction) resistance [35]. 

H ence, it m ight be an tic ipated  tha t longer CNTs w ill lead to m ore h ighly  conductive
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films, as this will limit the number of CNT junctions per unit area of film. He c l i t  e t  

al. have shown that a p c  of CNT films does indeed vary with tube length as a power 

law (<7dc ~  O  [38]. The diameter of CNT bundles in a film will also impact the 

film conductivity. Experiments have shown that smaller bundles will lead to more 

highly conductive films [39]; this is likely due to the presence of non-current carrying 

tubes in the middle of CNT bundles. Similarly, films made from multi-walled CNTs 

show dramatically lower conductivity than films made from single- or double-walled 

CNTs [40-42], as the inner walls again act as non-current carrying voids in the film. 

Therefore, a film consisting of highly de-bundled single or double walled CNTs is 

desirable. However, although small bundles are advantageous, larger diameters CNTs 

are preferred for high film conductivity [43]. Larger diameter semi-conducting CNTs 

will have a smaller bandgap, and a correspondingly higher number of charge carriers 

at room temperature.

Film density is another critical scaling parameter, as demonstrated by H u  e t  al. [44]. 

Percolation is the onset of conductivity across a previously insulating region once 

conducting links have been added at a density exceeding some critical value, the 

percolation threshold. As more links are added, new conducting paths are formed 

and the conductivity increases. Very low density films follow a percolation scaling 

law in two dimensions, where the critical threshold for percolation depends on the 

aspect ratio (length/diameter) of the average CNT bundle. Due to the highly one 

dimensional nature of CNTs and CNT bundles, the percolation threshold is very 

low, typically less than 1% surface coverage(and is inversely proportional to the tube 

length squared). Above the percolation threshold, the sheet conductance increases 

rapidly with network density (tubes/area) as a power law with exponent ranging from 

1—1.5 ( i -33  for the ideal 2D case). The film conductivity continues to increase with 

increasing film thickness until the film is ~ io o  times the density where percolation 

first begins (or ~ 50 nm thick), in which case the conductivity approaches that of the 

bulk material, as shown in Figure 1.5. This phenomenon is important since many 

applications exist for films in the thickness range of 5-10 nm (visible transmission 

about 95-90%); unfortunately, the film conductivity in this thickness range can be as 

little as 5o7o of its maximum thick film conductivity. Furthermore, because in this
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Figure 1.5: A ) Sheet conductance o f C N T film s as a function o f the film  density ( f ilm  density is 

p ropo rtiona l to the vo lum e o f in k  filte red ) [44]. B) DC co n d u c tiv ity  o f C N T  film  as 

a func tion  o f f ilm  thickness [45].
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v e ry  th in  film  lim it th e  c o n d u c tiv ity  in c re a se s  q u ite  r a p id ly  w ith  film  d en sity , sm a ll 

varia tio n s in  film  d en sity  lead  to  re la tive ly  large  v a ria tio n s  in  sh ee t resistance  [46]. This 

is e v id e n c e d  b y  th e  fac t th a t  fo r v e ry  th in  film s, th e  sh e e t re s is ta n c e  b eco m es m o re  

n o n -u n ifo rm  [45].

T he c o n d u c tiv ity  of C N T  th in  film s is d e te rm in e d  b y  m a n y  p a ra m e te rs ; c o n tin u e d  

re se a rc h  is n e e d e d  in to  h o w  to  o p tim iz e  th e se  p a ra m e te rs  to  o b ta in  film s w ith  in ­

c reas in g ly  h ig h  ctdc- Typically, fac to rs  th a t  in c rease  th e  C N T  p u rity , la ttice  perfec tio n , 

o r  a sp e c t ra tio  w ill in c rea se  th e  film  co n d u c tiv ity . T h e re fo re , o n e  c o u ld  ex p ec t th a t  

lo n g , p u re , d e b u n d le d , s in g le  o r  d o u b le  w a lle d  tu b e s  w o u ld  b e  o p tim a l. A d d itio n a l 

im p ro v e m e n ts  o f Udc c o u ld  b e  m a d e  in  sev era l w ays. S ince th e  lim itin g  res is tan ce  of 

th e  film  co m es fro m  th e  c o n ta c t re s is ta n c e  b e tw e e n  tu b e s , lo w e rin g  th a t re s is tan ce  

seem s to  b e  th e  m o s t effec tive  m e th o d  to  d ra m a tic a lly  im p ro v e  film  co n d u c tiv ity . 

A lternative ly , in c reas in g  the  m eta llic  to  se m ic o n d u c tin g  tu b e  ra tio , o r fin d in g  a stab le  

d o p a n t, w o u ld  a lso  d ra m a tic a lly  in c rease  film  co n d u ctiv ity .

1.3 G R A P H E N E

1.3.1 Properties

O n ce  th o u g h t  to  b e  th e rm o d y n a m ic a lly  u n s ta b le  [47, 48], a n d  n o th in g  m o re  th a n  a n  

acad em ic  co n stru c t, g ra p h e n e  h as  b eco m e the  la te s t m a te ria l to  fasc ina te  th e  scientific 

com m unity . G rap h en e  is the  n am e  g iven  to  a tw o -d im en sio n a l sh ee t o f s p ^ — h y b rid ised  

carb o n . T he ca rb o n  a to m s  a re  a rra n g e d  in  a h o n ey co m b  n e tw o rk  w h ic h  p ro v id e s  th e  

fo u n d a tio n  fo r all g ra p h itic  ca rb o n  fo rm s  i.e. a g ra p h e n e  sh e e t c an  be  w ra p p e d  u p  to  

p ro d u c e  0 — D fu lle re n e s , ro lle d  in to  a 1 — D n a n o tu b e  o r  s ta c k e d  in  layers to  fo rm  

3 — D g rap h ite . G ra p h e n e  is a ze ro -g ap  sem ico n d u cto r, an  e lectron ic  s ta te  of m a tte r  th a t 

is p rec ise ly  b e tw e e n  a se m ic o n d u c to r  a n d  a m e ta l. S e m ic o n d u c to rs  a re  c h a rac te rised  

b y  a n  a p p re c ia b le  e n e rg y  g a p  b e tw e e n  th e  v a len ce  a n d  c o n d u c tio n  b a n d , w h e re a s  in  

m eta ls  th e  tw o  b a n d s  largely  overlap . In g ra p h e n e  th e  in te rac tio n  b e tw een  the  elec trons 

a n d  the  p erio d ic  p o ten tia l of the  h o n ey co m b  lattice  re su lts  in  a b a n d  s tru c tu re  in  w h ich
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the valence and  conduction  b an d s  to u ch  a t ju s t tw o  po in ts , ra th e r th an  overlapping . 

This leads to the form ation  of "valleys" in the electronic structu re . A t these so-called 

D irac po in ts, the electrons behave as re la tiv istic  quasipartic les called D irac ferm ions. 

These ferm ions alw ays m ove w ith  a sp eed  th a t is in d ep en d e n t of th e ir energy  and  

direction. This is a p roperty  they share w ith  pho tons w hich alw ays m ove at the speed 

of ligh t c, irrespective of their energy, a lth o u g h  the  D irac fe rm ions in  g rap h en e  are 

m uch slower, m oving at about c/300  [4 9 ]. The im portan t po in t to note here is tha t it is 

im possible to slow  them  dow n, w hich  m eans tha t their charge m obility is very high.

The first free-standing m ono- and  few -layer-graphene (FLG) flakes w ere isolated by 

Geim  and  co-workers at M anchester U niversity in 2004 via m echanical exfoliation [5 0 ]. 

Theoretical s tu d ies  on  the b eh av io u r of g rap h en e  h a d  p red ic ted  p ro p e rtie s  such  as 

extrem ely high carrier mobility, w hich m otivated  the first m easurem ents on m echanic­

ally  exfoliated  flakes by e-beam  lithography. These sam ples revealed a h o st of novel 

electronic p ro p erties  such as am b ip o lar field effect [5 1 ], room  tem p era tu re  q u an tu m  

H all Effect [5 2 ] an d  the b reak d o w n  of the  B o rn -O ppenheim er ap p ro x im a tio n  [5 3 ]. 

These ex traordinary  electronic properties in graphene are due  to the high quality of its 

2 — D crysta l lattice. C harge tran sp o rt is u su a lly  in h ib ited  by defects w h ich  serve as 

sca tte ring  centres; the h igh  quality  of the  g rap h en e  lattice im plies an  u n u su a lly  low 

density  of defects. This is reflected by carrier mobilities in excess of 200,000c;»^/l^s for 

a single layer flake [5 4 ]. This is tw o o rd ers  of m ag n itu d e  h ig h er th an  th a t of m o d ern  

silicon transistors. At such high carrier mobility, charge transport is essentially ballistic 

on  the m icrom eter-scale at room  tem p era tu re . T his could  have m ajor im plications 

for the sem iconducto r in d u s try  because, in  p rincip le , it enab les the fabrication  of 

all-ballistic devices. These electronic p roperties  give g raphene its exceptional in-plane 

conductiv ity , enab ling  it to have a low  shee t resistance d esp ite  being  a sing le atom ic 

layer (0.34»m) in thickness.

The optical p ro p e rtie s  of G rap h en e  have also  been  investigated . Nair et al. have 

dem onstrated  that the fine structure constant, a = e^ /he  ^  1 /1 3 7  (w here c is the speed 

of light) defines the opacity of suspended  graphene [5 5 ]. G raphene absorbs a significant 

fraction of inciden t w h ite  light {nu =  2.3%), d esp ite  b e in g  m erely  one atom  thick. 

This is a consequence of g rap h en es ' u n iq u e  electronic s truc tu re . The experim en tal
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Figure i . 6 : (A ) Photograph o f a 50 — j.im aperture p a rtia lly  covered by graphene and its b ilayer 

The line scan p ro file  shows the in tensity  o f transm itted w h ite  lig h t along the ye llow  

line . (B) Transm ittance spectrum  o f s ing le -layer graphene (open circles). The red 

lin e  is the transm ittance T =  (1 + 0 .57ra ) “ ^ expected fo r  tw o -d im ens iona l D irac 

ferm ions, whereas the green curve takes in to  account a non linea rity  and triangu la r 

w arp ing  o f graphene's electronic spectrum. (Inset) Transmittance o f w h ite  l ig h t as a 

func tion  o f the num ber o f graphene layers (squares). The dashed lines correspond 

to an in tens ity  reduction  by na  w ith  each added layer [5 5 ]

m easurem en ts  m a tch  the  b e h a v io r expected  fo r  idea l D ira c  fe rm io n s , and  the  o p a c ity  is 

fo u n d  to  increase  w ith  m e m b ra n e  th ic kn e ss  so th a t each g ra p h e n e  la ye r a d d s  a n o th e r 

2.3%  (F ig u re  1 .6 ).

C o u p le d  w it h  its  u n iq u e  e le c tro n ic  a n d  o p tic a l p ro p e r tie s  g ra p h e n e  is the  s tro n g e s t 

m a te r ia l ever m easu red . U s in g  a to m ic  fo rce  m ic ro s c o p y  (A F M ) n a n o - in d e n ta t io n  Lee et 

al. have s h o w n  th a t i t  has a b re a k in g  s tre n g th  200 tim e s  g re a te r th a n  steel [5 6 ]. Firsov et 

al. fo u n d  th a t a g ra p h e n e  f i lm  e x h ib its  a s tro n g  a m b ip o la r  e le c tr ic  f ie ld  e ffe c t s h o w in g  

e le c tro n /h o le  co n ce n tra tio n s  u p  to  N j  ~  1 0 ^^ /c m ^  a n d  ro o m  te m p e ra tu re  m o b ilit ie s  o f 

j i  lO ^ c m ^ /V s  [5 0 ]. Based on  these va lu e s  Penmans et al. p re d ic ts  th e  sheet res is tance o f 

g ra p h e n e  is

1 62.40/s^j  ̂ ^
=  — t t t t  =  r ; — -  ( i - i )ejiNiN N

w h e re  N  is  the  n u m b e r o f m o n o la y e rs  [5 7 ]. I t  is  the  c o m b in a tio n  o f these p ro p e rtie s  

th a t has le d  m a n y  researchers to  b e lieve  th a t g ra p h e n e  c o u ld  be u se fu l as a tra n s p a re n t 

c o n d u c to r  a n d  an a lte rn a t iv e  to  IT O .
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1.3.2 Fabrication Methods 

Mechanical Exfoliation

V arious m eth o d s to m ake th in  film s of g rap h en e  have been  developed  such  as the 

m echanical exfoliation (scotch tape m ethod), epitaxial grow th, chemical vapour depos­

ition (CVD) and  liquid phase exfoliation. A lthough it is no t a high th ro u g h p u t m ethod, 

m echanical exfoliation p ro d u ces the h ig h est quality  sam ples, p ro v id in g  an  excellent 

p latform  for s tudy ing  the fundam ental tran sp o rt and  optical p roperties  of ind iv idual 

shee ts [50]. h i its m ost sim ple form  the "scotch tap e"  p ee lin g  m e th o d  involved u til­

ising  cellophane tape to successively rem ove layers from  a g rap h ite  flake. The flakes 

w ere d ep o sited  on silicon ca p p ed  w ith  a SOOnni th ick  S i0 2  layer. This en lianced  the 

optical co n tras t u n d e r w h ite  ligh t illu m in atio n  [58]. To d e te rm in e  flake th ickness a 

com bination  of optical, e lectron-beam  an d  atom ic force m icroscopy w ere used. This 

approach  has y ielded the h ighest quality  sam ples to d ate  w ith  crystallites larger than 

Im m  curren tly  available. However, there  are a num ber of issues w ith  th is  process, the 

th ro u g h p u t is very low, the cost p er flake is up  to $100,000,000/c»;^ and  it is hard  to 

see how it could be scaled up for industry-level production . Thus, alternative m ethods 

of p roduc tion  m ust be sough t for large scale synthesis.

Epitaxial graphene and Chemical Vapour Deposition (CVD)

In ad d itio n  to m echanical exfoliation, chem ical syn thesis  rou tes can  g row  relatively 

large graphene flakes over large areas. Various m ethods have been reported  on different 

b u t specific substra tes , w hich  are typ ically  expensive. De Heer an d  co-w orkers at 

G eorgia Tech. have p ioneered  an  ep itax ia l m eth o d  in  w h ich  g rap h en e  resu lts  from  

the red u ctio n  of silicon carb ide  [59, 60]. The process is relatively  s tra ig h tfo rw ard , as 

silicon desorbs around  1000°C in u ltrah igh  vacuum . This leaves behind  sm all islands of 

graphitized carbon, w hich were first located by Scanning Tunnelling M icroscopy (STM) 

and  electron diffraction experim ents. The tran sp o rt p roperties  show  th a t electrons in
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the  in te rfac ial g ra p h e n e  layer d o m in a te  the  tra n sp o rt a n d  th a t th ey  are  D irac ferm ions, 

as recen tly  o b se rv ed  in  m ech an ica lly  ex fo lia ted  g ra p h e n e  layers.

T he se c o n d  s u b s tra te  d e p o s itio n  m e th o d  is C V D  o f g ra p h e n e  o n  tra n s itio n  m e ta l 

film s. G ro u p s  a t M IT a n d  in  K orea p io n e e re d  th e  p ro cess , w h ic h  re lies on  the carbon- 

sa tu ra tio n  of a tra n s itio n  m eta l u p o n  ex p o su re  to  a h y d ro c a rb o n  gas a t h ig h  te m p e ra t­

u re  [61, 62]. M o st o ften , n ick e l film s w e re  u s e d  w ith  m e th a n e  gas. U p o n  co o lin g  th e  

su b s tra te , th e  so lu b ility  o f c a rb o n  in  th e  tr a n s itio n  m e ta l d e c re a se s  a n d  a th in  film  

of c a rb o n  is  th o u g h t to  p re c ip ita te  fro m  th e  su rface . H o w ev er, g ra p h e n e  g ro w n  o n  

N i seem s to  b e  lim ite d  b y  its  sm a ll g ra in  s ize , p re se n c e  o f m u ltila y e rs  a t  th e  g ra in  

b o u n d a r ie s  , a n d  th e  h ig h  so lu b ility  o f c a rb o n . Li et al. g re w  la rg e -a rea  g ra p h e n e  

film s of th e  o rd e r  o f c e n tim e te rs  o n  c o p p e r  s u b s tra te s  b y  ch em ica l v a p o r  d e p o s itio n  

u s in g  m e th a n e  [63]. T he film s are  p re d o m in a n tly  sin g le -lay er g ra p h e n e , w ith  a sm all 

p e rc e n ta g e  (less th a n  5%) of th e  a rea  h a v in g  few  layers, a n d  a re  c o n tin u o u s  ac ro ss  

c o p p e r  su rface  s te p s  a n d  g ra in  b o u n d a r ie s . T h ey  su g g e s te d  th a t th e  low  so lu b ility  of 

ca rb o n  in  c o p p e r  a p p e a rs  to  h e lp  m ak e  th e  g ro w th  p ro cess  se lf-lim itin g  [63].

Liquid Phase Exfoliation

T he p re v io u s ly  d esc rib ed  m e th o d s  fo r p ro d u c in g  g ra p h e n e  have  b een  very  successfu l 

to  d a te . H o w ev er, it is lik e ly  th a t  m a n y  fu tu re  in d u s tr ia l  a p p lic a tio n s  o f g ra p h e n e  

w ill b e  in  se c to rs  su c h  as la rg e -a rea  c o a tin g s  o r  c o m p o s ite  fille rs , w h ic h  w ill re q u ire  

v e ry  la rg e  q u a n titie s  to  b e  p ro d u c e d  [64, 65]. To th is  e n d , it is like ly  th a t liq u id  p h a se  

p ro d u c tio n  m e th o d s  w ill be  req u ired . Tw o ca teg o ries  sh o u ld  be  c learly  d is tin g u ish e d  

w ith  re g a rd  to m e th o d s  for in d u s tr ia l scale p ro cess in g  a) those  th a t s ta rt w ith  g ra p h ite  

o r  co m p arab le  s ta rtin g  m ateria l n o t c o n ta in in g  a n y  oxygen  fu n c tiona lities a n d  b) those  

w h ich  involve th e  exfo lia tion  of g rap h ite  ox ide  (GO) fo llow ed by  red u c tio n . A so lu tion - 

b a se d  p ro c e ss  fo r p ro d u c in g  s in g le -lay e r g ra p h e n e  w a s  firs t d e m o n s tra te d  in  2006 

[66]. T h is  in v o lv e d  h a r s h  o x id a tio n  o f  g ra p h ite  in  th e  p re se n c e  o f s tro n g  ac id s  a n d  

o x id a n ts , u su a lly  b y  th e  H u m m e rs  m e th o d  [67], to  p ro d u c e  g ra p h ite  o x id e  (G O ). G O  

still p o sse sse s  a  lay e red  s tru c tu re , b u t  is  m u c h  lig h te r  in  c o lo u r  th a n  g ra p h ite  d u e  to
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Figure 1.7; Chemical structure of graphite oxide [69]. For clarity, minor functional groups, 

carboxylic groups and carbonyl groups have been omitted at the edges.

the loss of electronic conjugation brought about during the oxidation. The basal planes 

of the graphene sheets in GO are decorated mostly with epoxide and hydroxyl groups, 

in addition to carbonyl and carboxyl groups, w^hich are located at the edges as can be 

seen in Figure 1.7 [68]. The van der Waals interaction betw een the layers of GO are 

altered by the oxygen functionalities w hich render them  hydrophilic, thus enabling 

their hydration and exfoliation in aqueous m edia. GO can be com pletely exfoliated 

to produce colloidal suspensions of graphene oxide sheets by sim ple sonication in 

both aqueous and various organic solvents [66, 70]. Concentrations of up to and above 

l ing/ni l  are achievable in a w ide range of solvents.

It is clear that this approach is scalable, affording the possibility of high-volum e 

production at low cost. However, there is considerable d isruption of the electronic 

structure of the graphene. As a result of the chemical functionalisation, structural 

defects are form ed, rendering the GO sem iconducting. These defects are virtually 

impossible to remove completely, as evidenced by X-ray photoelectron spectroscopy 

[71]. The graphitic network can never be completely restored but substantial reduction 

of graphene oxide by chemical m ethods (using reducing agents such as hydrazine 

[72, 73]), therm al m ethods [74] and ultraviolet-assisted m ethods [75] has produced 

electrically conducting chemically m odified graphene (CMG). D ispersions of CMG 

have been deposited in a num ber of ways to form  both transparent conductors [76] 

and free-standing paper [77].

It was clear that a less destructive m ethod of graphene production, which removed 

the need for oxidation or reduction, was required. Recently, a significant breakthrough 

was made when two groups independently demonstrated that sonication of graphite in 

certain solvents produced dispersions of defect-free mono- and few layer- graphene at
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reasonable concentrations, u p  to 0.01nig/?nl  in N -m ethyl py rro lidone (NM P) [78, 79]. 

This m eth o d  relies on  selecting  p a rticu la r so lvents w hose surface energy  is so well 

m atched to that of graphene that exfoliation occurs freely [78]. The low concentrations 

p rev io u sly  rep o rted  m ake m an y  app lica tions com pletely  im practical. This issue has 

since been  reso lved  by m em b ers  of o u r  g ro u p . Khan et ah [80] u tilized  m ild  b a th  

son ication  of h ig h  g rap h ite  co ncen tra tions for long  p e rio d s  (up  to  460 hours) in  

N M P y ield ing  g rap h en e  d ispersions w ith  concentration  up  to \ . 2m g / m l .  These high 

concentration  d ispersions could then be vacuum  filtered into free-standing films w ith  

reasonab le  electrical an d  m echanical p ro p e rtie s . A lth o u g h  th is p rocess circum vents 

the need  to oxidise and  reduce graph ite , there rem ain  a n u m b er of draw backs.

The so lven ts u sed  such  as N M P are h a rm fu l an d  th u s  req u ire  special care w h en  

h an d lin g . In  ad d itio n , they  ten d  to  have h ig h  bo iling  po in ts , m ak in g  it difficult to 

deposit ind iv idua l m onolayers on surfaces. U nfortunately , the m ost useful solvent of 

all, water, has a surface energy that is m uch too high to w ork on its ow n as an  exfoliant 

for g rap h en e . A n alternative , liqu id  p h ase  process tha t re su lts  in  the  exfoliation  of 

g rap h ite  to  give g rap h en e  a t reasonab ly  h igh  y ield  is requ ired . The m eth o d  shou ld  

be non-ox idative  an d  sh o u ld  n o t req u ire  h ig h  tem p era tu re  processes o r chem ical 

p ost trea tm en ts. In ad d itio n , it sh o u ld  be com patib le  w ith  safe, user-friendly , low 

bo iling-poin t solvents, preferab ly  water.

In a m an n er sim ilar to su rfactan t-a ided  n an o tu b e  d ispersion  [28, 81, 82] Loti/aet al. 

dem onstrated  a m ethod to exfoliate g raph ite  in surfactant-w ater solutions [83]. Atomic 

reso lu tion  tran sm issio n  electron  m icroscopy (TEM) show s the flakes to  be w ell- 

graphitized  and  largely defect free. Ram an, IR, an d  X-ray photoelectron spectroscopies 

also show  the  g rap h en e  to be  re la tively  defect-free an d  only  very  sligh tly  oxid ized . 

H ow ever, as w ith  the in itial so lven t w ork , the concen tra tion  of su rfactan t-stab ilised  

d isp ers io n s ach ieved  w as very  low  (<  0 .003m ^ /ml). In o rd e r to  exp lo it d isp ers io n s 

of p ris tin e  g rap h en e  u sin g  su rfac tan ts , it is of critical im p o rtan ce  to  increase the 

m ax im u m  co ncen tra tion  th a t can be  o b ta in ed  w h ile  m ain ta in in g  the quality  of the 

graphene flakes. Sim ilar to Khan et al. [80] we app lied  m ild sonication, for long periods 

(up  to  460 hours). We d em o n stra ted  g rap h en e  can be effectively d isp ersed  in w ater- 

sod ium  cholate so lu tions at concentrations of u p  to ^  0 .4m g /ml. Potential u tilisation
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of these dispersions has also been sought in the form  of transparen t conductors and as 

free-standing  electrodes [31, 32, 84].

1.3.3 Transparent conducting graphene networks

There has been substan tial effort in developing  g rap h en e  netw orks or com posites for 

large scale optoelectronic device applications [85-88]. In particular, solution processed 

g rap h en e  th in  film fabrication  has a ttrac ted  m u ch  academ ic an d  in d u stria l a tten tion  

since it can be scaled u p  u s in g  roll-to-roll p rocessing  for practical in co rpora tion  into 

devices. In practice, g rap h en e  netw orks consisting  of g rap h en e  shee ts fabricated  via 

so lu tion -based  p rocessing  con ta in  m u ltip le  b o u n d arie s  an d  in co rp o ra te  defects tha t 

d ram atically  decrease the con d u c tiv ity  w h en  co m p ared  to a film  m ad e  of a large, 

single sheet w ithou t defects. There has been steady progress dem onstrating  a decrease 

in the sheet resistance Kj of transparen t g raphene netw orks, from ^  IM C l/sq  dow n to 

typ ically  3 0 0 0 /s(j [62, 85, 89] for film s in in d u stria lly -re lev an t tran sp a ren cy  ranges. 

G rap h en e  an d  CNTs sh are  \ ’ery  sim ilar sp^ ca rbon  chem istry  [90], an d  therefore, 

the developed  m eth o d s an d  u n d e rs ta n d in g  for CNTs over the p as t 15 years can be 

d irectly  transferred  to g ra p h en e  research. H ow ever, the  fu n d am en ta l geom etrical 

d ifference betw een CNTs an d  g rap h en e  leads to d ifferen t p rocessing  techn iques and 

perform ance as a tran sp a ren t electrode. U sing eqn. 1.1 one can p red ic t som e startling  

theoretical properties for a doped  graphene film of four sheets such as sheet resistance 

i5 .6 n / s q  and  90.8% tran sm ittan ce  in  the visib le reg io n  (55onm). If realisab le, these 

values are m ore th an  su itab le  for m ost com m ercial app lica tions. H ow ever, to date, 

experim en tal resu lts  have n o t equalled  th is theoretically  lim iting  p erfo rm an ce  w ith  

solution-processed g raphene  typically  the poorest perform er.

O ne m u st ask, w h a t is lim itin g  the op toelectron ic  p erfo rm an ce  of g rap h en e  films 

from  w h a t is theoretically  possib le? A n  analogy  w ith  CNTs m ay be  usefu l here. For 

CNTs, the largest source of resistance in a m acroscopic film com es at the intersections 

betw een CNT bu n d les  [35]. Therefore, longer CNTs tend  to lead to film s w ith  h igher 

conductiv ities [38]. S im ilarly, for g rap h en e  film s consisting  of a ran d o m  netw ork  of
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overlapping graphene flakes, larger flakes are desirable to optim ize perform ance. Also, 

for CNT films, it is thought that sm aller CNT bundles lead to h igher conductivity; this 

is because inner tubes w ith in  a bund le  may be partia lly  sh ielded from  electrical contact 

w ith  the overall netw ork , an d  so w ill no t fully  p artic ip a te  in  the cu rren t carry ing  

capacity  of the ne tw o rk  [38]. Sim ilarly, g rap h en e  film s consisting  of few er layers of 

g raphene should  be advantageous (w'ith a true m onolayer of g raphene being optimal). 

O f course, m ain tain ing  the perfection of the g raphene lattice is critical, as defects will 

in tro d u ce  sca tte ring  sites tha t w ill increase resistance. F u rth erm o re , su rfac tan ts  or 

o th er d isp ersan ts  u sed  in  the liqu id  phase  w ill low er the overall film conductiv ity  if 

n o t com pletely  rem oved  after film  deposition . D op ing  w ill also  p lay  a critical role 

in en hancing  the p erfo rm ance  of g rap h en e  films. The sheet resistance of u n d o p ed  

g raphene is on  the o rder of 6kCl/sq  [91], b u t this can be reduced  via chem ical dop ing  

by m ateria ls such as po lyvinyl alcohol (n -type dop ing ) [79] o r n itric acid (p-type 

doping) [92]. For real-w orld applications, it is im portan t to test the stability of dopan ts 

u n d er such accelerated ageing conditions as h igh  heat, hum idity , and  UV light.

1 . 4  T R A N S P A R E N T  C O N D U C T O R S

A s Stated previously , m o d ern  TC technology is d o m in a ted  by ITO. It fulfils a w id e  

ran g e  of roles all of w h ich  requ ire  h igh  transparency. It is w id e ly  u tilised  in  app lica­

tions from  lighting, touch panels, displays, and  photovoltaics to sm art w indow s, and  

e lec trom agnetic  in terference EMI shield ing . This ap p lica tio n  space sp an s a ran g e  of 

p ro d u c t requirem ents and  m anufacturing  m ethods (Table 1.1). Researchers have been 

eva lua ting  em erg ing  tran sp a ren t conducto rs such  as g rap h en e  an d  carbon  nano tube 

n e tw o rk s as rep lacem en ts for trad itiona l sp u tte red  m ateria ls  w ith  a v iew  for cost 

red u ctio n  an d  m anu fac tu rin g  sim plification. These em erg ing  conducto rs are no t just 

rep lacem en t technologies b u t also  technical a n d  p ro d u c t enab lers, especially  in  the 

cu rren t d ev e lo p m en t of f lex ib le /p rin ted  electronic devices an d  the  u se  of low -cost 

m anufacturing  m ethods. It is param ount in the developm ent of new  conductors to keep 

in  m ind  the key features and  electrode requirem ents for a particu lar application. Each
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DeviceType Electrode Type %T Range Rs Range (Cl/sq)

Resistive touch panel Touch side 86-90 300-500

Device side 88-90 200-500

Projected C apacitive touch panel Top or Bottom 88-92 100-300

Surface C apacitive touch panel P rim ary 88-90 900-1500

LCD Pixel 87-90 100-300

C om m on 87-90 30-80

Table i.i: Various device electrode requirements (%T indicates total visible transmission 

through both the conductive film and the substrate) [93].

role has a particu lar resistance requirem ent, w ith  the entire set spanning  a w ide range. 

For exam ple, conducting films for static d issipation can function w ith  a sheet resistance 

of >  IkCl /sq,  touch screens generally  requ ire  a few h u n d red  Cl/sq,  electrodes require 

a few  tens of Cl/sq  w hile, to m in im ize resistive losses, so lar cell e lec trodes req u ire  

sh ee t resistances of <  lO O /si]. VVe m ak e  the  a ssu m p tio n  th a t it will n o t b e  difficult 

to find m ateria ls th a t fulfil the less s trin g en t, h ig h  sh ee t resistance app lica tions. For 

exam ple, a range of nanostruc tu red  m ateria ls have achieved transm ittance above 90% 

coupled  w ith  sheet resistance above IkCl /sq.  However, achieving transm ittance above 

90% coupled w ith  sheet resistance below  200Cl/sq  has proven  m uch  m ore difficult.

Various nanostruc tu red  m aterials have been  investigated  for tran sp a ren t electrodes 

over the p as t decade. D ue to the  w id e  varie ty  of m ateria ls  u sed  it is usefu l to use 

figures of m erit (FoM) to express the p erfo rm an ce  of a given film  type to  facilitate 

com parison  w ith  o ther da ta  sets and  in d u stria l requ irem ents. The m ost usefu l FoM s 

are those based  on the physics of the system  u n d e r study. For TCs FoM s sh o u ld  link 

the film  transm ittance, T, to its sheet resistance, K,. T his can be accom plished  by 

cc:>mbining physical expressions for tran sm ittan ce  and  sheet resistance of th in  films, 

b o th  as a function  of thickiiess, t. For th in  conducting  film s, the tran sm ittan ce  scales 

w ith  thickness as
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(1.2)

w here  Zq is the im pedance o f free space (377C1), and (Top is the o p tica l c o n d u c tiv ity  

(re la ted to  the abso rp tion  coe ffic ien t a as ~  cc/Zq) [94].

The sheet resistance o f a b u lk  lik e  f i lm  is de fined  as

By co m b in ing  th is  expression w ith  eqn. 1.2 and e lim in a tin g  t we ob ta in  an expression 

re la tin g  T  and Rg.

N o te  th a t th is  expression  is a p p ro p r ia te  fo r  a b u lk - lik e  m a te ria l (i.e. one w hose  

DC c o n d u c tiv ity  is in v a ria n t w ith  sam ple  th ickness). Th is equa tion  is v a lid  assum ing 

1) the f i lm  is m u ch  th in n e r th an  the w a ve le n g th  o f l ig h t  b e ing  m easured  and 2) the 

re flec tion  is m uch  less than  the a bso rp tion . The c o n d u c tiv ity  ra tio  (7oc,b/<^oii is o ften  

used as a F oM  fo r  tran spa ren t co nd uc to rs  as h ig h  va lues o f (7DC,B/<^of> lead to  film s  

w ith  h ig h  T  and lo w  Rg. In  fact, a m a te ria l w ith  a g ive n  va lu e  o f crQc,B/<^op can be 

fo rm e d  in to  film s  w 'ith  a range o f T  and  Rs va lues d e p e n d in g  on  th ickness. In  th is  

w o rk  w e have p repa red  film s  o f va rio u s  n anoconducto rs  w ith  a range o f thicknesses, 

m easured T  and R jfo r  each th ickness, and then f i t  the (T, Rg) data to eqn. 1.4 to extract 

‘̂ dc,bI<^op as can be seen in  F igu re  1.8. H ere, transm ittance  is p lo tte d  as a fu n c tio n  o f 

sheet resistance fo r  th in  f ilm s  o f g raphene  (th is  w o rk ) [3 i] ,  SW N Ts [45], s ilve r flakes 

(th is  w o rk ) , and  A g  n an ow ire s  [3]. In  each case, the b o tto m  le ft p o r t io n  o f the data  

(co rre sp o n d in g  to  th ic k e r f ilm s ) is f i t  to  E q ua tio n  1.4 (so lid  lines), g iv in g  va lues o f 

<^dc,b/^op o f 0.7, 11.2, 35, and 415, respectively. U su a lly  these num bers are assumed to 

encode a ll the re levan t in fo rm a tio n  a bo u t the o p to e le c trica l p ro p e rtie s  o f these film s . 

In  o rde r to achieve the ta rget o f T  >  90%  and Rg <  lOOCl/sq, E qua tion  1.4 can be used 

to  show  th a t cty)c,bI<^op >  35 is requ ired .

H ow ever, u p o n  closer in sp e c tio n  o f the fits  in  F igu re  1.8, i t  is c lea r th a t the  data 

tend to deviate  severely from  the fits  fo r  low er th ickness (m ore transparent) film s. This

Rs —  (o 'D C .B t )  ^ ( i - 3)
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F igure i.8 : T ransm ittance (550 nm ) p lo tted  as a fu n c tio n  o f sheet resistance fo r th in  film s 

prepared from  fo u r nanostructu red  m ateria ls-graphene, s ing lew alled  carbon nan­

otubes, s ilver nanow ires and silver flakes [3, 31, 45, 95]. The dashed lines represent 

fits  to the b u lk  regim e using equation 5.6, w h ile  the solid lines represent fits  to the 

percolative regim e using  equation 5.17

deviation has been observed before [3, 4, 31, 45, 96] and tends to occur for films w ith  T 

between 50% and 92% . This is important because applications requiring TCs usually 

require T >  90%. Thus, o'dc,b / o'op fails to describe the relationship between T and Rg 

in the technologically relevant regime. This means that in many cases, (Jdc.b /(^op, or 

indeed any FoMs based on bu lk properties, are not entirely appropriate, particularly 

when high transparency is required, h i this w ork we show that the deviation from 

bulk-like behavior as described in Equation 1.4, can be explained by percolation effects. 

Such effects become important for very sparse networks of nano-conductors. When the 

number of nanoconductors per unit area is very low, a continuous conducting path from 

one side of the sample to the other w ill generally not exist. As more nanoconductors 

are added, at some poin t (the percolation threshold) the first conducting path w ill 

be formed. As more material is added, more conductive paths are formed, and the 

conductivity of the network increases rapidly. Eventually it reaches a "bu lk-like" value 

above which it  remains constant. Percolation theory describes how the DC conductivity
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Ref. O'DclO'Op T (%) R s ( 0 . / s q ) M ateria l

D e e t al [3] 171 85 13 A g N w s

W u e t al. [98] 70 90 50 C u  N an o fib e rs

R ath m ell e t al. [2] 52 65 15 C u N w s

R athm ell e t al. [99] 35 84 60 C u p ro n ick e l N w s

H ech t e t al. [100] 64 91 60 SW N T  from  su p e ra c id

G en g  e t al. [101] 23 80 70 A cid  tre a te d  SW NTs

W ang e t al.[76] 0.42 64 1800 R ed u ced  G ra p h e n e  O xide

G reen  e t al. [102] 0.6 S o rted  p r is tin e  g ra p h e n e

Table 1.2: Values of <Jd c /(^Opi ^  Rs for a selection of m aterials from the literature

o f sp a rs e  n e tw o rk s  d e p e n d s  o n  n e tw o rk  th ic k n e ss  a n d  p re d ic ts  a n o n -lin e a r, p o w e r 

law  d e p e n d e n c e  [97]:

aoc oc (f -  fc)''

w h e re  t is th e  e s tim a te d  th ic k n e ss  o f th e  n e tw o rk ,fc  is th e  th ic k n e ss  a sso c ia ted  w ith  

th e  p e rc o la tio n  th re s h o ld , a n d  n is th e  p e rc o la tio n  e x p o n e n t. T h is  le a d s  to  a  n e w  

re la tio n sh ip  b e tw e e n  T a n d  Rs , w h ic h  a p p lie s  to  th in , tra n s p a re n t  n e tw o rk s  th is  w ill 

b e  d e r iv e d  in  C h a p te r  6.

A se lec tio n  o f d a ta  from  th e  lite ra tu re  fo r a ra n g e  o f m a te r ia ls  is g iv en  in  Table 1.2. 

O n  c o m p a r iso n  of th e  d a ta  in  T able 1.2 w ith  th e  d ev ice  re q u ire m e n ts  (Table 1.1) it is 

clear th a t m a n y  m ate ria ls  fall sh o rt of the re q u ire m e n ts  in  p a r tic u la r  d isp lay in g  low  

a t h ig h  T (T  >  90% ).
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1.4.1 Transparent energy storage

The next stage in the developm ent of flexible electronics m ay requ ire  all com ponen ts 

of the  device to  be  tran sp a ren t for use  in  ap p lica tio n s such  as tran sp a ren t d isp lays 

[103]. If sw itched off, a transparen t display m ay appear as an  o rd inary  w indow  w hich 

allow s a clear view  of every th ing  behind  it. O n d em an d , th is see-th rough  device m ay 

be u sed  to  d irectly  d isp lay  a rb itra ry  in fo rm atio n  w ith o u t u sin g  e labo rate  pro jection  

techniques. For m an y  such  app lica tions, tran sp a ren t energy  sto rage  devices w ill 

be req u ired  [104]. To th is en d , a n u m b er of g ro u p s  have d em o n stra ted  tran sp a ren t 

supercapacitors or batteries [104-108]. Research has focused on using  nanom aterials to 

prodLice th in  b u t h igh  surface area electrodes w h ich  can be  tran sp a ren t if m ad e  th in  

en o u g h  [105, 109, 110]. In  the  sim p lest case, these e lec trodes can  th en  b e  com bined  

w ith  a suitable electrolyte an d  separato r to p roduce  a supercapacitor. Electrochem ical 

double-layer capacito rs (EDLC), also  know n as su p ercap acito rs  (SC), a re  devices 

tha t sto re charge an d  so en e rg y  at the in terface b e tw een  a co n d u c tin g  e lec trode an d  

an  electro ly te [111]. To m axim ize the charge s to rag e  capacity  (the capacitance), the 

electrode m ust have high surface area. It should also be h ighly  conductive to avoid the 

need for a current collector. Finally, it should be stable in the presence of the electrolyte.

1.5 E L E C T R O C H E M I C A L  D O U B L E  L A Y E R  C A P A C I T O R S

Electrochem ical capacitors fill the gap  betw een batteries and  conventional capacitors 

such  as electrolytic capacito rs  (F igure 1.9). In te rm s of specific energy  as w ell as in 

term s of specific pow er this gap spans several o rders of m agnitude. Batteries and  low 

tem peratu re  fuel cells are typical low pow er devices w hereas conventional capacitors 

m ay have a pow er d en sity  of >  10  ̂ w a tts  p e r dm ^ a t very  low  energy  density . Thus, 

electrochemical capacitors m ay im prove battery  perform ance in term s of pow er density 

o r m ay  im prove capacito r p erfo rm an ce  in  te rm s of en e rg y  d en sity  w h e n  com bined  

w ith  the respective device. In addition, electrochemical capacitors are expected to have
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Figure 1.9: Sketch of Ragone plot for various energy storage and conversion devices. The 

indicated areas are rough guide lines [112].

a much longer cycle life than batteries because, no or negligibly small chemical charge 

transfer reactions are involved.

Electrochemical capacitors store the electric energy in an electrochemical ciouble 

layer (Helmholtz Layer) formed at a solid:electrolyte interface. Positive and negative 

ionic charges within the electrolyte accumulate at the surface of the solid electrode 

and compensate for the electronic charge at the electrode surface. The thickness of the

double layer depends on the concentration of the electrolyte and on the size of the ions
0

and is of order 5 — \QA, for concentrated electrolytes. The double layer capacitance is 

about 10- 20}iF/ cm^ for a smooth electrode in concentrated electrolyte solution and 

can be estimated according to equation eqn. 1.5

C / A  = eoer/d (1.5)

assuming a relative dielectric constant of 10 for water in the double layer, d being 

the thickness of the double-layer with surface area A.

In order to achieve a higher capacitance the electrode surface area is also increased by 

using porous electrodes with an extremely large internal effective surface. Combination 

of two such electrodes gives an electrochemical capacitor of rather high capacitance.
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Electrolyte, Separator
-------------------------------------1 Electrolyt®, Active Layer

Current Collector Current Collector

Cwbon particles in 
contact with an 
electrolyte film

2 - 1 0  A

Figure i.io : Principle of a single-cell double-layer capacitor and illustration of the potential 

d rop  at the electrode/electrolyte interface [112],

F igure 1.10 show s a schem atic  d iag ram  of an  electrochem ical doub le-layer capacitor 

consisting of a single cell w ith  a h igh  surface area electrode m aterial, w hich  is loaded 

w ith  electrolyte. The e lec trodes are sep a ra ted  by  a p o ro u s  separato r, con ta in ing  the 

sam e electrolyte as the active m aterial. The potential d rop  across the cell is also show n 

in Figure 1.10.

T he capacitance of a sing le electrode can be  estim ated  by assum ing  a h ig h  surface 

a rea  carbon  w ith  \ 000n i ^ / g  an d  a d oub le  layer capacitance of lO}iF/cm^ . This leads 

to  a specific capacitance of lOOF/g  for one electrode. For a capacito r tw o electrodes 

a re  n eed ed  w ith  d o u b led  w e ig h t and  half the  total capacitance (1 /C  =  l / Q  +  I/C 2) 

re su ltin g  in  25F / g  of active capacito r m ass for this exam ple. The difference betw een 

sing le electrode values an d  specifications given for the com plete capacitor is of sign i­

ficant im portance. W henever specifications of an  electrochem ical capacitor are given, 

one shou ld  ind icate  w h e th e r the values correspond  to single electrode m easurem ent
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or are  ca lcu la ted  for a co m p le te  capacitor. The d ifference b e tw een  these  tw o s itu a tio n s 

is a fac to r of fo u r a n d  is th e re fo re  of s ig n ifican t [113].

T he m a x im u m  e n e rg y  s to red  in  su ch  a cap ac ito r is g iven  by

E =  1 /20^0^ (1.6)

W ith  a cell v o lta g e  Vq o f 1 V (a q u e o u s  e lec tro ly te ) o n e  o b ta in s  a specific  e n e rg y  of 

ab o u t 3 .5 W h / k g  of active m ass. U sing  an  o rgan ic  e lectro ly te  w ith  a typ ica l cell voltage 

o f  2.3 V  o n e  o b ta in s  a b o u t  18W h / k g  o f  ac tiv e  m ass . T h ese  v a lu e s  a re  c o n s id e ra b ly  

low er th a n  those  o b ta in ed  for available b a tte rie s  b u t  m u ch  h ig h e r th a n  fo r conven tional 

c ap ac ito rs . It sh o u ld  b e  m e n tio n e d  th a t th e  above v a lu es  d e p e n d  on  th e  d o u b le  layer 

cap ac itan ce , th e  specific su rface  a rea  of th e  re sp ec tiv e  e lec tro d e  m a te ria l, the  w e ttin g  

b e h a v io u r  of th e  p o re s , a n d  on  th e  n o m in a l cell vo ltage .

Summar y

A  gen era l overv iew  of the  top ics re lev an t to th is w o rk  h as  b een  d iscu ssed . T he p rim ary  

focus is on  th in  film s of g ra p h e n e  an d  carb o n  n a n o tu b e s  as p o ten tia l ITO rep lacem en t 

m a te ria ls . T h e  re lev an t th e o ry  a n d  e x p e rim e n ta l m e th o d s  w ill b e  covered  in  th e  nex t 

c h a p te r
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2 . 1  I N T R O D U C T I O N

In this chapter the methods used in this study to characterise samples will be outlined. 

The focus is on determ ining the opto-electronic properties of a num ber of materials. 

We also asses the state of the material after processing and the quality of films made. 

The liquid phase dispersion of carbon nanom aterials was achieved by sonicating 

the m aterial in a surfactant-w ater solution. This was followed by centrifugation to 

remove undispersed m aterial and larger aggregates. Thin films were prepared  by 

vacuum  filtering the supernatan t of these dispersions onto porous filter m em branes. 

To control the thickness of a film being deposited, the concentration of the dispersion 

m ust first be determ ined. UV-Vis spectroscopy was used  to m easure this. Once the 

dispersion had been filtered and transferred onto a transparent substrate (glass or 

PET), the transm ittance was determ ined via UV-Vis. Atomic force microscopy (AFM) 

and scanning electron microscopy (SEM) were used to look at the m orphology and 

m easure the thickness of the films. Ram an spectroscopy was used to determ ine the 

com position of films. The electrical properties were m easured using the four-probe 

technique [114]. Electrochemical measurements were performed with a three-electrode 

cell connected to a potentiostat. The techniques and relevant theory used will now be 

discussed in greater detail w ith appropriate reference to the literature.

2 . 2  O P T I C A L  C O E F F I C I E N T S

Figure 2.1 shows a beam of light incident on an optical medium. The beam can interact 

with the medium in a num ber of different ways. Some of the light is reflected from the

3 1
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front surface, w hile the rest enters the m edium  and propagates through it. If any of 

this light reaches the back surface, it can be reflected again, or it can be transm itted 

through to the other side. The am ount of light transm itted is therefore related to the 

reflectivity at the front and back surfaces and also to the way the light propagates 

through the m edium . The m ain process that we are concerned w ith is absorption of 

light w ithin the material. Absorption occurs during light propagation if the frequency 

of the light is resonant with the transition frequencies of the molecules in the medium. 

In this case, the beam  will be a ttenuated as it progresses. The transm ission in the 

m edium  is clearly related to the absorption, because only unabsorbed light will be 

transm itted. Selective absorption is responsible for the colouration of m any optical 

materials.

The reflection at the surfaces is described by the coefficient of reflection or reflectivity. 

This is defined as the ratio of the reflected power to the incident power on the surface 

and is given the symbol R. The coefficient of transmission T is defined as the ratio of 

transm itted  power to incident power. By conservation of energy we m ust have for a 

non-absorbing material

R + T = l  (2.1)

The refractive index n is used to describe the propagation of the beam  through a 

transparent m edium . The ratio of the speed of light in free space to the velocity of 

light in the m edium  defines n

n = -  (2.2)
V

The absorption coefficient cc is used to quantify the absorption of light by an optical 

m edium . This is defined as the fraction of the power absorbed in a unit length of the 

m edium . If the beam  is propagating  in the x direction, and the intensity at position

X is l{x),  then  the decrease of the intensity in an increm ental slice of thickness dx is

given by:

dl  =  —al{x)dx (2 -3)
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Figure 2.1: Representation of Beer's law

This can be in tegrated  to obtain  B eer's law:

]{x) =  (2.4)

w here Iq is the optical intensity  at x  =  0. The absorption and  refraction of a m edium  

can be described by a single quantity , the com plex refractive index n given by

n = n +  iK (2.5)

The real p a r t of n, n, is the n o rm al refractive index  as defined  in  eqn. 2.2. The 

im aginary  p art k , is d irectly  re la ted  to the abso rp tion  coefficient a  of the m edium .

C onsider a p lan e  e lec trom agnetic  wave p ro p a g a tin g  th ro u g h  a m ed iu m  w ith  a 

com plex refractive index. If the wave is p ropagating  in the .r direction, the spatial and 

tim e dependence of the electric field is given by

E(x, f)  =  (2.6)

w h ere  k the w ave is vec to r of the ligh t an d  co is the an g u la r frequency. |£o| is the 

am plitude  at x =  0. In a non-absorb ing  m edium  of refractive index n, the w avelength 

of the light is reduced by a factor n com pared to the free space w avelength A. k and  co 

are therefore related  to each o ther through:
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27t noj

" = (MO “
This can be generalised to the case o f an absorbing m edium  by a llow ing the refractive 

index to be complex;

nco .CO ,
k  =  —  =  (n +  i k ) — . (2.8)

On substitu ting  in to  eqn. 2.6

=  (2.9)

This shows that a non-zero extinction  coeffic ient leads to an exponentia l decay o f 

the wave in  the m edium .

The optical intensity of a ligh t wave is proportional to the square of the electric field, 

I oc EE*. From eqn. 2.9 we can deduce that the in tensity  fa lls o ff exponentia lly  in  the 

m ed ium  w ith  a decay constant equal to 2 x  [ klo / c ) .  I f  we compare th is to Beer's law  

eqn. 2.4 we see that

2 kco  47T)c
a = --------=  , (2.10)

c A

where A is the free space wavelength o f the ligh t. This shows that k  is d irec tly  

p roportiona l to the absorption coefficient.

We can relate the refractive index of a m edium  to its relative dielectric constant Er by 

using the standard result derived from  M axw ell's  equations

This shows is that i f  n is complex, then m ust also be complex. One can therefore 

define the complex relative dielectric constant Cr according to:

(2.12)
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O n e  c a n  s e e  t h a t  h  a n d  €r a r e  r e l a te d  to  e a c h  o th e r  t h r o u g h :

n =  i r  (2 .13 )

B y  c o m b in in g  e q n s .  2 .5 , 2 .1 2  a n d  2 .13  w e  c a n  w o r k  o u t  e x p l ic i t  r e l a t i o n s h ip s  b e tw e e n

th e  r e a l  a n d  im a g in a r y  p a r t s  o f  fir a n d  Cr- T h e s e  a r e

(2 .14)

€2 =  2hK  (2 .15 )

a n d

n =  - ^  ( e i  +  +  e-2^) 2 (2 .16 )

^ =  r- \/2
^  ( - e i  +  +  62^) (2 .17 )

2 .3  A B S O R P T I O N  S P E C T R O S C O P Y

A b s o r p t io n  s p e c t r o s c o p y  is  a  t e c h n iq u e  th a t  m e a s u r e s  th e  a b s o r p t io n  o f  r a d i a t i o n  a s  a  

f u n c t io n  o f  f r e q u e n c y  o r  w a v e le n g th ,  d u e  to  i t s  i n t e r a c t io n  w i t h  a  s a m p le .  T h e  r a t io  o f  

th e  t r a n s m i t t e d  in te n s i ty ,  / ,  t o  th e  i n c i d e n t  i n t e n s i t y  /q , a t  a  g iv e n  f r e q u e n c y  is  c a l l e d  

th e  t r a n s m i t t a n c e ,  T ,  o f  a  s a m p le  a t  t h a t  f r e q u e n c y :

I t  is  f o u n d  e m p i r i c a l l y  t h a t  th e  t r a n s m i t t e d  in t e n s i ty  v a r i e s  w i th  th e  l e n g th ,  /, o f  th e  

s a m p le  a n d  c o n c e n t r a t i o n ,  C , o f  th e  a b s o r b in g  s p e c i e s  a c c o r d i n g  to  th e  B e e r  L a m b e r t  

la w :

(2 .1 9 )
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e is called the extinction coefficient which depends on the frequency of the incid­

ent radiation and is greatest where the absorption is most intense. One can define 

absorbance as

A = -log-j- = —logT (2.20)

Combining this with eqn. 2.19 we see that for a solid

A — al (2.21)

In a solution or liquid dispersion

A =  eCl =  oNI (2.22)

Where a —absorption coefficient [m / =  sample thickness [m], e =  extinction 

coefficient [Lg~^m~^], C — concentration, [nignil^^j, a = optical cross section [m ]̂, N =

number of molecules per volume. In general A and hence a, £ or a are all measured as

a function of the wavelength. A, or equivalently photon energy, £, of the light being 

absorbed

The result is an absorption spectrum. Absorption and transmittance spectra were 

measured using a Varian Cary 6oooi spectrophotometer. A schematic of the machine is 

shown in Figure 2.2. Baseline spectra were taken before all sample scans.

2.4 W H I T E  L I G H T  T R A N S M I S S I O N  S P E C T R O S C O P Y

Multiple transmission spectra were obtained for each thin film studied during this 

work. This allowed the average transmittance to be measured for each sample. How­

ever, performing multiple scans does not give information about the spatial optical 

uniformity. Transmission scans were made using an Epson Perfection V700 Photo 

flat-bed, white light, transmission scanner with a bit depth of 48 bits per pixel and a
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Mirror
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Figure 2.2: UV-Vis spectrophotometer

sp a tia l re so lu tio n  of 6400 d p i. T he n u m erica l o u tp u t  o f th e  sc a n n e r w as  ca lib ra te d  by  

sc a n n in g  a ra n g e  o f n e u tra l  d e n s ity  filters. T h e  r e s u lta n t  c a lib ra tio n  c u rv e  w a s  u se d  

to  tra n s fo rm  th e  o u tp u t  to  re p re s e n t  tra n sm itta n c e . T h is  re su lte d  in  a t r a n s m itta n c e  

m a p  w ith  a tra n sm itta n c e  v a lu e  fo r ev e ry  p ixel. In so m e  cases th e  tra n sm itta n c e  w as  

tra n s fo rm e d  to  a b so rb an ce  o n  a p ixel by  p ixel b as is  u s in g  /4  =  — In T. T he m e a n  a n d  

s ta n d a rd  dev ia tio n  of the  tra n sm itta n c e /a b so rb a n c e  w ere  ca lcu la ted  for the  en tire  d a ta  

se t i.e. from  the  en tire  se t of tra n sm itta n c e /a b so rb a n c e  p e r pixel va lues. We define  the 

n o n -u n ifo rm ity  of th e  film  as th e  ra tio  of the  s ta n d a rd  d e v ia tio n  of th e  ab so rb a n c e  to  

th e  m e a n  a b so rb an ce  [45].

N o n  — u n i f o r m i t y  =  A A /  {A)  (2.24)

2 . 5  I N F R A R E D  S P E C T R O S C O P Y

In frared  spec tro scopy  is a tech n iq u e  based  on  the  v ib ra tio n s  of the  a to m s of a m olecule. 

A n  in f ra re d  s p e c tru m  is  c o m m o n ly  o b ta in e d  b y  p a s s in g  in f ra re d  ra d ia t io n  th ro u g h  

a s a m p le  a n d  d e te rm in in g  w h a t  frac tio n  o f th e  in c id e n t ra d ia t io n  is a b s o rb e d  a t  a 

p a r tic u la r  energy . T he e n e rg y  a t w h ic h  a n y  p e a k  in  a n  a b so rp tio n  sp e c tru m  a p p e a rs  

c o rre sp o n d s  to  th e  fre q u e n c y  o f a v ib ra tio n  o f a p a r t  o f  a sa m p le  m o lecu le . In fra re d  

sp e c tro sc o p y  e x p lo its  th e  fac t th a t m o le c u le s  a b so rb  specific  f re q u e n c ie s  th a t  a re  

c h a ra c te ris tic  o f th e ir  s tru c tu re . T h ese  a b s o rp tio n s  a re  re s o n a n t f re q u e n c ie s , i.e. th e
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f re q u e n c y  o f  th e  a b s o rb e d  r a d ia t io n  m a tc h e s  th e  f re q u e n c y  o f  th e  b o n d  o r  g r o u p  th a t  

v ib ra te s . F o r a m o le c u le  to  s h o w  in f ra re d  a b s o rp tio n s  it m u s t  p o s s e s s  a specific  fe a tu re , 

i.e . a n  e le c tr ic  d ip o le  m o m e n t  o f  th e  m o le c u le  m u s t  c h a n g e  d u r in g  th e  v ib ra t io n .  

T h is  is  th e  s e le c tio n  r u le  fo r  in f r a r e d  sp e c tro sc o p y . A  c h a in  o f  c a r b o n  a to m s  o r  a 

g r a p h i t ic  n e tw o r k  d o e s  n o t  p o s s e s s  IR -ac tiv e  v ib r a t io n a l  m o d e s .  H o w e v e r , f u n c tio n a l 

g r o u p s  s u c h  a s  C =0 o r  C = O H  a re  IR -ac tive . H e n c e , F o u r ie r  t r a n s f o r m  in f ra re d  (FTIR) 

s p e c tr o s c o p y  c a n  b e  u s e d  to  a s c e r ta in  th e  la rg e -s c a le  p r e s e n c e s  o f  r e s id u a l  o x id e s . It 

c a n  a id  in  a s s e s s in g  th e  q u a l i ty  o f g r a p h e n e .  A t te n u a te d  to ta l  re f le c ta n c e  (A TR -FTIR ) 

s p e c t r a  in  th is  th e s is  w e re  ta k e n  o n  th in  f ilm  s a m p le s .  S p e c t ra  w e re  c o l le c te d  w i th  a 

P e rk in  E lm e r S p e c tru m  lo o  e q u ip p e d  w ith  a d ia m o n d  A TR c ry s ta l. A n  IR b a c k g ro u n d  

w a s  ta k e n  p r io r  to  s a m p le  s c a n  a c q u is i tio n .

2 . 6  K A M A N  S P E C T R O S C O P Y

W h e n  a b e a m  o f  m o n o c h r o m a t ic  l ig h t  is in c id e n t  o n  a s a m p le ,  s o m e  o f  th e  l ig h t  is 

s c a t te r e d .  M o s t  o f  th is  s c a t t e r e d  l ig h t  h a s  th e  s a m e  w a v e le n g th  a s  th e  in c id e n t  lig h t .  

H o w ev er, a sm a ll f ra c tio n  o f th e  in c id e n t lig h t is sh if te d  in  w a v e le n g th  b y  th e  m o le c u la r  

v ib ra t io n s  a n d  ro ta t io n s  o f  th e  m o le c u le s  in  th e  s a m p le . T h e  s p e c tru m  is ca lle d  a R a m a n  

s p e c t r u m  a n d  w a s  f ir s t  r e p o r te d  b y  S ir  C.V. R a m a n  in  1928 [115]. T h is  te c h n iq u e  is  

w id e ly  u s e d  fo r  in v e s t ig a t in g  th e  p h y s ic a l  p r o p e r t ie s  a n d  q u a l i ty  o f  c a rb o n  m a te r ia ls  

su c h  a s  g ra p h e n e  a n d  c a rb o n  n a n o tu b e s  [1 ,1 1 6 , 117]. IR  a b s o p r tio n  a r ise s  f ro m  a d ire c t 

re s o n a n c e  b e tw e e n  th e  f re q u e n c y  o f  th e  IR  r a d ia t io n  a n d  th e  v ib r a t io n a l  f re q u e n c y  o f 

a p a r t i c u la r  n o r m a l  m o d e  o f  v ib r a t io n .  IR  a b s o r p t io n  is  a  o n e - p h o to n  e v e n t.  T h e  IR  

p h o to n  e n c o u n te rs  th e  m o le c u le , th e  p h o to n  d is a p p e a r s ,  a n d  th e  m o le c u le  is  e le v a te d  

in  v ib r a t io n a l  e n e r g y  b y  th e  e n e r g y  o f  th e  p h o to n  a t  th e  f r e q u e n c y  o f  v ib r a t io n a l  

re s o n a n c e .

In  c o n t r a s t ,  R a m a n  s c a t t e r in g  is  a tw o - p h o to n  e v e n t.  In  th is  c a se , th e  p r o p e r ty  in ­

v o lv e d  is  th e  c h a n g e  in  th e  p o la r is a b il i ty  o f th e  m o le c u le  w ith  r e s p e c t  to  its  v ib ra t io n a l  

m o tio n .  T h e  in te r a c t io n  o f  th e  p o la r i s a b i l i ty  w i th  th e  in c o m in g  r a d ia t io n  c r e a te s  a n  

i n d u c e d  d ip o le  m o m e n t  in  th e  m o le c u le ,  a n d  th e  r a d ia t io n  e m i t te d  b y  th is  in d u c e d
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F i g u r e  2 .3 : E n e r g y  le v e l  d i a g r a m  f o r  i n f r a r e d  a b s o r p t i o n  a n d  s t o k e s  R a m a n  s c a t t e r i n g

d i p o l e  m o m e n t  c o n t a i n s  t h e  o b s e r v e d  R a m a n  s c a t t e r i n g .  T h e  l i g h t  s c a t t e r e d  b y  t h e  

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

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

i n c i d e n t  r a d i a t i o n ,  w h e r e a s  t h e  R a m a n  r a d i a t i o n  i s  s h i f t e d  i n  f r e q u e n c y ,  a n d  h e n c e  

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

g a i n e d  o r  l o s t  i n  t h e  m o l e c u l e .

A n  e n e r g y - l e v e l  d i a g r a m  i s  g i v e n  i n  F i g .  2 .3 ,  w h i c h  i l l u s t r a t e s  I R  a b s o r p t i o n  a n d  

R a m a n  s c a t t e r i n g .  I n  b o t h  c a s e s  t h e  i n i t i a l  s t a t e  i s  t h e  z e r o t h  v i b r a t i o n a l  l e v e l  o f  t h e  

g r o u n d  e l e c t r o n i c  s t a t e  ( 1 )  a n d  t h e  f i n a l  s t a t e  i s  t h e  f i r s t  v i b r a t i o n a l  l e v e l  o f  t h e  g r o u n d  

e l e c t r o n i c  s t a t e  (2). I R  a b s o r p t i o n  a c h i e v e s  t h i s  s t a t e  c h a n g e  i n  o n e  s t e p ,  w h e r e a s  

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

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

f r e q u e n c y  lo \  c r e a t e s  a n  e l e c t r o n - h o l e  p a i r .  T h i s  s c a t t e r s  i n e l a s t i c a l l y  w i t h  t h e  e m i s s i o n  

o f  a  p h o n o n  cOpi, a n d  t h e n  r e c o m b i n e s  w i t h  t h e  e m i s s i o n  o f  a  s c a t t e r e d  p h o t o n  CV2- 

E n e r g y  a n d  m o m e n t u m  a r e  c o n s e r v e d  .

hcO \ —  tlC02  ± ( 2 .2 5 )
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q\=qi± qph (2 -2 6 )

This process can be simply envisaged looking at energy level diagram s such as that 

shown in Figure 2 .3  whereby interaction with the incident photon promotes a molecule 

to a virtual state. If the molecule returns to a higher energy level then the photon will 

have lost energy on interaction w ith the molecule. The em itted photon will have less 

energy and a longer wavelength. This is know n as Stokes Ram an scattering. If the 

molecule returns to a lower energy level than the one it started in, the photon will 

have gained energy on interaction with the molecule and the em itted photon will be 

of higher energy and shorter wavelength than the incident photon. This is known as 

anti-Stokes Raman scattering.

When incident photons interact with a molecule's electron cloud, the strength of the 

interaction depends on the polarisability of the molecule. For a sam ple to be Raman 

active its polarisability m ust change on interaction w ith an external field. Molecules 

w ith  distributed electron clouds such as /r—bonds which are easily polarised are 

very strong Raman scatterers and so Raman spectroscopy is a particularly useful 

characterisation technique for a wide array of nanocarbon materials.

2 .6 . 1  Raman Spectroscopy of Graphene and Graphene Layers

Figure 2 . 4  com pares the Ram an spectra of graphene and bulk graphite m easured at 

5 1 4 .5 nm  excitation [1 ]. The spectra have three principal features, these are denoted 

the D, G and 2D bands and are observed at ~  1340cm” \  ~  1580cm~^ and 2700cm“  ̂

respectively.

The D band is related to defects and disorder in hybridised carbon materials. 

This transition is forbidden in perfect graphitic system s and requires a defect for 

its activation. These defects can be atomic vacancies, functional groups bound to 

sp^—hybridised sites or the edges of the ^netw ork . The stretching of the C — C 

bond in graphitic materials gives rise to the so-called G—band Raman feature which is 

common to all carbon systems. A third band, characteristic of graphene/graphite
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is centred around 2700cm~^ and is referred to as the 2D —band. Figure 2 .4  shows a 

significant change in the shape and intensity of the 2D peak of graphene compared to 

bulk graphite. The 2D peak in bulk graphite consists of two components 2Dj and 2 D2 , 

roughly 1 /4  and 1 /2  the height of the G peak, respectively. G raphene has a single, 

sharp 2D peak, roughly four times m ore intense than the G peak. The evolution of the 

2D band from graphene to graphite was first shown by Ferrari et nl. Figure 2 .5  [1 ].

The num ber of layers (up to the screening length i.e. transition from few layer 

graphene to bulk graphite) can be inferred through observations of gradual changes in 

the Raman spectrum in a "finger print" fashion. The Raman features of graphene and 

graphite directly reflect changes in the electronic structure from stacking of successive 

layers. Hence, Raman spectroscopy is a reliable method to confirm graphene thickness 

and quality in a h igh-throughput fashion.

2 . 7  S C A N N I N G  E L E C T R O N  M I C K O S C O T Y

Scanning electron microscopy (SEM) was used  in this w ork to look at the surface 

m orphology of films and to measure their thickness. A Zeiss Ultra Plus Field Emission 

SEM was used. A coherent, monochromatic stream of electrons is formed by an electron 

source (thermionic emission or field emission) and accelerated toward the specimen. 

This stream is confined and focused using metal apertures and magnetic lenses into a 

thin beam that is directed at the sam ple as can be seen in Figure 2 .6 .

When the prim ary electron beam interacts with the sample, the electrons lose energy 

by repeated random  scattering and absorption w ithin a teardrop-shaped volum e of 

the specim en know n as the interaction volume. The size of the interaction volum e 

depends on the electron's landing energy, the atom ic num ber of the specim en and 

the specim en's density. The energy exchange betw een the electron beam  and the 

sample results in the reflection of high-energy electrons by elastic scattering, emission 

of secondary electrons by inelastic scattering and the em ission of electrom agnetic 

radiation, each of which can be detected by specialized detectors. The angle and energy 

at w hich the electrons are scattered (by elastic and inelastic collisions) allows them
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Figure 2.6: Schem atic of Scanning Electron M icroscope

to  b e  c la s s if ie d  a s  b a c k s c a t te r e d ,  s e c o n d a r y  o r  a u g e r  e l e c t r o n s /c h a r a c te r i s t i c  X -ray s . 

I m a g e s  w e re  ta k e n  o f  th e  s u r fa c e  o f  s a m p le s  a t  v a r io u s  m a g n if ic a t io n s  to  a s c e r ta in  

m o rp h o lo g ic a l  in fo rm a tio n .  S a m p le s  w e re  a lso  m o u n te d  p a ra lle l  to  th e  in c id e n t  b e a m  

to  lo o k  a t  th e  c ro ss  s e c tio n  fo r  th ic k n e s s  m e a s u re m e n ts .

2.8 A T O M I C  F O R C E  M I C R O S C O P Y

A to m ic  fo rc e  m ic ro s c o p y  (A F M ) is  a s c a n n in g  p r o b e  te c h n iq u e  th a t  m a p s  s u r fa c e  

to p o g r a p h y .  A  b a s ic  s c h e m a tic  o f  a n  A F M  is  s h o w n  in  F ig u re  2.7. i t  c o n s is ts  o f  a 

c a n t i le v e r  w i th  a t ip  a t  i ts  e n d  th a t  is u s e d  to  s c a n  th e  s u r fa c e  o f  th e  s a m p le .  T h e  

c a n t i le v e r  is  ty p ic a l ly  s i l ic o n  o r  s i l ic o n  n i t r id e  w i th  a  t ip  r a d iu s  o f  c u r v a tu r e  o n  th e  

o r d e r  o f  n a n o m e te r s .  W h e n  th e  t ip  is  b r o u g h t  in to  p r o x im ity  o f  a  s a m p le  s u r fa c e ,  

fo rc e s  b e tw e e n  th e  t ip  a n d  th e  s a m p le  le a d  to  a d e f le c tio n  o f th e  c a n ti le v e r  a c c o rd in g  

to  H o o k e 's  law :

F  =  - k x (2.27)

w h e re  x is th e  d is p la c e m e n t [m ], F is  th e  r e s to r in g  fo rce  [N ], k  is  th e  s p r in g  c o n s ta n t  

[ N m “ ^].
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Figure 2 .7 : Basic schematic diagram of AFM apparatus

There are a num ber of different m odes of operation of an AFM: contact m ode, 

non-contact m ode and tapping  mode. For contact m ode the tip is dragged across 

a surface. Atom s in the tip and surface interact, generating a force. Feedback loops 

adjust the tip height such that the tip sam ple force is constant. The position of the tip 

is m easured w ith great sensitivity by reflecting a laser off the cantilever. The vertical 

position is then plotted as a relief map over the required area of the surface. This gives 

height resolution of ^  0.1 nm and lateral resolution of ~  10 — 50nm. In non contact 

m ode the tip oscillates at its resonant frequency b u t does not come in contact w ith 

the surface. The resonance is modified by tip-surface interactions (e.g. van der Waals 

forces). Changes in oscillation phase and am plitude are detected as the tip is scanned. 

An image is built up by scanning the surface.

The m ost com m on m ode of operation is tapping  m ode. In tapping m ode, the 

cantilever is driven to oscillate up and dow n near its resonance frequency by a small 

piezoelectric elem ent m ounted in the AFM tip holder sim ilar to non-contact mode. 

The interaction of forces acting on the cantilever w hen the tip comes close to the
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su rface  i.e. Van d e r  W aals force, d ip o le -d ip o le  in te rac tio n  an d  elec trosta tic  forces cause 

th e  a m p li tu d e  o f th is  o sc illa tio n  to  d e c re a se  as th e  tip  g e ts  c lo se r to  th e  sa m p le . A n  

e lec tro n ic  se rv o  u se s  th e  p iezo e lec tr ic  a c tu a to r  to  c o n tro l th e  h e ig h t of th e  can tilev e r 

above th e  sam p le . T he se rv o  a d ju s ts  th e  h e ig h t to  m a in ta in  a set can tilev e r o sc illa tion  

a m p li tu d e  a s  th e  ca n tile v e r is s c a n n e d  o v e r th e  sa m p le . A  ta p p in g  A F M  im a g e  is 

there fo re  p ro d u c e d  by im ag in g  the  force of th e  in te rm itte n t con tac ts  of the  tip  w ith  the 

sa m p le  surface.

A FM  w as p e rfo rm e d  in  th is  w o rk  to  m e a su re  film  th ick n ess  a n d  su rface  ro u g h n ess . 

A D ig ita l In s tru m e n ts  N an o sco p e  IIIA  from  Vecco sy stem s w as u sed . A ll m easu rem en ts  

a re  c a rr ie d  o u t u n d e r  a m b ie n t a tm o s p h e re  in  ta p p in g  m o d e  u s in g  m o n o lith ic  silicon  

tip s  h a v in g  re so n a n c e  fre q u e n c y  300k H z ,  fo rce  c o n s ta n t 40N m ~ ^  a n d  tip  r a d iu s  8 — 

lOtitri

2.9 E L E C T R I C A L  P R O P E R T I E S  O F  T H I N  F I L M S

A cco rd in g  to  O h m 's  law, th e  c u rre n t f lo w in g  in  a w ire  is p ro p o r tio n a l to  th e  p o te n tia l 

d ro p  V  a lo n g  th e  w ire:

V  ^  I R  (2.28)

w h e re  R, th e  re s is tan ce  o f th e  w ire , d e p e n d s  o n  its d im e n s io n s  b u t  is in d e p e n d e n t 

o f th e  size  of th e  c u rre n t o r  p o te n tia l d ro p . T h e  d e p e n d e n c e  o f R  o n  th e  sh a p e  of the  

w ire  can  be  e lim in a te d  by  in tro d u c in g  a q u a n ti ty  ch a ra c te ris tic  o f th e  m e ta l o f w h ich  

th e  w ire  is c o m p o se d . T h e  re s is tiv ity  p  is  d e f in e d  to  be  th e  p ro p o r t io n a li ty  c o n s ta n t 

b e tw e e n  th e  e lec tric  fie ld  E  a t a p o in t  in  th e  m e ta l a n d  th e  c u r re n t  d e n s ity  j th a t it 

in d u c e s

E =  pj (2.29)

T h e  c u r re n t  d e n s ity  j is a vector, p a ra lle l  to  th e  flow  o f c h a rg e , w h o s e  m a g n itu d e  

is th e  a m o u n t o f ch a rg e  p e r  u n i t  tim e  c ro ss in g  a u n i t  a re a  p e rp e n d ic u la r  to  th e  flow. 

T h u s  if a u n ifo rm  c u r re n t / flow s th ro u g h  a w ire  o f le n g th  L a n d  c ro ss-sec tio n a l area



T H E O R Y  A N D  E X P E R I M E N T A L  M E T H O D S

A, the current density will he j — I /  A. Since the potential drop along the wire will be 

V = EL, eqn. 2.29 gives V =  IpL/A,  and hence

R ^ p L / A ^ ^ L / A  (2.30)

When investigating the electrical properties of thin uniform films the resistance 

is often given by a 2—Dimensional quantity known as the sheet resistance Rg. From 

Equation 2.30 we have

R = (2.31)a wa

where iv and t are the width and thickness which make up the cross sectional area

A of the sample. The resistivity is simply the reciprocal of the conductivity. Grouping

the resistivity and thickness together results in

This gives the expression for sheet resistance

K s  =  R  j  ( 2 . 3 3 )

And finally, linking the conductivity to the sheet resistance gives

Rs =  (2 .3 4 )aoct

The four-probe method was used to measure Rg of the films (Figure 2.8) [114]. This 

method is more accurate than the two-probe method. The contact resistance made 

between the material surface and the probe touching the surface and the spreading 

resistance caused by current flowing into the sample surface are removed due to the 

use of two additional probes. These probes do not carry any current, thus eliminating 

both the contact and spreading resistances inherent in the two-probe method. The 

experimental setup can be seen in Figure 2.8. Using silver conducting paint four collin- 

ear, equidistant, strips were painted onto the film. Then silver wires were connected 

to each contact and this arrangement was connected to a Keithley 2400 source meter.
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Figure 2.8: Four point probe setup

The distance between the m iddle two contacts (/ was m easured using digital vernier 

callipers. The length of the strips {w)  was also determ ined.

A current / was passed through the sample via the outer probes, also known as the 

force probes. The current flowing through the sam ple sets up an electrical potential 

gradient, and the resulting difference in potential (V) betw een the two iraier probes, 

referred to as the sense probes, was m easured w ith a high-im pedance voltmeter. The 

applied current / flow's only through the force probes, not the sense probes. The current 

through the sense probes was kept extremely small, and so the error in V due to ohmic 

potential drops in the sense lead wires and sense probe contact resistances is negligible. 

This ensures that the m easured difference in potential is equal to the difference in 

potential across the sample. An I / V  curve was generated, the inverse slope of which 

gave the resistance R by ohms law R =  V/ I .

2 . 1 0  E L E C T R O C H E M I C A L  D O U B L E  L A Y E R  C A P A C I T O R S

In electrochemical systems, we are concerned with the processes and factors that affect 

the transport of charge across the interface betw een chemical phases, for example,
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between an electronic conductor (an electrode) and an ionic conductor (an electro­

lyte). The events that occur at the electrode/electrolyte interface when a potential is 

applied and current passes are of main interest. We use an electrochemical cell to 

study this interface. It usually consists of two electrodes separated by an electrolyte 

phase. A difference in electric potential can be measured between the electrodes in 

an electrochemical cell. This cell potential, measured in volts (V), is a measure of the 

energy available to drive charge externally between the electrodes. The transition in 

electric potential in crossing from one conducting phase to another usually occurs 

almost entirely at the interface. The sharpness of the transition implies that a very 

high electric field exists at the interface, and one can expect it to affect the behaviour 

of charge carriers (electrons or ions) in the interfacial region. Also, the magnitude of 

the potential difference at an interface affects the relative energies of the carriers in 

the two phases; hence it controls the direction and the rate of charge transfer. Thus, 

the measurement and control of cell potential is one of the most important aspects of 

experimental electrochemistry.

The overall chemical reaction taking place in a cell is made up of two independent 

half-reactions, which describe the real chemical changes at the two electrodes. Each 

half-reaction responds to the interfacial potential difference at the corresponding 

electrode. We are interested in one of these half reactions and the electrode at which 

this occurs is called the working electrode. In order to focus on it the other half cell 

is standardised by using a reference electrode. The reference electrode is made up 

of phases having essentially constant composition, because of this constant make up 

its potential is fixed. Therefore, any changes in the cell are ascribable to the working 

electrode. We say that we observe or control the potential of the working electrode 

with respect to the reference, and that is equivalent to observing or controlling the 

energy of the electrons within the working electrode. By driving the electrode to more 

negative potentials, the energy of the electrons is raised. They can reach a level high 

enough to transfer into vacant electronic states in species in the electrolyte. In that case, 

a flow of electrons from electrode to solution (a reduction current) occurs (Figure 2.9A). 

Similarly, the energy of the electrons can be lowered by imposing a more positive 

potential, and at some point electrons on solutes in the electrolyte will find a more
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The m olecular o rbitals (MO) of species A show n  are the h ighest occupied  M O  and  

the low est vacan t M O. These co rresp o n d  in an  ap p ro x im ate  w ay  to  th e  E°s of the 

A /A ~  an d  A+ /A  couples, respectively  [118].

fa v o u ra b le  e n e rg y  o n  th e  e le c tro d e  a n d  w ill  t r a n s fe r  th e re . T h e ir  flow , f ro m  s o lu t io n  to  

e le c tro d e ,  is a n  o x id a t io n  c u r r e n t  (F ig u re  2.9B). T h e  c r it ic a l p o te n t ia ls  a t  w h ic h  th e s e  

p ro c e s s e s  o c c u r  a r e  r e la te d  to  th e  s t a n d a r d  p o te n t ia ls ,  E°,  fo r  th e  sp e c if ic  c h e m ic a l  

s u b s ta n c e s  in  th e  sy s te m .

In  th is  w o r k  w e  a r e  c o n c e r n e d  w i th  e n e r g y  s to r a g e  a t  th e  in te r fa c e  b e tw e e n  th e  

e le c t ro d e  a n d  e le c tro ly te . T w o  ty p e s  o f  p ro c e s s e s  o c c u r  a t  e le c t ro d e s  th a t  c a n  le a d  to  

c h a rg e  s to ra g e . O n e  k in d  c o m p ris e s  re a c tio n s  lik e  th o s e  ju s t  d is c u s s e d , in  w h ic h  c h a rg e s  

(e .g ., e le c tro n s )  a r e  t r a n s f e r r e d  a c ro s s  th e  m e ta l - s o lu t io n  in te r fa c e .  E le c tro n  t r a n s f e r  

c a u se s  o x id a tio n  o r  re d u c t io n  to  occur. S in ce  su c h  re a c tio n s  a re  g o v e rn e d  b y  F a ra d a y 's  

law  (i.e., th e  a m o u n t  of c h e m ic a l re a c tio n  c a u s e d  b y  th e  flow  o f c u r r e n t  is p ro p o r t io n a l  

to  th e  a m o u n t  o f  e le c tr ic i ty  p a s s e d ) ,  th e y  a r e  c a l le d  f a r a d a ic  p r o c e s s e s .  T h e  s e c o n d  

p ro c e s s  is  n o n  f a ra d a ic  in  w h ic h  c h a rg e  a c c u m u la t io n  is a c h ie v e d  e le c tro s ta t ic a l ly  b y  

p o s i t iv e  a n d  n e g a t iv e  c h a r g e s  r e s id in g  o n  tw o  in te r fa c e s  s e p a r a te d  b y  a  m o le c u la r  

d ie le c tr ic .
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An electrode at w hich no charge transfer can occur across the m etal-solution interface, 

regard less of the po ten tia l im p o sed  by  an o u ts id e  source of voltage, is called an  

ideal po larised  electrode (IPE). Since charge caraio t cross the IPE in terface w hen  the 

po ten tia l across it is chan g ed , the b eh av io u r of the e lec trode-so lu tion  in terface is 

analogous to that of a capacitor. If we consider a cell consisting of an  IPE and an ideal 

reversible electrode. This can be approx im ated  by an  electrical circuit w ith  a resistor , 

Rs ,  rep resen ting  so lu tion  resistance and  a capacitor, Q^, represen ting  the double layer. 

A capacito r is an  electrical c ircu it e lem en t com posed  of tw o m etal sheets sep ara ted  

by a dielectric m ateria l. The b eh av io u r of a capacito r is g overned  by the follow ing 

equation

w h ere  q is the charge s to red  on  the  capacito r (in C oulom bs, C), V  is the po ten tia l 

across the capacitor (in volts), and  C is the capacitance (in Farads, F). W hen a potential 

is applied  across a capacitor charge will accum ulate on its m etal p lates until q satisfies 

eqn. 2.35. D u rin g  this charg ing  process, a cu rren t (called the  charg ing  curren t) w ill 

flow. The charge on the capacitor consists of an  excess of electrons on one plate and  a 

deficiency on the other.

The energy E stored  in a capacitor can be calculated in joules by equation  2.36

£ =  1 / 2CV^  (2.36)

A n ideal capacitor w ith  no cu rren t flow will store energy  and  charge for ever.

Pow er d raw n  from  a capacito r d u rin g  charge o r d ischarge is p ro p o rtio n a l to the 

capacito r's  voltage and  the electrical curren t, given by E quation 2.37

P = V I  (2.37)

P is the pow er in w atts  (w) an d  /  is the electrical cu rren t in  am p eres  (A). A n ideal 

capacitor loses no  pow er or energy  d u rin g  charge or discharge.

However, the ideal capacitor does no t exist and  alw ays have lim itations. C apacitors 

can on ly  o p era te  w ith in  a "vo ltage w in d o w "  w ith  b o th  an  u p p e r  an d  low er voltage

limit. The range of the voltage w indow  strongly dep en d s on  the electrolyte w hich can
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be aqueous or non-aqueous. Voltages outside of this window can cause electrolyte 

decomposition damaging the device. Non-aqueous electrolytes can have a much wider 

voltage window.

Real capacitors suffer from power loss during charge and discharge. This loss is 

caused by resistances in electrical contacts, electrodes, and electrolyte. The sum of 

these resistances is called Equivalent Series Resistance ( E S R ) .

Information about an electrochemical system is often gained by applying an electrical 

perturbation to the system and observing the resulting changes in the characteristics 

of the system. We now consider the response of the IPE system, represented by the 

circuit elements Rs and in series, to several common electrical perturbations.

(a) Potential step

The result of a potential step to the IPE is the familiar RC circuit problem. The

charge, q, on a capacitor as a ftmction of the voltage across it, Vc'.

q ^ Q V c  (2.38)

At any time the sum of the voltages, Vr and across the resistor and the capacitor,

respectively must equal the applied voltage; hence

V  =  Vr +  Vc =  iRs +  ^  (2.39)

Noting that / =  d q / d t  and rearranging yields

dq  —q V  , ,
=  ----   H-----  (2.40)

d t  R s Q  Rs

If we assume that the capacitor is initially uncharged {q =  0 a t  t =  0), then the 

solution of is

q =  V Q  1 — (2.41)

differentiating with respect to time gives

/ ^  y_^-t/RsQ (2 .4 2 )
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T h e b e h a v io u r  o f th e  c u rre n t,  i, w ith  tim e  f, w h e n  a p p ly in g  a p o te n tia l  s tep  of 

m a g n itu d e  £ . H e n c e  fo r a p o te n tia l  s te p  in p u t, th e re  is a n  e x p o n e n tia lly  d ecay in g  

c u r re n t  h a v in g  a tim e  c o n s ta n t, t  =  K jQ . T h e  c u r re n t  fo r  c h a rg in g  th e  d o u b le -lay e r 

cap ac itan ce  d ro p s  to  3 7 %  of its  in itia l v a lu e  at t — t ,  a n d  to  5 %  a t f  =  3t .

(b) C u rre n t S tep

W h e n  th e  R s Q  c irc u it is c h a rg e d  b y  a c o n s ta n t c u rre n t, th e n  e q u a tio n  2.39 a g a in  

ap p lie s . S ince

a n d  i is a c o n s ta n t

/ r ‘
V =  iRs +  ^  dt

Jo

or

V =  i { Rs  +  t / C d )

H ence , th e  p o ten tia l in c reases  lin e a rly  w ith  tim e  for a c u rre n t s tep .

(c) V oltage R am p  (P o ten tia l S w eep)

A v o ltag e  ra m p  o r lin e a r  p o te n tia l sw eep  is a p o te n tia l th a t in c reases  lin e a rly  w ith  

tim e s ta rtin g  a t som e initial va lu e  (here  a ssu m ed  to  be  zero) a t a sw eep  ra te  v  (in V/ s ) .

If su ch  a ra m p  is a p p lie d  to  th e  RsQ# c ircu it, e q u a tio n  2.39 still ap p lie s ; hence

V — vt  =  Rs { d q / d t )  + q/ C^

If (j =  0 a t f =  0 see a p p e n d ix  sec tio n  8.1

i =  v Q  [1 -  e x p ( - f / i ? s Q ) ]

T h e  c u r re n t  r ises  fro m  ze ro  as th e  scan  s ta r ts  a n d  a tta in s  a s te a d y -s ta te  v a lu e , i /Q . 

This s tead y  sta te  c u rre n t can  be  u se d  to  estim a te  Q .  If th e  tim e  co n stan t, R s Q / is sm all 

co m p ared  to  v,  the  in s ta n ta n e o u s  c u rre n t can be  u se d  to  m easu re  Q  as a fu n c tio n  of E.

If o n e  in s te a d  a p p lie s  a tr ia n g u la r  w av e  (i.e., a r a m p  w h o s e  sw e e p  ra te  sw itc h e s  

fro m  V to  —1/ a t so m e  p o te n tia l ,  E\) ,  th e n  th e  s te a d y -s ta te  c u r re n t  c h a n g e s  fro m  v Q
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Figure 2.10: C urren t transient (i vs. t) resu lting from  a po tentia l step experim ent. V -t behaviour 

resu lting  from  a curren t step experim ent [118].

d u r in g  the  fo rw a rd  (in c re a s in g  V ) scan to  — I 'Q  d u r in g  the  reverse (decreas ing  V ) scan. 

T he  re s u lt fo r  a sys tem  w ith  co n s ta n t is s h o w n  in  F ig u re  2.11

2.10.1 Electrochemical Impedance Spectroscopy (E IS)

E le c tr ic a l re s is tance  is  th e  a b i l i t y  o f  a c ir c u it  e le m e n t to  re s is t th e  f lo w  o f e le c tr ic a l 

c u rre n t. O h m 's  la w  (Eqn. 2.28) de fines  res is tance in  te rm s  o f the  ra t io  be tw e e n  v o lta g e  

and  c u rre n t. H ow eve r, in  te rm s  o f c irc u its  th is  re la tio n s h ip  is l im ite d  to  o n ly  one c irc u it  

e le m e n t - the  id e a l res is to r. A n  id e a l re s is to r has seve ra l s im p li fy in g  p ro p e rtie s :

•  I t  fo l lo w s  O h m 's  L a w  a t a ll c u r re n t a n d  v o lta g e  leve ls.

•  Its  res is tance  v a lu e  is  in d e p e n d e n t o f  fre q u e n cy .

•  A C  c u rre n t a n d  v o lta g e  s ig n a ls  th o u g h  a re s is to r a re  in  phase  w it h  each o the r.

H o w e v e r, m o s t c ir c u it  e le m e n ts  e x h ib it  m u c h  m o re  c o m p le x  b e h a v io u r . To d e sc rib e  

these e le m e n ts  w e  use a m o re  g e n e ra l c ir c u it  p a ra m e te r  th a n  re s is ta n ce , im p e d a n c e .



T H E O R Y  A N D E X P E R I M E N T A L M E T H O D S

Applied E{t)
ResuJtani (»= /(/)!

ResuHanli

R esultant [i = /(£)}

Applied £
f

Figure 2.11: Current-time and current-potential plots resulting from a cyclic linear potential

Impedance is a measure of the ability of a circuit to resist the flow of electrical current, 

bu t unlike resistance, it is not limited by the simplifying properties listed above.

Electrochemical im pedance is usually m easured by applying an AC potential to an 

electrochemical cell and then m easuring the current through the cell. If we assum e 

that we apply a sinusoidal potential excitation. The response to this potential is an AC 

current signal. This current signal can be analysed as a sum  of sinusoidal functions 

(a Fourier series). Electrochemical im pedance is norm ally m easured using  a small 

excitation signal. This is done so that the cell's response is pseudo-linear. 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.

The excitation signal, expressed as a function of time has the form

sweep(or triangular wave) applied to a RC circuit [118].

£( =  £0 sin (a;f) (2 4 3 )

w here E; is the potential at timef, £0 is the am plitude of the signal, and  l o  is the 

angular frequency.
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In  a l in e a r  s y s te m , th e  r e s p o n s e  s ig n a l.  It, is  sh if te d  in  p h a s e  (<^)and h a s  a  d if fe re n t 

a m p l i tu d e ,  Iq

It =  h  s i n  { ivt  +  (p) (2 4 4 )

A n  e x p re s s io n  a n a lo g o u s  to  O h m 's  L aw  a llo w s  u s  to  c a lc u la te  th e  im p e d a n c e  o f  th e  

s y s te m  as:

Et s in  (cvt)
~r ^  Zo ■ , , , (245)It s in  [cot +  (p)

W ith  E u le rs  r e la t io n s h ip .

exp{j (p )  =  c o s  (p +  j  s in  <p (2 4 6 )

i t  is  p o s s ib le  to  e x p r e s s  th e  im p e d a n c e  a s  a  c o m p le x  f u n c tio n .  T h e  p o te n t ia l  is

d e s c r ib e d  a s

Ef =  Eo e x p  (2.47)

a n d  th e  c u r r e n t  r e s p o n s e  as

It =  k e x p i j c v t  -  cp) (2.48)

T h e  im p e d a n c e  is th e n  r e p r e s e n te d  a s  a c o m p le x  n u m b e r ,

£
z  {co) =  - j  =  Z q e x p  {j(p) =  Zo (co s  cp +  j  s in  (p) (2.49)

T h e  e x p r e s s io n  fo r  Z  (a ;)  ( e q u a t io n  2 .49) is  c o m p o s e d  o f  a re a l  a n d  a n  im a g in a r y

p a r t .  If th e  re a l p a r t  is  p lo t t e d  o n  th e  X -ax is a n d  th e  n e g a t iv e  o f  th e  im a g in a ry  p a r t  is 

p lo t te d  o n  th e  Y -axis o f  a  c h a r t ,  w e  g e t  a " N y q u is t  P lo t"  (F ig u re  2.12)

O n  th e  N y q u is t  P lo t th e  im p e d a n c e  ca n  b e  r e p r e s e n te d  a s  a v e c to r  (a r ro w )  o f le n g th  

|Z |.  T h e  a n g le  b e tw e e n  th is  v e c to r  a n d  th e  X -ax is, c o m m o n ly  c a lle d  th e  " p h a s e  a n g le " , 

is(p{=  a rg  Z ).

In  th e  p r e v io u s  s e c t io n  th e  r e s p o n s e  o f  a n  IP E  a n d  a n  id e a l  r e v e rs ib le  e le c t ro d e  to  

v a r io u s  p e r tu r b a t io n s  w a s  d e s c r ib e d .  T h e  e q u iv a le n t  c i r c u i t  fo r  s u c h  a  s y s te m  w a s  a
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Figure 2.12: Nyquist Plot with Impedance Vector

resistor Rg in series w ith a capacitor Q . The im pedance of these circuit elem ents are 

given by the following equations

Z r ,  -  Rs (2.50)

Zq  =  7 ( 2 .5 1 )

For impedances in series

Z  =  +  Z q  =  K s +  1 /jivCd (2 .5 2 )

In chapter 7 we use this to calculate the ESR of carbon nanotube electrodes. At high 

frequency the Z q  com ponent goes to zero and Z  =  Rs =  R e s r -
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Summ ary

The experimental techniques and relevant theory used throughout this work have 

been described. The exact procedure for sample preparation will be detailed in each 

subsequent chapter.





3
F L E X I B L E ,  T R A N S P A R E N T ,  C O N D U C T I N G  F I L M S  OF 

R A N D O M L Y  S T A C K E D  G R A P H E N E  F R O M  

S U R F A C T A N T - S T A B I L I S E D ,  O X I D E - F R E E  G R A P H E N E  

D I S P E R S I O N S

3.1 I N T R O D U C T I O N

Over the last decade a num ber of new m aterials to replace ITO have been proposed. 

Num erous publications have emerged describing carbon-nanotube films as transparent 

conductors. To date, carbon nanotube films have been prepared w ith direct current 

(DC) conductivities close to 6.5 x 10^S)h  ̂ [14, 43]. This value is im portant because 

it represents the threshold, above which films can be prepared w ith T >  90% for 

Rs < 100n /s ( j . These are the m inim um  requirem ents as set by com panies such as 

Hew lett-Packard for a m aterial to be industrially  useful as a transparent conductor. 

Additionally, nanotube films and polymer-nanotube composite films have been shown 

to be electrom echanically stable under flexing for a large num ber of cycles w ith  no 

deterioration in the electrical properties [45, 96]. However, while nanotubes may seem 

very attractive they rem ain very expensive. Arc-discharge single walled nanotubes 

(SWNTs), which are know n to form  the m ost conductive films, cost approxim ately 

$1500^ “ ^(Iljin Nanotech)[45]. By contrast, the graphite powder used for this work costs 

^ $ 5 k g - \

An alternative solution would be the identification of a cheaper, alternative form of 

graphitic nanoscale carbon that can be formed into highly conductive, thin, transparent 

films. It was believed that thin films of layered (but not Bernal, i.e. AB, stacked) 

may have been a suitable alternative. In this work we have used surfactant-stabilized 

dispersions of graphene in water to prepare a range of thin films with varying thickness 

[31, 83]. We com pare the results obtained to the data from the literature and have

59
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exam ined  the su itability  of netw orks of g raphene flakes as po ten tial ITO rep lacem ent 

m aterials.

3.2 R E S U L T S  A N D  D I S C U S S I O N

3.2.1 Characterisation

The ab ility  to  exfoliate g rap h ite  in  the liqu id  p h ase  to give g rap h en e  w ith o u t any  

o x id a tio n  o r significant defect fo rm ation  is key to this w ork . We em p lo y  the sim p le  

ap p ro ach  of son icating  g rap h ite  p o w d er in  a w a te r su rfac tan t so lu tio n  to give d ark - 

co lou red  d ispersions. S od ium  cholate (SC) is w ell-know n as an  efficient su rfac tan t 

for carbon n an o tu b es [82, 119]. A fter cen trifugation  w e get g rey  d isp ers io n s w ith  a 

concen tra tion  of u p  to  OMm g / i i i I  b u t typ ically  0.005 n i g / ml  (F igure 3.1A). The 

procedure  used is sim ilar to the one previously outlined  for g raph ite  exfoliation using 

the surfactant sodium  dodecyl benzene sulfonate (SDBS) [83]. However, at the tim e we 

believed tha t sod ium  cholate to  be  superio r in te rm s of the concen tration  and  degree 

of exfoliation achievable. This a.ssum ption has su b seq u en tly  been  sh o w n  to be  tru e  

by  w ork  d o n e  in o u r g ro u p  by Smith et al. [120]. A fter cen trifugation  tran sm issio n  

e lec tron  m icroscopy analysis of the  d isp ers io n s show s large q u an titie s  of m o n o -an d  

few -layer g rap h en e  (F igure 3.1B). The h ig h  d eg ree  of exfoliation achievable in these 

d ispersions suggests that they m ay be ideal for applications such as the p repara tion  of 

th in  conducting  films.

We have p rep a red  th in  g raph itic  films by v acu u m  filtration of these g raphene-rich , 

su rfactan t stabilised dispersions [83]. A p h o to g rap h  of an  as-p repared  film s is show n 

in  F igure 3.1C. These film s look un ifo rm  to the  n ak ed  eye b u t w e can  q u an tify  the  

op tical u n ifo rm ity  u sin g  a tran sm issio n  scanner. T he spatia l n o n -u n ifo rm ity  of the  

tran sm ittan ce  w as A T / T  < 4% (stan d a rd  dev ia tio n  of local tran sm ittan ce  m easu red  

over 500 x 500 4/<;« sized pixels-^m ean transm ission). U sing SEM w e investigated  the 

film surface (f =  72nm)  m ore closely as show n in Figure 3.1D. It is clear from  this im age 

th a t these films consist of a d iso rd ered  array  of g raph itic  flakes ly ing ap p ro x im a te ly
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Figure 3.1: Photograph of a w a ter/sod ium  cholate graphene dispersion before (left) and after 

(right) centrifugation. B) TEM im age of a g raphene flake deposited from sodium  

cholate stabilized aqueous graphene dispersion. ( scale bar loonm ) C) Photograph 

of a graphitic film on PET D) SEM image of a 72-nm-thick graphitic film (scale bar 

200nm)
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Figure 3.2: ATR-FTIR spectra for both as-produced and annealed graphitic films. Neither 

spectrum shows any evidence of oxidisation.

in the plane of the film. These flakes have lateral dim ensions ranging from hundreds 

of nanom etres to a few microns. W hile it is impossible to gauge their thickness from 

these images, a num ber of the flakes appear significantly thicker than m onolayers 

suggesting that some aggregation of the graphene flakes has occurred during  film 

form ation. However, some flakes appear partially transparent to the electron beam, 

suggesting them to be relatively thin.

It is im portant to note that we prepare these films from dispersions of graphene not 

graphene oxide [83]; m easurem ents have shown that the dispersion process does not 

introduce significant quantities of defects or oxides to the flakes. Nevertheless, it is 

im portant to confirm the absence of defects or oxides in these filtered films. We test 

for oxides using FTIR as shown in Figure 3.2. Oxides such as C =  O or C -  O groups 

have characteristic features at 1000c ?h “ ^ and 1600c ; h “ ^ respectively. These features 

tend to be relatively intense in FTIR spectra of graphene oxide films [121]. No such 

features are observed here. We note that the features appearing  in Figure 3.2 in the 

range 600 — 1300cm“  ̂ are associated w ith the quartz substrate.

We can also test for the presence of structural defects using Raman spectroscopy. It 

is noteworthy that the Raman spot size is approxim ately ( 5/nn) and that this is much 

larger than flakes meaning one generally will see edges. Examples of typical spectra for
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Figure 3.3: Raman spectra (633 nm) for graphite powder, an as-produced film and an annealed  

film.

a thin film deposited  on glass are show n in Figure 3 .3 . A significant difference betw een 

the spectra of the starting  graphite pow der and  the th in  films is apparent. Three bands 

are im m ediately clear; the D band  around 1300c;»“ \  the G band  around  1600c;»^^and 

the 2D b an d  a ro u n d  2650c»;^^ The D an d  2D b an d s  are of m ost in terest. T he D 

band is indicative of the presence of defects, w hich in g raphene are generally  d iv ided  

into basa l p lan e  defects an d  ed g e  defects. P rev io u s s tu d ies  of g rap h en e  exfoliated  

from  g rap h ite  u sin g  su rfac tan ts  or am ide so lvents have sh o w n  very  sm all D b an d s  

w hich  have been  a ttr ib u ted  to flake edges. In the  th in  film  sh o w n  here, th is b an d  is 

relatively intense com pared  to the sm aller b an d  observed  in  the g raph ite  pow der. (In 

ad d itio n  the g ro w th  of the sh o u ld e r a t ~  1615cm~^, k n o w n  as the D' b an d  an d  is 

ind icative of som e defect creation.) [1 2 2 ] A t first s ig h t th is suggests  the  p resence of 

basal p lane defects, possibly induced du rin g  sonication. However, the sonication tim e 

em ployed du ring  this s tudy  was a m axim um  of 5hrs. Lotya et al. through a com bination 

of R am an spectroscopy an d  TEM analysis have d em o n stra ted  th a t the scaling of the 

Ram an D -band to G -band ratio, / p /  Ig, show s that p ro longed  sonication up  to 460hrs 

d id  n o t m easu rab ly  d am ag e  the flakes or red u ce  their la teral d im en sio n s th ro u g h  

sonication induced scission. A dditionally, increasing the centrifugation ra te resulted  in 

a reduction  of flake d im ensions. The / p /  Iq scaling w ith  cen trifugation  ra te  is largely 

consisten t w ith  new  ed g es being  observed  d u e  to overall flake size reductions. The

2DGraphite powder

As-produced

500 C anneal
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/ d /  /crat^io observed in this w ork  for d ispersion  centrifuged  at 5000 rp m  is consistent 

w ith  tha t observed  by Lotyn et al. for the sam e cen trifugation  ra te  [84]. The flake size 

and  R am an d a ta  correlate w ell w ith  su rfactan t d isp ersed  g rap h en e  flakes physically  

separated  by size using colum n chrom atography [123]. The form ation  of edge defects 

is inevitable as the sonication process breaks u p  the starting  g raph ite  crystals to form  

sm aller g raphene flakes. These flakes have m ore edges p er u n it flake area, resu lting  in 

a h ig h er edge  defect p o p u la tio n  an d  hence a h ig h e r D : G ratio . A lth o u g h  w e have 

show n  th a t ou r g raph itic  film s have low defect con ten ts  co m p ared  to CM Gs, it m ay 

be ad v an tag eo u s to use  a p o st trea tm en t s im ilar to  ho w  g rap h en e  oxide is red u ced  

such as an  annealing  step .T here are two reasons for this: m icrom echanically  cleaved 

graphene is generally  am iealed to im prove electrical perform ance [91] and by analogy 

w ith  n ano tube  films a post-trea tm en t m ay rem ove residual su rfactan t [124].

3.2.2 Thickness dependence

We have m easu red  the  th ickness dep en d en ce  of op tical an d  electrical p ro p e rtie s  of 

these as-p ro d u ced  an d  an n ealed  graphitic  film s. Film s w ere d ep o sited  on cellulose 

m em branes by v acu u m  filtration. These w ere cu t in half an d  tran sferred  on to  glass 

substrates. This m eans that the edge of the film corresponding  to the cut is reasonably 

well defined . The edges w ere im aged  by AFM  as sh o w n  in F igure 3.4 for a film 

of th ickness app rox im ate ly  30nm.  By m easu rin g  the  step  h e ig h t a t the  edge , w e 

can m easu re  the film  th ickness. T he film th ickness w as in itia lly  estim ated  from  the 

concentration  of the d ispersion . This was calculated  as the film  v'olume {Mfu,,,/pfu,,,) 

over the film area (Afu,,,), from  the absorbance of the d ispersions used to p rep are  the 

films using:

 ̂ ^ f i l m  ^d isp^d isp  1

P f i h n - ' ^ f i l m  ^ d i sp^  P

W here an d  V^isp are the  d isp ersio n  abso rbance an d  vo lum e, oc ĵg îs th e  d is­

p ers io n  ab so rp tio n  coefficient {I390mhng~^fn~^ [83]), pfUnA^ the film  d en sity  (taken  

as 2200kg / 7n^) an d  Rfu,,, is the fllm  rad iu s  ( I8mm).  T he m easu red  film  th ickness is
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•  Thickness before anrteai 
■ Thickness after annea> (run)

Estimated thickness (nm)

Figure 3.4: AFM image of a film edge, n te  graphs show film topology along the horizontal 

and vortical lines shown. Measured film thickness plotted versus estimated film 

thickness.

plotted versus estim ated thickness in Figure 3.4. The slope of this curve can then be 

used to calculate the true film thickness for all films.

Shown in Figure 3.5 are optical transmission spectra for a range of films . These spec­

tra are broad and featureless as expected for a m aterial com posed of 2—dim ensional 

entities. Typically the transmittance varies from 90% to 35% as the thickness increases 

from 6nm to 88nin (Figure 3.5).

For thin conducting films, the transmittance scales w ith thickness as

T =  ( 1  +  " (3-2)

This expression fits well to both data sets with a value of agp «  4.2 x 10^S/?n (Figure 

3.6A). W hen one analyses data presented in the literature for reduced GO films, one 

finds values of crgp in the range 5 — 10 x in reasonable agreem ent w ith our

value [71, 76, 86]. Shown in Figure 3.6B is data for Rj for each film type. W hile both 

data sets decrease w ith increasing film thickness, the annealed data is significantly 

lower than the as-produced. In addition while both data sets scale inversely w ith 

thickness at high thicknesses, both sets display anom alously high sheet resistances at 

lower film thickness. This has been observed for films of both carbon nanotubes [45] 

and silver nanowires [3] and will be expanded upon in chapter 5.

To see this m ore clearly we calculate the DC conductivity  from Udc =  l/R s^/ as 

show n in Figure 3.6C. N ote that the conductivity ratio, (Tdc / cto,,, is show n on the
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Figure 3.5: Transmittance spectra for thin as-produced graphitic film s of various thicknesses.

(NB the spectra were not altered by annealing.)

right axis. For both film types the DC conductivity is constant for thicknesses above 

20 nm . For the annealed film, Udc =  1-5 x lO ^S/in above 20nm. This is equivalent to 

(7Dc/^Ofi ~  0-35. Such a DC conductivity value is close to the best data for chemically 

m odified graphene films [125]. However for thinner films the conductivity falls off 

significantly. Such behaviour is observed for other nano-structured thin films [3, 45, 96, 

101] and has previously been attributed to thickness non-uniform ity at low thickness 

[3, 45]. To study  this we m easure the film thickness non-uniform ity by m easuring 

the spatially resolved absorbance using a transm ittance scanner . We define the non­

uniform ity as the standard deviation of absorbance divided by the m ean absorbance. 

We plot this param eter for both film types in Figure 3.6D. In both cases, the non­

uniform ity is constant for thicknesses above 20 nm. However below t =  20nm the 

non-uniformity increases substantially. This behaviour was not well understood at the 

time of doing this work. A more complete explanation will be given in Chapter 5. For 

nanotube and nanowire films, it has been suggested that the increase in non-uniformity 

tends to occur for thicknesses close to twice the nanotube bundle /  nanowire diam eter 

[3, 45]. If a similar rule applied here, it would suggest that the graphitic flakes making
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Figure 3 .6 : Optical, electrical and uniform ity data for as-produced and annealed (500®C) films.

A) Transmittance ( 5 5 0  nm) plotted as a function of film thickness. The dashed line 

is a fit to equation 2  and is defined by aop = 4.2 x 10‘̂ S /m .  Inset: The same data is 

plotted to illustrate the applicability of equation 2 . B) Sheet resistance as a function 

of thickness. The dashed line illustrates bulk behaviour. C) DC conductivity plotted 

versus film thickness. Note that the DC conductivity falls off below' t  =  20nm. The 

right axis denotes crDc/<^Op- D) Film non-uniform ity plotted versus film thickness. 

The non-uniform ity is defined as the standard deviation of a set of spatially resolved 

absorbance m easurem ents divided by the m ean absorbance.
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F igure 3.7: E lectrom echanical test se t-up

u p  th e  film s a re  lO n m  in  th ic k n e s s . T h is  s u g g e s ts  s ig n if ic a n t a g g re g a tio n  h a s  o c c u rre d  

d u r in g  film  f o rm a tio n .  W e n o te  th a t  th e  u n if o rm ity  is  b e t te r  in  th e  a n n e a le d  s a m p le s .  

To te s t  th is  f u r th e r  w e  p e r f o r m e d  a to m ic  fo rc e  m ic ro s c o p y  o n  a  n u m b e r  o f  o u r  f ilm s. 

S u ch  im a g e s  sh o w e d  g ra p h it ic  f lak e s  o f s iz e s  s im ila r  to  th o se  in  th e  SEM  im a g e s . T h e se  

f lak e s  d isp la y e d  a ra n g e  o f h e ig h ts  f ro m  a few  n m  to  10s o f  n m . W e m e a s u re d  th e  ro o t 

m e a n  s q u a r e  r o u g h n e s s  fo r  f ilm s  b e fo re  a n d  a f te r  a n n e a l in g  f in d in g  v a lu e s  o f  I 3 nin  

a n d  l l 7im  r e sp e c tiv e ly . T h e  f ilm s  a f te r  a n n e a l in g  w e r e  c o n s is te n t ly  a b o u t  20%  le ss  

r o u g h  s u g g e s t in g  th a t  s o m e  r e -o rg a n is a t io n  o c c u rs  d u r in g  a n n e a l in g  (F ig u re  3.4).

3.2.3 Mechanical Properties

N a n o - s t r u c tu r e d ,  th in ,  t r a n s p a r e n t  f i lm s  a re  m o s t  l ik e ly  to  b e  u s e d  in  e - p a p e r  ty p e  

a p p lic a tio n s . T h u s  th e y  m u s t  re ta in  th e ir  c o n d u c tiv i ty  u n d e r  flex in g . W e m o n ito re d  th e  

film  c o n d u c t iv i ty  u n d e r  b o th  te n s ile  a n d  c o m p re s s iv e  b e n d in g  fo r  tw o  g ra p h i t ic  f ilm s  

o n  P E T  o f th ic k n e s s  40  n m  a n d  88  n m  a s  s h o w n  in  F ig u re  3 -8 (T h e  e x p e r im e n ta l  te s t  

s e t-u p  is s h o w n  in  F ig u re  3.7). T h e  film s w e re  b e n t  f ro m  a n  in it ia l  r a d iu s  o f  c u r v a tu re  of 

7.5 m m  to a f in a l r a d iu s  o f 2.5 m m  b e fo re  b e in g  re la x e d . T h is  w a s  r e p e a te d  o v e r  m a n y  

b e n d  cy c le s . D u r in g  th e  f ir s t  b e n d  cy c le  ( in se ts )  th e  r e s is ta n c e  in c re a s e d  s l ig h t ly  fo r
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th e  film s in  tension . T he co m p ressiv e ly  b e n t film s d isp lay ed  m o re  com plex  b e h a v io u r

re s is ta n c e  p e r  cycle fo r  b o th  film s. In  each  case  th e  re s is ta n c e  fa lls  s lig h tly  over 2000 

cycles. W e n o te  th a t  n o n e  o f th e  film s fa iled . R a th e r  th e  m e a s u re m e n t w a s  lim ite d  

b y  tim e  c o n s tra in ts . T h e  d e c re a se  in  re s is ta n c e  fo r film s cycled  in  b o th  te n s io n  a n d  

co m p ressio n  m ay be d u e  to  som e reo rd e rin g  of th e  n e tw o rk . T he rep ea ted  cycling cou ld  

re s u lt  in  a g re a te r  c o n n e c tiv ity  in  th e  n e tw o rk  re s u ltin g  in  a lo w er sh e e t re s is ta n c e  

[126]. S im ilar b e h a v io u r  h as  b een  o b serv ed  for film s of ca rb o n  n a n o tu b e s  [45].

3.2.4 Comparison with the literature

In  gen era l for th in  m eta llic  film s the  tra n sm itta n c e  is re la te d  to  the  sh ee t re s is tan ce  by  

[4 4 / 1 2 7 ]

w h e re  Zq is th e  im p e d a n c e  o f free  sp a c e  a n d  a o c  a n d  aop  a re  th e  D C  a n d  o p tic a l 

c o n d u c tiv ity , re spec tive ly . To th a t  e n d  th e  tra n sm itta n c e  is p lo tte d  as a fu n c tio n  of 

sh e e t re s is ta n c e  in  F ig u re  3.9.H e re , b o th  tra n s m itta n c e  a n d  sh e e t re s is ta n c e  fall off 

a s  th ick n ess  in c rea se s . E qn . 3.3 can  b e  fitted  to  th e  d a ta  in  F ig u re  3.9 w ith  a g o o d  fit 

o b ta in e d  fo r film s w ith  t > 20nni. T h is fit g iv es  a v a lu e  of ctdc/^^Op ~  0.04 fo r  th e  a s  

p re p a re d  film s a n d  croc/(^Op ~  0-4 fo r th e  a n n e a le d  film s.

O n e  can  u se  e q u a tio n  3.3 to  e s tim a te  P'oc/t^O;; fro m  th e  d a ta  p re s e n te d  in  th e  

l i te ra tu re  fo r t r a n s p a re n t  film s b a se d  o n  re d u c e d  g ra p h e n e  ox id e . In  all c ases  th e se  

film s w ere  re d u c e d  th e rm a lly  w ith  (Td c /(^Op in c re a s in g  w ith  a n n e a l te m p e ra tu re . F o r 

e x a m p le , Eda et al. p ro d u c e d  film s fro m  h y d ra z in e  re d u c e d  G O  w h ic h  h a d  b e e n  

a n n e a le d  a t 200°C [86]. T h ese  film s h a d  Rs ^  W ^ C i/sq  @ T ~  85% g iv in g  (Jd c /<^Op =  

0 .02 . Li et al. e x fo lia te d  g ra p h ite  w ith  th e  a id  o f ac id  a llo w in g  th e m  to  p re p a re  film s 

b y  th e  LB te c h n iq u e  [121]. T hese  w ere  a n n e a le d  a t  BOO^C to  rem o v e  o x id es, re su ltin g  

in  film s w ith  Vb c ! ^ O p ^  0.2 (Rj ~  W ^C l/sq  @ T ~  80%). W u et al. s p u n  c a s t G O  

to  p ro d u c e  film s w h ic h  w e re  su b se q u e n tly  a n n e a le d  a t llOO^C to  g ive  v d c !^^Op 0-5

b u t  varied  by  n o  m o re  th an  6% from  the in itia l resistance. We also  p lo t the  m ean  sh ee t

(3 -3)
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Figure 3 .9 : Transmittance (5 5 0  nm) plotted as a function of sheet resistance for both as-produced 

and annealed (5 0 0C) films. The dashed lines are fits to equation 3 .3  and are defined 

by ctdc/c’O;) ~  0-04 and (T'd c I ~  0-4 for as-produced and annealed films respect­

ively.

(Rs ~  3 ,500n /s f/ @ T ~  82%) [8 8 ]. V^ang et al. prepared film s o f GO by d ip-coa ting  

fo llow ed by annealing at 1100 ’̂C w ith  croc/<^Op ~  0.42 (Rs l ,8 0 0 n /s r /  @ T ~  64% at 

5 5 0  nm (quoted data: 7 0 % at 1 0 0 0  nm)) [7 6 ]. S im ila rly  Becerril et al. produced GO film s 

by spin coating. By using a com bination  o f hydrazine reduction  and aim ealing at 

400^C they achieved Rg ^  lO^^kCl/sq @ T ~  60%, resu lting in  ~  0-06 [7 1 ]. By

annealing at llOO'^C they produced film s w ith  R; ~  330C i/sq  @ T ~  60%, resulting in  

croc/(^Of! ~  2. For comparison purposes, th is data is summarised in  Figure 3 .9  (inset). 

We note from  this data that our graphitic film s out-perform  the reduced C M C film s at 

all anneal temperatures below llOO^C. We note that w h ile  (Toc/o'Op ~  0.4 is close to the 

state-of-the-art fo r th in  film s from  CMG, i t  is a long way from  industria l requirements. 

The m in im um  industry  standards as set by HP for a transparent electrode are T >  90% 

for Rs <  100n/s(]. This equates to a m in im u m  acceptable value o f ( T n c ! — 35 fo r 

the conductiv ity  ratio. The reasons for this shortfa ll w il l  be explained in  the fo llow ing  

section.
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3.2.5 Limitations

We use the ra tio  of DC to op tical conductiv ity , a o c /c o y ^ ^  a figure of m erit FoM  to 

com pare results for different graphitic film types. The DC conductivity  describes charge 

tran sp o rt d u e  to constan t app lied  fields, w hile aop controls the m otion of electrons in

resp o n se  to  optical fields. Both the 2-d im ensional DC (static) an d  optical (dynam ic)

conductivities of g raphene are know n and  take on quantised values of : (J2d,dc — 4e^/h

and  <J2D,Op =  respectively. H ence, a theoretical lim it for cr^c/crop in m onolayer

g rap h en e  m ay be considered . A lth o u g h  g rap h en e  is a 2-d im ensional object an d  w e 

have been  considering  3 -d im ensional q u an titie s  (trocand aof}) it m ig h t be suggested  

tha t the conductiv ity  ratio  in 3-D is equal to  its 2-D coun ter p a rt i.e.

C^DC ^2 D ,D C  8
  =  ----- -̂--- =  TTTT =  “  =  2.55 (3.4)<̂2D,Of> e / 4h n

This rep resen ts  an u p p e r  value for crocl^Op for a p ristine  g raphene  m onolayer or 

indeed for a stack of weakly interacting m onolayers (i.e., random ly stacked monolayers). 

We m ay also consider som e experim ental data. W hen analysed  u sing  E quation  3.2, 

N a ir 's  transm ittance  da ta  for m icrom echanically  cleaved g rap h en e  suggests aop ~  

1.8 X 10^S;«^^[55]. The sheet resistance of undoped  graphene is of the order of 6kCl/sq  

(one conductivity quantum  per species of charge carriers) [91]. Com bining these values 

yields crpc/o’op =  2.57 in close ag reem en t w ith  the theoretical lim it. M uch like the 

graph itic  films th is falls sho rt of m eeting  m in im um  industrial requirem ents. De et. al 

have show n that conductivity ratio values for netw orks of solution processed graphene 

flakes c luster a ro u n d  croc/(^Op =  0.7 an d  th a t th is rep resen ts  fu ndam en tal lim iting 

values [128]. They show  th a t sim ilar to carbon n an o tu b e  film s the DC conductiv ity  

contro ls the varia tion  in  < J b c I A large varia tion  in apc  m eans th a t the factors 

perta in in g  to curren t flow vary  strong ly  from  film to film. It is no tew orthy  tha t films 

m ade from  CMG and pristine g raphene have sim ilar conductiv ity  ratios. The fact that 

these tw o classes of m ateria l are  n o t w ell d iffe ren tiated  show s th a t defects com m on 

to CM G flakes d o  n o t lim it the conductivity . This confirm s th a t the conductiv ity  is 

lim ited by interflake junctions in both m aterial types ra ther than the flakes themselves.
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We have d em o n stra ted  the  p re p a ra tio n  of th in  tran sp a ren t g raph itic  film s from  

g ra p h en e  rich su rfac tan t stab ilised  d ispersions. T he electrical stab ility  co u p led  w ith  

the h igh  levels of transparency observed and  the low cost of graphite  m ake these films 

attractive as transparen t conductors. However, like CM G -based films, these films have 

a DC co n d u c tiv ity  th a t is m u ch  too  low for u se  in  tran sp a ren t electrodes. The DC 

co n d u c tiv ity  is lim ited  by  the in terflake junction  resistance. In  ad d itio n , the need  to 

anneal a lth o u g h  no t intrinsic is a b ig  d isadvantage.

3 .4  E X P E R I M E N T A L  P R O C E D U R E

G raphite flakes were purchased  form  Branwell G raphite Ltd (Branwell natu ra l graphite, 

g rad e  2369, typical cost $5kg~^) w h ile  so d iu m  cholate  su rfac tan t w as p u rch ased  

from  A ldrich . Both p ro d u c ts  w ere used  as su p p lied . A stock so lu tio n  of so d iu m  

cholate (SC) (5nig/in!)  w as  p re p a re d  by  stirrin g  o v ern ig h t in M illipore w ater. This 

w as su b seq u en tly  d ilu ted  for fu rth e r use. G rap h ite  (initial concen tration  0.75ing/ml)  

w as d ispersed  in 25ml  SC solution (concentration Q.5mg/ m\) by sonication for 140»n>J 

in a low  p o w er u ltrason ic  ba th  (B ranson i510E-M T b a th  sonicator). T he resu lting  

d ispersion  was left to stand  for l iJir to allow any unstable aggregates to form. The top 

80% of the  d isp ers io n  w as d ecan ted  an d  d iscard ed . SC w as th en  a d d e d  to  m ain ta in  

the s ta rtin g  vo lum e of d isp ers io n  a t 25ml.  This w as then  son icated  for a fu rth e r 

140;»/ns. A gain the d ispersion  was left to stand  overnight and then centrifuged at 5000 

rp m  for 90min  (H ettich M ikro 22R).  A fter cen trifugation  the top  8 0 % of su p e rn a tan t 

w as d ecan ted  an d  re ta in ed  for use. The p o st cen trifuge g rap h en e  concen tra tion  w as 

d e te rm in ed  from  absorbance m easu rem en ts (Varian C ary  6000/) u sing  the m easu red  

extinction coefficient of g raphene in surfactan t w ater so lu tions (1390mlmg^^m~^)  [8 3 ]. 

The resulting  dispersions w ere vacuum  filtered using porous cellulose filter m em branes 

(M F-M illipore m em brane, m ixed cellulose esters, hydrophilic, 0.025p;n 47mm)  to give 

th in  g rap h itic  films. The th ickness of these film s w'as con tro lled  by the  vo lum e of
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dispersion filtered, and hence the deposited graphene mass. The deposited films were 

then transferred onto glass slides using iso-propanol to remove trapped air betw een 

the film and  substrate thus im proving adhesion. The cellulose filter m em brane was 

then removed by treatm ent with acetone vapour and subsequent acetone liquid baths 

followed by a methanol ba th [i4 ]. The final film diam eter was 36mm. The film thickness, 

t, was m easured by atomic force microscopy (AFM) . Films were annealed at various 

tem peratures under H ^l Ar  flow for liir. Optical transm ission spectra were recorded 

before and after annealing using a Varian Cary 6000;. In all cases, a glass slide was 

used as the reference. Sheet resistance m easurem ents were m ade before and after 

annealing using the four-probe technique w ith silver electrodes of dim ensions and 

spacings typically of ~mm size and a Keithley 2400 source meter. Transmission scans 

were m ade using an Epson Perfection V700 photo flat-bed transmission scanner with 

a bit depth of 48 bits per pixel and a spatial resolution of 6400dpi [4 5 ]. The numerical 

output of the scanner was calibrated by scanning a range of neutral density filters. The 

resultant calibration curve was used to transform the output to represent transmittance 

which could be transformed in to absorbance using the Lambert-Beer law. This results 

in a transm ittance/absorbance m ap w ith a datum  for every pixel. Scamiing electron 

microscopy m easurem ents were m ade using a Zeiss Ultra plus SEM. Raman spectra 

were taken on a Horiba Jobin Yvon LabRAM-HR using a 100 x objective lens w ith  a 

633ntn laser excitation. A ttenuated total reflectance FTIR spectra of these films were 

taken on a Perkin-Elm er Spectrum  100. AFM m easurem ents for surface roughness 

and thickness were taken w ith a Digital Instrum ents N anoscope IIIA from Veeco 

Systems in tapp ing  m ode using silicon tips w ith  a resonance frequency of 320kHz. 

Electromechanical m easurem ents were m ade using a Zwick Z0 . 5  Proline tensile tester. 

In this case, the nanotube film was deposited on PET and was bent into a semicircle 

w hich was constrained by the grips of the tensile tester. The film was connected via 

two electrodes (attached to the grips) to a Keithley KE 2601. The bend radius was then 

defined by the distance between the grips. The inter-grip distance was then oscillated 

between typically 1 5 m m and 5 mm over many cycles. Lab VIEW software recorded film 

resistance, inter-grip distance and cycle num ber [4 5 , 9 6 ].
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I M P R O V E M E N T  OF T R A N S P A R E N T  C O N D U C T I N G  N A N O T U B E  

FI LMS BY A D D I T I O N  OF S MA L L  Q U A N T I T I E S  OF G R A P H E N E

4.1 I N T R O D U C T I O N

In terms of ITO replacement materials carbon nanotubes are probably the most in­

tensely studied material, displaying performance close to that required for industry 

with reports of CTuc/o'Op between 25 and 35 [10, 14, 35, 101]. However, while many 

papers have been published, only marginal improvements have been reported for 

nanotube films over the past few years. The state of the art for nanotube films has 

remained virtually unchanged over the last 3 years and stands at Rg ~  100n/s(j for 

T ^  85% (this works out to be equivalent to (Tdc/ cop — 25; while (JDcl<̂ Op — 35 

has been reported, this was for films with lower transmittance, T =  70% ) [35, 101]. 

Effectively, the conductivity of nanotube networks has not improved over this period, 

remaining close to 5 x 10^S/;» (after post-treatment such as acid treatment) [35, 101]. 

Further improvements are required to challenge indium tin oxide as a viable alternat­

ive material for transparent conductors. We believe that this will require a significant 

shift away from the current strategies of improving film formation and post-treatment 

techniques.

Recently, it was reported that hydrazine-reduced, SW N T/graphene oxide hybrid 

films displayed improved sheet resistance and transmittance relative to either nanotube- 

only or graphene-oxide-only films [129]. This result is im portant as it shows that 

nanotube films can be improved upon. However, in an industrial setting, the require­

ment for hydrazine reduction will be a barrier to the uptake of this technology if 

a cheaper, easier alternative is available. In fact, reduction, either thermally or by 

chemical treatment, is unnecessary if pristine graphene is used rather than graphene 

oxide.

75
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In the p rev io u s  ch ap te r  w e ex am in ed  the  su itab ility  of n e tw o rk s  of g rap h en e  flakes as 

a n  a lte rn a tiv e  to  ITO as a tra n sp a re n t co n d u c to r d u e  to  g ra p h ite  costing  m uch  less th a n  

c a rb o n  n a n o tu b e s . A lth o u g h  u n s u i te d  as a  tra n s p a re n t  e le c tro d e  th e  a d v a n c e m e n ts  

m a d e  in  te rm s  o f l iq u id  p h a s e  p ro c e s s in g  o f g ra p h e n e  e n a b le  th e  p ro d u c tio n  o f 

g ra p h e n e /S W N T  h y b rid s  w ith o u t th e  n e e d  fo r o x id a tio n  o r  red u c tio n .

In  th is w o rk , w e d e m o n s tra te  su ch  a m e th o d  to  p re p a re  g ra p h e n e /n a n o tu b e  h y b r id  

film s. W e b u ild  o n  o u r  p re v io u s  w o rk  w h ic h  d e m o n s tra te d  th a t g ra p h e n e  can  b e  

ex fo lia ted  n o n -d e s tru c tiv e ly  u s in g  ce rta in  so lv en ts  o r  su rfa c ta n ts  [31, 78, 83, 130]. W e 

sh o w  th a t  in d iv id u a l  su rfa c ta n t-s ta b iliz e d  n a n o tu b e  a n d  g ra p h e n e  s u s p e n s io n s  ca n  

b e  b le n d e d  to  p re p a re  h y b r id  su sp e n s io n s  w h ic h  can  b e  cast in to  h y b rid  film s. T hese  

h y b r id  film s d isp la y  an  o p tim u m  c o m p o s itio n  c o m p a re d  to  th e  n a n o tu b e -o n ly  film  

re su ltin g  in  a p e a k  in  th e  D C  co n d u c tiv ity  [32].

4.2 R E S U L T S  A N D  D I S C U S S I O N  

4.2.1 Filin Morphology

We p re p a re  a series of h y b rid  film s w ith  a co n stan t th ickness of 6onm  b u t  w ith  v a ry in g  

g ra p h e n e  c o n te n t fro m  0% (SW N T  o n ly ) to  100%. S h o w n  in  F ig u re  4.1 is a se t o f 

re p re se n ta tiv e  SEM  im ag es of th e  su rfaces  o f h y b r id s  o f v a rio u s  co m p o sitio n s . F ig u re  

4 .1A  is  ty p ic a l o f a th in  n a n o tu b e  film , sh o w in g  a r a n d o m  a rra y  o f b u n d le s  a n d  

sign ifican t porosity . F igure  4.1B sh o w s a 3zvt%  g ra p h e n e  h y b rid . H ere  a sm a ll n u m b e r  

o f  iso la te d  su b m ic ro m e te r  g ra p h e n e  flakes a p p e a r  d is p e rs e d  w ith in  th e  n a n o tu b e  

m a trix . A s th e  g ra p h e n e  c o n te n t is in c re a se d  fro m  F ig u re  4.1C  to  F ig u re  4.1 E, th e  

g ra p h e n e  flakes firs t a p p e a r  to  fill th e  p o re s  b e tw e e n  n a n o tu b e s  b e fo re  s ta r t in g  to  

d o m in a te  the  film s. F igu re  4.1F is an  im age of g rap h en e -o n ly  film  w h ich  c learly  sh o w s 

th e  flake s ize  to  ra n g e  from  <  lOOnm to  a few  h u n d re d  n an o m e tre s .

T h e  SEM  im a g e s  d is c u s se d  ab o v e  g iv e  n o  re a l in fo rm a tio n  a b o u t  th e  a g g re g a tio n  

s ta te  o f th e  g ra p h e n e . H o w ev er, w e  ca n  g e t so m e  in fo rm a tio n  o n  th e  flak e  th ic k n e ss  

fro m  R am an  sp ec tro sco p y  [1]. W e m e a su re d  th e  R am an  sp ec tra  of the  film s d e sc rib e d
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Figure 4.1: SEM im ages of som e of the films studied in this work. A) A  0% graphene (nanotube- 

only) film, B), C), D), E) Flyhrid film s w ith  3iot% , 10u’t%, 55ivt%  and 80ivt%  

graphene respectively. F) 100% graphene film. In all cases the scale bar is 500nni

above. For each film, we m easured fiv'e spectra, normalized, and averaged them to give 

a representative spectrum for each composition. A subset of these averaged spectra are 

shown in Figure 4 .2  along with the spectrum  of graphite pow der for com parison. In 

general, as all hybrid spectra are dom inated by the nanotube component, we focus on 

hybrids w ith low nanotube content. For example, the G band (~  1600c;»“ )̂ becomes 

dom inated by the nanotube component even for the 90  w t % graphene film. However, 

of most interest is the 2D band close to 2600c»;“  ̂ . The 2D band for the graphene-only 

film is clearly different than that of the graphite powder. For the graphene film, the 

more symmetric line shape is representative of graphene flakes w ith 2 — 5 layers and 

shows that the flakes rem ain exfoliated, even during  film form ation [1, 122]. The 

2D band of the 90u>t% graphene hybrid is dom inated by the nanotube com ponent. 

However, the shoulder due to the graphene component can be seen between 2650c;;/  ̂

and 2700c;;;“ .̂ This shoulder is at the sam e position as the graphene 2D band bu t 

is clearly too low in w avenum ber to be associated w ith the graphite 2D band. This
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Figure 4.2: Raman spectra for som e of the films studied in this work, 100% graphene, 90% 

graphene andO% graphene (nanotube-only). Shown for comparison is a Raman 

spectrum of the starting graphite powder. N.B. The portion of the graph above 

2400c;h“  ̂ has been multiplied by a factor of 3 for clarity. Inset: Spectra for graphene- 

only (black) and nanotube-only (green) films. A weighted average of these (purple) 

gives a spectrum almost identical to the 90% graphene spectrum (red).

suggests that the graphene in the 90% film remains exfoliated ev^en after film formation. 

If this is the case, the 2D band for the 9 0 % graphene hybrid should be identical to a 

weighted sum m ation of the 2D peaks for the nanotube-only and graphene-only films. 

This is illustrated in the inset where the peak m arked "sum " is the w eighted sum  of 

the graphene and nanotube parts (also shown, these com ponents w ere produced by 

weighting the curves in the m ain figure by factors of 0.75 and 0.65, respectively). The 

sum  peak is alm ost identical to the m easured peak for the 90% hybrid. This shows 

that, during film formation, graphene does not re-stack to form graphite bu t rem ains 

in the form of flakes with 2 — 5 layers. Given that this is the case for films with 90 and 

1 0 0 % graphene, it is very likely to hold for hybrids with lower graphene content.

4 .2 .2  Dependence of Optical and Electrical Properties on Film Composition

Transm ission spectra were m easured for all films using a Carian C ary 6000z spectro­

photom eter. All spectra were reasonably flat in  the visible regim e (Figure 4 .3 ). The
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Figure 4.3: Transmittance spectra for a number of 60 nm  thick films.

transm ittance (550nni) is p lotted as a function of m ass fraction in Figure 4 .4 A (black 

squares). The transm ittance decreases with increasing graphene content, falling from 

73 — 70% for <  10iot% graphene samples to 60% for the 100wt% film. This is due to the 

fact that graphene is a highly absorbing material (each graphene sheet absorbs 2 .3 %of 

incident light) [5 5 ]. W hile the optical conductivity for nanotube netw orks is close to 

^  1-7 X 10'*S/»; [4 5 ], that for netw orks of graphene flakes is significantly higher, 

taking values up to (Jop ~  2  x 10'’S/?n [3 1 , 1 2 8 ], due to the higher optical conductivity 

of graphene itself [5 5 ]. The optical conductivity of the graphene films used in this 

work was m easured in the previous chapter as aop ~  4.2 x 10^S/;».

Sheet resistance (Rj) measurements were made using the four-probe technique with 

silver electrodes of dimensions and spacings typically of approximately millimeter size 

and a Keithley 2400 source meter. Shown in Figure 4 .4 B is the sheet resistance measured 

for 60nm thick hybrid films of varying graphene content. The sheet resistance of the 

100% nanotube sample was 165Ci/sq. Interestingly, the resistance decreases slightly to 

a m inim um  of 1400/s(j for the 3  w t % graphene sam ple, before increasing steadily 

w ith increasing graphene content, reaching 8AkCl/sq  for the graphene-only film. 

We can calculate the nom inal direct current (DC) conductivity, DC, from the sheet 

resistance using ajjc — , w here t is the film thickness (Figure 4 .4 C). The DC

conductivity increases from 10^S/?« for the nanotube-only sam ple to a m axim um  of 

1.2 X 10-^S/m for the 3ivt% graphene sam ple before falling off to 2, OOOS/?h for the 

graphene-only sample. The presence of a peak in DC conductivity is interesting as it
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Figure 4.4: O ptical an d  electrical p ro p ertie s  of g ra p h e n e /n a n o tu b e  h y b rid  film s as a function  

of g raphene  con ten t for bo th  p ris tin e  an d  acid trea ted  films. A) T ransm ittance (550 

nm ), A) sh ee t resis tance, C) D C c o n d u c tiv ity  a n d  D) D C to  op tica l co n d u c tiv ity  

ratio. In B), C) an d  D), the  d ashed  line is a g u id e  to  the eye. A lso m arked  in  D) are 

the  resu lts of Tung el al. for hydraz ine  reduced  g raphene-ox ide /  SW NT films both  

before an d  afte r d o p in g  w ith  SOCI2.
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suggests  th a t ad d itio n  of g rap h en e  can ac tua lly  im prove the  electrical p ro p e rtie s  of 

nano tube-based  films. This is in sp ite of the fact tha t g raphene  netw orks tend  to have 

DC conductiv ity  significantly below  1 0 ^ 5 /m (and low er th an  the best n an o tu b e  film s 

[1 4 , 4 5 , 1 0 1 ]) . However, it m ust be no ted  that it is very  difficult to accurately m easure 

the film thickness for nanostructured  netw orks. This m eans that, w hile sheet resistance 

m easurem ents are reliable, DC conductiv ity  m easu rem en ts can have significant error. 

T hus, the  p eak  referred  to  above m ay n o t ac tua lly  exist. This m eans th a t such  an  

observation  m u st be confirm ed by a m easu rem en t w h ich  does n o t rely  on  accu ra te  

know ledge of film thickness.

In o rd e r to avoid the effects of inaccurate th ickness m easu rem en ts and  to facilitate 

com parison  w ith  o ther system s, w e can charac terize  the  film s in te rm s of the DC to 

optical conductiv ity  ratio, crDc/JOi>-

r r  /^i , ^ 0  croc\  ̂ .
^  n  (41)\  2Rs ( ^ 0 \ )  J

Show n in Figure 4 .4 D are the calculated values of o’oc/o 'op  as a function of g raphene 

content. The conductiv ity  ratio  does indeed  show  a peak , increasing  from  6.5 for the 

nano tube-on ly  film to 7.6 for the 3wt%  g raphene  film  before falling off to 0.08 for the 

graphene-only film. This peak is im portan t as it illustrates the presence of an  optim um  

com position. H igher values of o'Dc/o'Op re su lt in b e tte r tran sp a ren t conductors. Thus, 

ad d itio n  of very  sm all am o u n ts  of g rap h en e  can no ticeab ly  im prove the  p ro p e rtie s  

of the m ateria l. This is v ital for m ateria ls  such  as n an o tu b es  w h ere  on ly  m arg ina l 

im provem ents in perform ance have been  observed in recent years.

We note that the values of a ^ c  and  Vudo'Op  for the nanotube-only  films are slightly 

low er th an  expected  for these tubes [4 5 , 1 0 1 ]. T hese re su lts  w ere o b ta in ed  from  a

recently purchased  batch of arc discharge SWNTs (ILIIN Nanotech.), w hich gave films

of sligh tly  low er conduc tiv ity  th an  p rev io u s ba tches (possib ly  d u e  to  sh o rte r tu b e  

length d istribution [3 8 ]). However, we note that sim ilar im provem ents at low graphene 

con ten t w ere also observed  for p re lim in ary  m easu rem en ts  macie w ith  a p rev io u s, 

m ore conductive batch  of nano tubes [4 5 ]. W ith th a t batch , w e obtained  N T films and  

h y b rid s  w ith  conductiv ity  ra tios of 10.5 an d  13.5, respectively  (no acid trea tm ent). 

We no te  th a t < J u d =  10 is close to  the best re p o rted  perfo rm an ce  of n an o tu b e
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film s w ith o u t p o st-trea tm en t [35, 45, 96, 101]. (Acid trea tm en t generally  resu lts  in 

the  increase in perfo rm an ce  to  (Xoc/^Op — 25 — 35) [35, 101]. This show s th a t the 

observed im provem ents app ly  to state of the art films ra ther than  just films w ith lower 

perform ance.

We can com pare the data in Figure 4 4 D  w ith  the results of Tung et nl. on hydrazine- 

reduced  g raphene o x id e /n an o tu b e  films [129]. Their best resu lts w ere for a g raphene 

ox ide co n ten t of 8ivt%, w h e re  w e calculate th a t they  ach ieved  (Toc/<^Op^ 4 . In te rest­

ingly, this d a tu m  falls close to  our data (Figure 44D )

4.2.3 Film Thickness dependence

We have ideiitified  an  o p tim u m  com position  of 3wf% g rap h en e  from  o u r d a ta  and  

p re p a re d  film s w ith  a ran g e  of nom inal th icknesses from  t =  15nni to  200nni. A s 

t increases, T falls off m onotonically , as sh o w n  in F igure 4.5A. We can m odel th is 

behav iou r using the expression

T =  ( l  +  Zocro,,f/2)"^  (4.2)

The fits is excellent g iv ing  aop =  1-64 x lO ^S /m  s im ilar to the va lu es of 1.5 — 

2 .0 x l 0^S /;«  repo rted  for carbon nano tube films [45, 124].

In add ition , R; decreases w ith  increasing thickness, reaching 40Cl/sq  for t =  200nm. 

We no te  th a t an om alously  h ig h  Rg w as observed  at low er film  th icknesses. This can  

be seen  in  the slig h t dev ia tio n  b etw een  the  m easu red  d a ta  in  F igure 4.5B an d  the 

dashed  line that illustrates bulk-like behaviour (defined by a ^ c  —  1-3 x lO^S/m).  This 

can be seen m ore clearly by p lo tting  aoc  or (Toc/<^Op (Figure 4.5C,D) versus thickness. 

Both q u an titie s  are reaso n ab ly  co n stan t for t > iOnm,  d isp lay in g  va lu es of (Jdc =  

1.5 X lO ^S /m  an d  (JDc/<^Op =  8. H ow ever, for th in n er films, bo th  fall off significantly. 

This is com m only observed in thin films of nanostruc tu red  m aterials and  occurs w hen  

the film thickness approaches the dim ensions of the nanostruc tu re  m aking up  the film 

(i.e., the nanotube bundle d iam eter or the graphene flake thickness) [3, 31,45,101]. This 

phenom enon  has been attribu ted  to a com bination of percolative effects and  thickness
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Figure 4 .5 : O ptica l and electrical properties o f graphene /na iio tube  h yb rid  film s w ith  op tim ized 

graphene content {3ivt%), as a func tion  o f f i lm  thickness both before and after acid 

treatment. (A) Transmittance (550nni), (B) sheet resistance, (C) DC conductiv ity , (D) 

DC to optical conductiv ity  ratio , and (E) optica l n o n -u n ifo rm ity  o f film s. In (A), the 

dashed lin e  is f i t  to  eqn. 4 .2 . In  (B), the dashed lines represent b u lk  b e hav iou r as 

described by Rs =  (o 'oct)~^ w ith  a j jc  =  T3 x  10^ and 3 x  lO ^S /;/; fo r the p ris tine  

and acid-treated film s, respectively. N o te  the dev ia tion  fro m  b u lk  behav iou r fo r 

t <  50nui. This is also seen in (D) and (E).
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non-uniform ity  at low thickness. Similar trends have been observed for films of carbon 

nanotubes, graphene, and silver nanow ires [3, 31, 45, 101]. We can gauge the thickness 

n o n -u n ifo rm ity  by m easu rin g  the spatia lly  reso lved  tran sm ittan ce  (pixel size 5}im) 

u sing  a transm ission  scanner, defin ing the non-u n ifo rm ity  as the s tan d a rd  dev ia tion  

of local absorbance d iv id ed  by the m ean  absorbance, A A / A  [45]. This p a ram e te r is 

p lo tted  in F igure 4.5E. A  is constant for thicknesses above 40 nm . Below this, the 

non-un ifo rm ity  increases substantially. We p lo t transm ittance versus sheet resistance 

for vary in g  th ickness (3 w t % g raphene) in  F igure 4.6. E quation  4.1 can be  fitted  to 

these d a ta  w ith  a good  fit ob ta in ed  for film s w ith  t > 40nm. This fit gives a v a lu e  of 

(Jpc/<^Op =  8 for the as-p repared  films.

4.2.4 Acid Treatment

It is w ell-know n that acid treatm ent significantly reduces Rs for nano tube netw orks due  

to reduction  of junction resistance[35, 101]. G engetal.  have show n that acid trea tm ent 

of sodium  dodecyl su lphate (SDS) dispersed  CNT netw orks resu lted  in the rem oval of 

a considerable am oun t of SDS such that the conductiv ity  of the film w'as significantly  

im proved  [101]. N o  significant d o p in g  effects w ere observed . Nirmalraj et al. found  

that the junction resistance of nitric acid treated  CNT netw orks w as reduced  over tha t 

of p ristine tubes [35]. The largest reduction  w as observed for junctions co m p rised  of 

single tubes, w h ere  a 3-fold d ro p  is observed . They also fo u n d  th a t acid tre a tm e n t 

only  resu lts  in  a sm all increase (~  30%) in tu b e  conductivity . Therefore, increases in  

film conduc tiv ity  a ttrib u ted  to acid trea tm en t have m u ch  m ore to d o  w ith  a 3-fold 

red u c tio n  in  junction  resistance ra th e r th an  a sm all increase in  the co n d u c tiv ity  of 

the in terconnecting  tubes. H ence, we have trea ted  a n u m b er of film s of vary in g  m ass 

fraction a round  the op tim um  {3wt%} by soaking them  in concentrated  nitric acid and  

rinsing  w ith  w ater [101]. We m easured  the transm ittance and  sheet resistance of such 

films. In ad d itio n , w e calcu lated  apc  an d  (Tuc! ̂ 0 \>- W hile it does n o t affect th e  film  

transm ittance (Figure 4.5A), acid treatm ent reduces Rs by a factor of 2.5 — 3, as show n 

in F igure 4.5B. We observed  a w ell-defined p eak  in  the Rg versus com p o sitio n  cu rve



4-2  R E SU L T S  A N D  D I S C U S S I O N

w ith  a m in im u m  sheet resistance of Rg =  60C l/sq  a t a g rap h en e  con ten t of 3ivt%. In 

ad d itio n , com m ensura te  increases w ere observed  for bo th  cr^c and  (Tbc! ( F i g u r e  

4.4C,D). N otably, the peaks in (TxiC arid ctdc/<^Op becom e m uch  m ore  w ell-defined , 

confirm ing the presence of an optim um  com position. The best results occur for the acid- 

treated  2.8wt % graphene film w hich displays ajjc — 2-8 x l O^S / m  and — 18.

T hus, after acid trea tm en t, ad d itio n  of g rap h en e  to a n an o tu b e  film re su lts  in  an  

increase in from  12.5 to 18, an increase of 40%. Timg et al. chem ically treated

th e ir g rap h en e  o x id e /n an o tu b e  film s w ith  SOCIj ,  ach iev ing  CToc/^Op ~  10 [129]. We 

no te  tha t ou r best results are significantly higher. This, coupled  w ith  the sim plicity  of 

ou r technique, m akes this a prom ising  process.

We have also m easu red  the th ickness d ep en d en ce  of the op tical an d  electrical 

properties of the acid-treated films, as show n in Figure 4.5A. As w ith the pristine films, 

b o th  a o c  arid (Tod^0\> a re  constan t a t th ickness <  40;nn b u t tend  to fall off a t low er 

thickness. Shown in Figure 4.6 is the transm ittance for the acid-treated films plotted  as 

a function of sheet resistance. This shows that we can achieve films w ith  transm ittance 

of 80% coupled  w ith  a sheet resistance of lO O n/srj. We no te  th a t these ac id -treated  

film s are very stable. We have m easured  the transm ittance  and  sheet resistance of the 

film s sh o w n  in F igure 4.6 three m on ths afte r p rep ara tio n . N o d iscern ib le  changes in 

the p ro p e rtie s  w ere found . S im ilar s tab ility  w as found  by Dan et al. for ac id -treated  

n an o tu b e  films [94].

4.2.5 Mechanism

It is im p o rtan t to u n d ers tan d  the n a tu re  of the p eak  in  DC conductiv ity , and  hence 

CTDc/^Op> for com positions close to 3iut%. It is know n th a t the conductiv ity  of carbon 

n an o tu b e  netw orks is lim ited  by the  in te rtu b e  ju nction  resistance [35, 46]. We p ro ­

pose tha t the  junction  resistance b etw een  a n an o tu b e  an d  a g rap h en e  flake m ay be 

significan tly  sm aller th an  th a t betw een  tw o n an o tu b es  (or tw o b und les). T hus, the 

p resence of a g rap h en e  sheet in con tac t w ith  tw o n ea rb y  n an o tu b es  cou ld  act to cir­

cum vent the nanotube-nanotube junction and  prom ote in ternano tube charge transport.
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Figure 4.6: Opto-electrical properties of hybrid films w ith optimised graphene content (3Wt%).

Transm ittance (550 nm ) is p lo tted  as a function of sheet resistance for bo th  as 

produced films and acid treated films. The dashed lines are fits to equation 4.1.

This would be manifested by an increase in the conductivity of the film. Within this 

hypothesis, addition of small amounts of graphene should result in a conductivity 

increase which scales with graphene content. However, as the graphene content is 

increased further, the graphene may act to swell the nanotube network, thus increasing 

the resistance of the nanotube-nanotube junctions still carrying appreciable current. 

This would be manifested by a turnover and subsequent drop in film conductivity. It 

is likely that smaller flakes can fit into the space between SWNTs without deforming 

the network. As the graphene content is increased further, the electrical properties of 

the film become dominated by the graphene with the DC conductivity approaching 

that for a graphene-only film. This model is also consistent with the observation that 

the electrical properties improve markedly on acid treatment. Exposure to acid tends 

to remove residual surfactant, resulting in a decrease in junction resistance [35, 124]. 

Surfactant removal may be more effective for nanotube-graphene junctions resulting 

in an amplification of the peak after acid treatment.
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4-3 CONCLUSIONS

4.3 C O N C L U S I O N S

A sim ple w ater-based technique to prepare nanotube-graphene hybrids has been 

demonstrated. An optim um  composition of 3ivt% graphene was found. Acid treatment 

of the films results in an increase in figure of merit by 40%. The strength of this process 

is that it can be used to improve already good quality films.

4.4 E X P E R I M E N T A L  P R O C E D U R E

We prepared graphene dispersions by adding  graphite (Branwell natural graphite, 

grade 2369) to a solution of sodium  cholate (NaC) surfactant in w ater {O.lmg/niL 

NaC) such that the graphite concentration was 5nig/inL.  This dispersion was then 

sonicated in a sonic bath for 4811. The resulting dispersion was left to stand for 24 h 

to allow any unstable aggregates to form. This was then centrifuged at 15000 rpm  

for 90 min (Hettich Mikro 22R). After centrifugation, the top 80% of supernatant was 

decanted aiid retained for use. We prepared single walled nanotube (lljin nanotech) 

dispersions in a similar m anner by adding nanotubes to a solution of NaC surfactant 

in water {5m g /m L  NaC) such that the nanotube concentration was 1 m g/m L . This 

dispersion was subjected to 5 min of high-power tip sonication (VibraCell CVX; 750W, 

20% 60kHz),  then placed in a sonic bath for 1 h, and then subjected to another 5 min 

of high-power sonication. The dispersions were then allowed to rest overnight before 

being centrifuged at 5500 rpm  for 90 min. The supernatan t was carefully decanted 

aiid saved. We m easured the concentration after centrifugation by m easuring the 

absorbance spectrum  of each dispersion and recording the absorbance per unit cell 

length, A/ I ,  at 660 I'lm. From the Lam bert Beer law, this gives the concentration 

once the extinction coefficient, is know n {A =  ccCl). The extinction coefficient for 

surfactant-dispersed nanotubes has been m easured to be k s w n t  =  3389niLmg^^ni 

[28]. We determ ined the extinction co-efficient for the N aC -dispersed graphene by 

measuring A /1 at 660nm for a large known volume of dispersion, sonication time 24/ir, 

centrifugation rate 5000 rpm. This dispersion (in excess of 400 mL volume) was filtered
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through a prew eighed porous m em brane. The m em brane was dried and reweighed 

to give the deposited mass. The proportion of graphitic mass on the filter m em brane 

was determ ined using TGA analysis. This gave a value of ac  =  6600mLmg~^

[8 4 ]. Once the concentrations were determ ined, these dispersions were blended in the 

ratio required to give the desired g rap h en e /n an o tu b e  m ass fraction. M ass fractions 

between 0 and 100% graphene were prepared. The m ixtures were then sonicated for 

1 5  min in a sonic bath to homogenize. The resulting dispersions were vacuum-filtered 

using porous cellulose filter m em branes (MF-Millipore m em brane, m ixed cellulose 

esters, hydrophilic, 0.025)w, 47mm)  to give thin films. The thickness of these films was 

controlled by the volum e of d ispersion filtered and hence the deposited  mass. The 

deposited films were washed with 200mL of Millipore water followed by a wet transfer 

to a polyethylene terephthalate (PET) substrate  using heat and pressure [1 4 ]. The 

cellulose filter m em brane w as then rem oved by treatm ent w ith  acetone vapour and 

subsequent acetone liquid baths followed by a m ethanol bath. The final film diam eter 

was 3 6  mm. For acid treatm ent, films were im m ersed in 65% nitric acid for for 2Jir 

followed by rinsing with M illipore water. Optical transmission spectra were recorded 

in the visible range (400 — SOOum) using a Varian Cary 6000/. hi all cases, PET was used 

as the reference. Rs m easurem ents were m ade using the four-probe technique w ith 

silver electrodes of dim ensions and spacings typically of approxim ately m illim eter 

size and a Keithley 2400 source meter. Transmission scans were m ade using an Epson 

Perfection V7 0 0  photo  flat-bed transm ission scanner w ith  a bit dep th  of 4 8  bits per 

pixel and a spatial resolution of 6 4 0 0  dpi. SEM measurements were made using a Zeiss 

Ultra plus SEM. Raman spectra were obtained using (Horiba Jobin Yvon LAbRAM-HR, 

633nm) on films transferred to glass substrates.
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S I Z E  E F F E C T S  A N D  T H E  P R O B L E M  W I T H  P E R C O L A T I O N  I N 

N A N O S T R U C T U R E D  T R A N S P A R E N T  C O N D U C T O R S

5.1 B A C K G R O U N D

It is crucial to rate and benchm ark the perform ance of new  m aterials against known 

standards in transparent conductor research. To facilitate this a figure of m erit (FoM) 

may be introduced. In the past, FoMs based on the Lambert Beer law have been used. 

According to this law, the transm ission of light (T) through a film of hom ogeneous 

material can be m odelled as

T  =  I / k  (5 -1)

T -  (5.2)

where Iq and / are the intensity of incident and transmitted light, a  is the absorption 

coefficient and t is the film thickness. The sheet resistance is defined as

Rs =  p / t  =  (5.3)

where p  is the material resistivity. Com bining the equations for T and Rg yields

R. =  - i ^  (54)

or

One can define ( u p )  as a FoMi. For a uniform  and hom ogeneous m aterial, { ap )

is a constant param eter; therefore, sheet resistance depends linearly on ( —1 / l n T )
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w ith  FOM i as the slope (Intuitively, FOMj is also the sheet resistance of a film w ith  a 

transparency  of =  36.8%) [94].

In the specific area of tran sp a ren t conduc to rs from  n an o stru c tu red  m ateria ls, a 

sligh tly  d iffe ren t b u t an a logous system  is often  used . As sh o w n  in section 1.4 the 

transm ittance  is re la ted  to the sheet resistance by  the follow ing equation

H ere the FoM is the ratio  of the DC to optical conductivity, ctdc,b/<^Op- The au thors 

favour th is exp ression  because of the aesthetic ad v an tag es of a d im ension less FoM. 

However, w e note th a t eqns. 5.5 an d  5.6 are essentially  equ ivalen t (i.e., by expand ing  

to  first o rder) [94]. In ad d itio n , in bo th  eqns. 5.5 and  5.6, w e use the  b u lk  value 

of the DC co n d u c tiv ity  ( ĉ d c ) is im plicitly  a ssu m ed  in all tran sp a ren t conduc to r 

p ap ers . H ow ever, as w e w ill see below, th is is n o t alw ays ap p ro p ria te . U sing  eqn. 

5.6, the req u irem en t th a t Rs < 100n / s ( /  coup led  w ith  tran sm ittan ce  T > 90% can 

be sta ted  very  sim p ly  as ctdc,b/(^Op > 35. This has been  su rp assed  for n e tw orks of 

silver n an o w ires  w ith  values of CTucjilcrop > 400 rep o rted  [3]. This ex trem ely  h igh  

co n d u c tiv ity  ra tio  for silver nanow ire  n e tw o rk s w ou ld  su g g est th a t the p rob lem  of 

ITO rep lacem ent has been  solved. However, if one looks m ore closely at the data  this 

conductiv ity  ratio was achieved for a transm ittance approaching  32% for Rg ^  0.5 0 / sq. 

O n inspection of the full data set for T  versus Rgone finds th a t the data  fits to eqn. 5.6 

only  for low  Rs co rresp o n d in g  to thick film s(Figure 5-],black d ash ed  line). For R; >  

3C l/sq , the data  deviates significantly from  the theoretical line. The sam e behaviour is 

observed for o ther nanostruc tu red  m aterials such as graphene as illustrated  w ith in  this 

w ork  an d  ca rbon-nano tubes [45]. F igure 5.1 show s d a ta  for sing le w alled  nano tubes, 

silver nanow ire and graphene pub lished  by our g roup  [3, 31, 45]. The sam e behaviour 

can be observed in pub lished  da ta  for a large num b er of n anostruc tu red  m aterials. In 

the m ajority  of cases, the deviation  from  expected behav iour begins to occur for films 

w ith  T < 90%. This is significant as it m ean s the  expected  bu lk -like b eh av io u r does 

n o t occur in  the technologically relevant regim e (T >  90%).

(5-6)
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Figure 5.1: Transmittance (550 nm) plotted as a function of sheet resistance for thin film s 

prepared from four nanostructured m aterials-graphene, singlew alled  carbon nan­

otubes, sih'er nanowires and silver flakes [3, 31, 45, 95]. The dashed lines represent 

fits to the bulk regim e using equation 5.6, w hile the solid lines represent fits to the 

percolative regim e using equation 5.17

This w ould suggest that FoMs such as the conductivity ratio which are based on 

bulk quantities do not adequately describe the properties of netw orks in the relevant 

regime. This point is more clearly illustrated if we consider films m ade from  silver 

flakes (Ag Flakes).

5.2 R ES ULTS A N D  D I S C U S S I O N  

5.2.1 S ilve r  F lake f i l m s

We have prepared films from silver flakes of varying thickness and m easured the 

opto-electronic properties as can be seen in Figure 5.2. For thin conducting films, the 

transmittance scales w ith thickness as

(5-7)
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Figure 5.2: Physical properties of film s of silver flakes as a function of film thickness

This expression can be fitted well to the data w ith an optical conductivity of dop ~  

6790 (Figure 5 .2 A).This value is quite low com pared to graphene and carbon 

nanotubes as discussed in previous chapters. The reason for this is the high porosity 

of these film which is around 87%. The porosity (P) was calculated according to the 

following equation

P =  1 - P f i l n i

P b u ik
(5-8)

where PfUnA^ the density of the film =  1318A:^m“^) and is the density of 

the bulk material, in this case silver {pbuik =  10490A:^?«“ ^). The thickness of a num ber 

of films was m easured using SEM. The denstiy was calculated from the thickness and 

m ass per unit area of silver deposited.
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M  M l
P = V ^ a J  '5-9)

w h e re  M  is  th e  m ass  d e p o s ite d , A  is th e  a rea  o f th e  filte red  film  (d ia m e te r  36m m ) 

a n d  t is th e  film  th ickness.

Show n in F igure  5.2B is the  sh ee t resistance  data . W hile the  d a ta  scales inversely  w ith  

th ick n ess  a t h ig h  th icknesses, a n o m a lo u sly  h ig h  Rgis o b se rv ed  a t low er film  th ick n ess  

as h a s  b e e n  o b se rv e d  fo r film s of c a rb o n  n a n o tu b e s , g ra p h e n e  a n d  s ilv e r n a n o w ire s

b /  3 1 . 4 5 ] -

To illu s tra te  th is  m o re  c learly  w e  have ca lc u la ted  th e  D C  c o n d u c tiv ity  fo rm  a o c  =  

\ / R s t  as sh o w n  in F ig u re  5.2C. c^dc ~  2.4 x  10'’S ;»“ ^for th ic k n e sse s  ab o v e  i3 0 0 n m . 

H ow ever, for th in n e r film s the  co n d u c tiv ity  falls off significantly . T he sam e  b e h a v io u r 

is reflec ted  in  the  co n d u c tiv ity  ra tio  w h ich  sh o w s p ro m is in g ly  h ig h  co n d u c tiv ity  ra tio  

of ctdc/(^Op ~  35. H ow ever, film s d e m o n s tra tin g  su ch  a h ig h  ra tio  are  above 1300n»! in 

th ickness have a tran sm ittan ce  T  <  20% m ak in g  them  u n su ite d  for an y  a p p lica tio n s  as 

a tra n sp a re n t conducto r. T his w o u ld  su g g es t th a t it is n o t o n ly  th e  m a te ria l p ro p e rtie s  

su c h  as th e  D C  a n d  o p tica l c o n d u c tiv itie s  th a t  w ill d e te rm in e  th e  su ita b ility  of a 

m a te ria l as  a tra n sp a re n t c o n d u c to r an d  th a t b u lk  FoM s su ch  as 0'Dc,B/‘̂ OpOr crpc.B/^^^ 

c a n n o t p re d ic t p e rfo rm an ce  fo r m a n y  n a n o s tru c tu re d  m ateria ls .

5.2.2 Deviation front Bullc-Iike Behaviour for Thin Films

For n e tw o rk s  of g ra p h e n e , ca rb o n  n a n o tu b e s , n a n o w ire s  an d  n o w  silver flakes b e lo w  

so m e  critica l th ick n ess , th e  D C  c o n d u c tiv ity  b e g in s  to  d e c re a se  w ith  d e c re a s in g  

th ick n ess . A d e v ia tio n  from  th e  b u lk  o c c u rs , a n d  w e  h av e  th ic k n e ss  in d e p e n d e n t  

q u a n titie s  (such  as DC co n d u c tiv ity ) d isp la y in g  th ick n ess  d e p e n d e n c e , th is  b e h a v io u r 

is rem in iscen t o f e lectrical pe rco la tio n .

P erco la tio n  is th e  o n se t o f c o n d u c tiv ity  ac ro ss  a p re v io u s ly  in su la tin g  re g io n  once  

c o n d u c tin g  lin k s  h av e  b e e n  a d d e d  a t a d e n s ity  e x c e e d in g  so m e  c ritica l v a lu e , th e  

p e rc o la tio n  th re sh o ld . A s 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  form eci
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and the conductivity increases. For example, w hen conducting rods are random ly 

deposited in-plane, the conductivity follows the percolation scaling law,

c jd c « { N a - N a ,cT  (5-i o )

w here N/i is the num ber of rods per unit area, N a ,c  is the percolation threshold, 

and a is the critical exponent. We note that this expression is only valid close to the 

percolation threshold [97].

As m ore rods are added , the netw ork becomes extensive enough that all rods are 

interconnected in a continuous netw ork. In principle, such a situation should be far 

enough from the percolation threshold such that the percolation scaling law no longer 

applies. However, this does not m ean that the conductivity  stops increasing as new 

rods are added. Studies on nanotube networks show that the conductivity continues 

to increase long after a dense continuous netw ork is form ed [45]. In fact, while the 

percolation threshold has been shown to occur for nanotube netw orks of average 

thickness of Inni [131], the conductivity keeps increasing w ith  thickness until the 

netw orks are 40n??; thick w hen the behaviour becom es bulk-like [45, 131]. (N.B. The 

thicknesses quoted above are effective thicknesses and represent the thickness of a film 

w ith a given N a and uniform  density, N:

 ̂ i^ c o n d )  P c o n d ! p N  (5‘^^)

where {Vcond) is the average volume of the conducting links and pcond their density. For 

thin films, jOjv is taken to be the same as that of a very thick network. We note that this 

definition of t allows the existence of films with thickness below that of the conducting 

entities m aking up the film.)

The behaviour at thicknesses greater than  a few nanom eters is distinct from  true 

percolation and probably occurs as non-uniform ities associated w ith th in  netw orks 

getting smoothed out as the thickness increases (see below) [3, 31, 45]. We can think of 

this as an intermediate regime between true percolative behaviour and bulk behaviour. 

However, we note that percolation-like conductivity scaling has been observed for 

a num ber of system s far from the percolation threshold [132]. In fact, for the work 

described in ref [131], the conductivity data were consistent w ith a single pow er law
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Figure 5.3: A) DC conductivity plotted as a function of estimated film thickness for the materials 

show n in Figure 5.1. The dashed lines represent the bulk  conductivity, w hile  the 

solid linos represent fits to the percolative regime using equation . B) The sam e data 

as plotted in Figure 5.1 is represented as — 1 vs Kg on  a log-log  plot. N ote

T — 1 is proportional to film thickness. The dashed linos represent fits to the 

bulk regime using equation 5.6, w hile the solid lines represent fits to the percolative 

regim e using equation 5.17.

extending from t = 1 nm all the way to t = 40 nm, where the transition to bulk behaviour 

occurred. This suggests that the conductivity of nanostructured transparent conducting 

netw orks in the interm ediate regime can be ciescribed by a percolation-type pow er 

law with an exponent similar to that in the true percolation regime. We illustrate this 

by plotting the m easured conductivity, DC, for the m aterials plo tted  in Figure 5.3A 

as a function of estim ated film thickness (as reported  in the relevant publications. 

Figure 5.1). In each case, below some well-defined thickness, the conductivity becomes 

thickness-dependent, displaying approxim ate power law behaviour, suggestive of 

percolation. However, in all cases, these films are so thick that this is likely to reflect
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th e  in te rm e d ia te  re g im e  r a th e r  th a n  th e  t r u e  p e rc o la tiv e  re g im e . A s su c h , fo r  th e  re s t  o f 

th is  th e s is , w e  w ill a s s u m e  th a t  a p e rc o la t io n - l ik e  sc a lin g  la w  c a n  b e  e x te n d e d  in to  th e  

in te r m e d ia te  re g im e . F o r s im p lic ity , w e  w ill  re fe r  to  th ic k n e s s -d e p e n d e n t  c o n d u c tiv i ty  

a s  p e rc o la t io n , a l th o u g h  (as d is c u s s e d  a b o v e )  th is  is n o t  t r u e  in  th e  s tr ic te s t  se n se .

5.2.3 Relationship  betw een T  and Rg in the percolation regim e

To e n h a n c e  o u r  u n d e r s t a n d in g  w e  b e l ie v e  it  c ru c ia l  to  in v e s t ig a te  th e  r e la t io n s h ip

b e tw e e n  T  a n d  Rg in  th e  p e r c o la t io n  r e g im e . To d o  th is  D e et al. h a v e  d e r iv e d  a n

e x p re ss io n , a n a lo g o u s  to  eq n . 5.6 b u t  re le v a n t in  th e  p e rc o la tio n  re g im e .T h e  p e rc o la tio n  

s c a l in g  la w  e x p r e s s e d  in  e q n . 5 .10  c a n  b e  w r i t t e n  in  te r m s  o f  f i lm s  th ic k n e s s  r a th e r  

th a n  c o n d u c to r  n u m b e r  d e n s i ty  [44]:

c t d c { t  -  t c ) "  ( 5 -12)

tcis  th e  th r e s h o ld  th ic k n e s s  a n d  n is  th e  p e r c o la t io n  e x p o n e n t .  A s  d is c u s s e d  a b o v e , 

th e y  a s s u m e  th a t  th is  e x p re s s io n  h o ld s  in  th e  th ic k n e s s  re g im e  u n d e r  s tu d y . H o w ev er, 

th e y  u s e  th e  e x p o n e n t  n r a th e r  th a n  a  to  i l lu s t r a te  t h a t  th e  e x p o n e n t  in  th e  th ic k e r  

in te r m e d ia te  re g im e  is  n o t  n e c e s sa r ily  id e n tic a l  to  th e  t r u e  p e rc o la t io n  e x p o n e n t  [133]. 

S ca lin g  as  d e s c r ib e d  b y  eq n . 5.12 h a s  b e e n  o b s e rv e d  fo r  th in  f ilm s o f  c a rb o n  n a n o tu b e s  

b y  a n u m b e r  o f re s e a rc h e rs  [4 4 ,1 3 4 ,1 3 5 ]. F o r  a n e tw o rk  w ith  c o n d u c tiv i ty  h ig h  e n o u g h  

to  b e  in d u s t r ia l ly  re le v a n t,  t 3 > tc, a l lo w in g  u s  tc:> w rite :

O-DC =  (5-13)

H e re ,  a s  d e s c r ib e d  a b o v e , th e  c o n d u c t iv i ty  r e a c h e s  i ts  b u lk  va lu e ,c tq c .b  3 f th ic k n e s s  

T h e  m e a s u r e d  s h e e t  r e s is ta n c e ,  R s, is  r e la te d  to  th e  a c tu a l  D C  c o n d u c t iv i ty  b y  

=  (<^DcO~^- N o te  th a t  th is  e x p re s s io n  d if fe rs  f ro m  e q n . 5.3 b e c a u s e  th e y  n o w  re a liz e  

th a t  D C  c a n  d if fe r  f ro m  its  b u lk  v a lu e  ((Td c , b )  fo r  th in  f ilm s . S u b s t i tu t in g  e q n . 5.13 

in to  th e  e x p re s s io n  fo r  Rs g iv e n  a b o v e , th e y  g e t  th e  s h e e t  r e s is ta n c e  o f  a  p e r c o la t io n  

n e tw o rk ;
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iH + 1

— ( c ^ D C , B ( f / f m m ) " 0  = (< ^ D C ,B t"  /  i'min) ~

Solving for t and  substitu ting  in to  eqn. 5.7, they obtain

(5-14)

This can be w ritten  as

1 + 2  ^Op^min{Unin'^DC,B^s) ^ ^ (5-15)

T = 1 +
- 2

(5.16)
2 \R s  J  V <^dc,b/c’'Op 

N ote that this expression reverts to eqn. 5.6 w hen n — 0 as expected. One can express 

eqn. 5.16 m ore com pactly  as

T =
II V R (5 -1 7 )

w here they denote II as the percolative FoM:

11 =  2
,{Zot„,i„aop)" \ ^

11 is a dim ensionless num ber w here large values of IT give low Rg coupled  w ith  high 

T. Equation 5.17 suggests that the percolative regim e can be identified as a straight line 

on a log-log p lo t — 1 versus K s(equivalent to a g rap h  of t vs Rs). F itting  these

d a ta  th en  gives bo th  n an d  II. The d a ta  for the m ateria ls  exam ined  in  th is  w ork  i.e. 

g rap h en e  netw orks and  silver flake netw orks along  w ith  o th er w ork  from  o u r g roup  

(carbon n ano tubes [45] and  silver nanow ires[3]) are show n in F igure 5.1 in  th is form  

in F igure 5.3. It is clear th a t for each  d ata  set tw o reg im es are p resen t; a ran g e  w ith  

slope of —1, consistent w ith  eqn. 5.6 (the bu lk  regim e) and  a region w ith  less negative 

slope, described  by eqn. 5.17 (the perco lation  regim e). By fitting  bo th  reg im es, w e 

obtain (Jbc .b ! f I arid n for each m aterial w hich we report in Table 5.1. We have also 

reproduced  the fit, p lo tted  as T{Rs),  to describe the percolative region in Figure 5.1. In 

all cases very good agreem ent is found. We note th a t the exponents n vary  from  Ito  4 . 

This range is w ith in  the b o u n d s  expected  for tru e  perco lation  exponents, suggesting  

tha t n and  a m ay be sim ilar. We note th a t percolation  exponen ts are generally  found
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Figure 5.4: Percolative figure of m erit, O, calculated using equation 5.18 plotted as a function 

of the value of 11 found by fitting the data in Figure 5.3B w ith equation 5.17.

b y  p lo tt in g  ctdq v e rsu s  t a s  in  F ig u re  5.3. H ow ever, b e c a u se  o f th e  in h e re n t  d ifficu lty  

o f m e a su r in g  the  th ick n ess  of th in  film s, esp ec ia lly  fo r th ick n esses  co m p a ra b le  to  the 

d im e n s io n s  o f th e  e n titie s  m a k in g  u p  th e  film , th e  d a ta  a re  g e n e ra lly  sc a tte re d . O u r  

t re a tm e n t e n a b le s  n to  b e  d e te rm in e d  b y  fittin g  R ja n d  T  d a ta  u s in g  eq n . 5.17 a n d  is 

p ro b a b ly  su p e rio r . It is a lso  n o te w o rth y  th a t th e  b u lk  a n d  p e rco la tiv e  FO M s fo llow  a 

s im ila r o rd e r (A gN W s > A gFlakes > SW NTs > g rap h en e , for b u lk  FoM ). T he d ifference 

is th a t, w h en  ran k ed  by 11, the  silver flakes com e last in  k eep in g  w ith  th e ir  p o o re r  th in  

film  p e rfo rm an ce .

A ll of the p a ra m e te rs  in  eqn. 5.18 a re  n o w  k n o w n , 0'DC,B/0'0 p>^^r n from  th e  fits 

d e sc r ib e d  ab o v e  w h ile  aop c an  b e  fo u n d  fro m  th e  th ic k n e ss  d e p e n d e n c e  of th e  film  

tra n sm itta n c e  u s in g  eqn . 5.7; v a lu e s  re p o r te d  in  Table 5.1. T h is  a llo w s u s  to  ca lcu la te  

I I  fro m  eq n . 5.18 a n d  so  te s t th e  co n s is te n c y  of th e  c a lc u la te d  v a lu e  o f  H  w ith  th a t  

f o u n d  from  fittin g  th e  d a ta  in  F ig u re  5.3B. We p lo t th e  ca lcu la ted  v a lu es  as a fu n c tio n  

o f th e  fitted  v a lu e s  in  F ig u re  5.3A . W e fin d  a lm o s t p e rfe c t a g re e m e n t. W e n o te  th a t  

th e  d iffe ren t p a ra m e te rs  in  e q u a tio n  are  fo u n d  from  d iffe re n t p o r tio n s  o f th e  d a ta ; II  

a n d  n f ro m  th e  p e rc o la tiv e  re g im e , 0'dc,b/<^0 p> f ro m  th e  b u lk  re g im e  a n d  f,„„, fro m  

th e  p o in t o f th e ir  in te rsec tio n . T he a g re e m e n t sh o w n  in  f ig u re  5.4 co n firm s th a t  th ese  

reg im es  a re  c o rre la ted  as p re d ic te d  b y  e q u a tio n  5.18.
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M aterial ref <̂ DC,b I<̂ Op II n a o p { S / m) imininrn) D{ nm)

A g N w s [3] 4 1 5 31.7 1.9 6472 160 85

SW NTs [4 5 ] 11.2 18.2 1 i .6 x 1Q4 40 20

G raphene Chapter 3 0.7 3-5 3-1 3.3x10^ 20 10

A g Flakes this Chapter 35 1.4 4 6790 1300 360

Table 5.1: Values of o'^q b / ^ O p >  H /  ”  t,,,,,, were found by analysis of the thickness

dependence of the T and Rg data as described in this work for graphene and silver 

flakes and for AgNws and SWNTs in the relevant papers [3, 45]

Requirements of a good transparent conductor

We can now  consider w hat m akes a good  nanostructured transparent conductor. Ideally, 

bulk-like behaviour w ould  hold dow n to film thicknesses low  enough  to give T >  90%. 

In this case, equation 5.6 applies and w e w ant p'dc,b/c^O;7 as h igh as possible. However, 

as sh o w n  in figure 5.1, this d o es  not generally  occur. In reality, film s thin en o u g h  to 

d isp lay  T >  90% tend to fall in the percolative regim e. H ere equation  5.17 h o ld s and  

w e require II to be as large as possib le (equation 5.18). A s in the bulk case, this m eans 

w e n eed  large va lu es o f (Jdc.b!o'Oyi- A lso , in tu itively , a low  va lu e o f aop  is required. 

H ow ever, w e  can also  id en tify  tw o  further requirem ents: t„,j,i and n (as w e  w ill see  

b elow ) m ust be as sm all as possib le.

Can we control t,„i„?

It is w orth  considering  w h at controls f I n  p rev iou s papers w e su g g ested  that f„„„ 

sca les w ith  the sm allest d im en sion , D , o f the nanostructure form in g  the n etw ork  

[3, 31, 45]. This sm allest d im en sio n  w o u ld  b e the d iam eter in the case o f  w ires  or 

nanotubes, or the flake thickness in the case of graphene or silver flakes. The rationale 

behind this w as that once the film  w as a few  tim es thicker than D, non-uniform ities in 

the netw ork  w o u ld  have averaged  ou t and it cou ld  b e con sid ered  bulk-like. W e can
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Figure 5.5: SEM im age of the cross-section of a thick netw ork of A gNW s (scalebarl//»;). The 

dashed lines ilkistrate the non-uniform ity in film thickness, At.

illu s tra te  th is  u s in g  F igure  5.5. T his is an  im age of the  cross section  of a re la tive ly  th ick  

n e tw o rk  of A gN W s. S u ch  im ag es  a re  o ften  u se d  to  m e a su re  film  th ic k n e ss  as  sh o w n . 

H o w ev er, it  is c lear fro m  th is  im a g e  th a t  th e  film  th ic k n e ss  is s lig h tly  n o n -u n ifo rm  

as i l lu s tra te d  b y  th e  d a s h e d  lines. T h e  d e g re e  o f n o n -u n ifo rm ity . At, is o r  th e  o rd e r  

o f th e  w ire  d ia m e te r, D. For th ick  film s su c h  as  th a t  sh o w n , th is  n o n -u n ifo rm ity  h a s  

n o  effect o n  the  film  co n d u c tiv ity . H o w e v e r  fo r film s w ith  th ic k n e ss  a p p ro a c h in g  D 

a n d  below , th is  n o n -u n ifo rm ity  w ill tra n s la te  in to  n o n -u n ifo rm ity  o f th e  n e tw o rk  as a 

w h o le . Effectively, Ny\ w ill v a ry  from  p lace  to  p lace  w ith in  th e  n e tw o rk , re su ltin g  in  a 

sig n ifican t re d u c tio n  in  DC co n d u c tiv ity  as the  th ick n ess  is d ec reased . Such  th ickness 

d e p e n d e n t n o n -u n ifo rm itie s  have b een  o b serv ed  for a n u m b e r of n a n o -s tru c tu re d  film s 

[3, 31, 45, 136]. T h u s , w e  ex p ec t f,„/„ to  sca le  w ith  D. W e ca n  illu s tra te  th is  b e h a v io u r  

w ith  a c o m b in a tio n  of p u b lis h e d  d a ta  a n d  d a ta  fo r th e  s ilver flakes m e a s u re d  as p a r t  

o f th is  s tudy .

W e tak e  m e a s u re m e n ts  o f D  fro m  o u r  p re v io u s  w o rk  fo r  S W N T  b u n d le s  a n d  

A g N W s a n d  g ra p h e n e  film s [3, 31, 45, 131]. (W e n o te  th a t  fo r g ra p h e n e , D — lOitm. 

T h is  is b e c a u se  d u r in g  film  fo rm a tio n , th e  g ra p h e n e  sh e e ts  a g g re g a te d  in to  ra th e r  

th ick  g ra p h itic  flakes.) In  a d d itio n , w e  m e a s u re d  th e  th ic k n e ss  of th e  A g  flak es  to  b e  

D =  360 ±  lOOnm a s  s h o w n  in  F ig u re  5.6. W e ta k e  t,„i„ fro m  th e  re le v a n t p a p e r s  a n d  

plo tf„„„ v  D in  F ig u re  5.7, f in d in g  v e ry  g o o d  lin e a r ity  as d e sc r ib e d  b y  t,„i„ =  2 .33D.
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Figure 5.6: SEM images of the edge of a thin film of silver flakes.
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Figure 5.7: The film thickness w here percolation begins, f„„„, plo tted  as a function of the 
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This m akes it absolutely clear, to reduce f„„„ and so enhance perform ance, it is 

necessary to use nanotubes/nanow ires w ith low diam eter or nano-platelets w ith low 

thickness. For example, extrem ely good results have been achieved w ith AgNW s 

w ith  diam eter of 85nm [3 ]. If AgNW s w ith significantly lower diam eter could be 

obtained, even better results m ight be expected. We note that nominally SWNTs have 

D ~  Inm .  However, during  film form ation SWNT always aggregate into bundles 

w ith D > >  Inm .  Frustrating this bund ling  process w ould greatly reduce D and so 

f„„„, leading to better films. In any case, it is im portant to em phasise that this is a 

general result. Reduction of the shortest dimension (D) of a conducting nanostructure 

will result in higher percolative figure of m erit, II, and so im proved T  and Rg. Thus, 

low diam eter nanow ires or nanotube bundles are required. Alternatively, thin metal 

platelets could result in good quality films. However, due to their high absorbance, 

it is unlikely that networks of graphene monolayers will reach industry  standards of 

T  90% for Rs < lOOO/srj [1 2 8 ].

As described above, reduction of D should result in significantly im proved films. 

However, it is im portant to realise that, if D could be decreased dramatically, it would 

be possible to produce film such that T — 90% w as achieved in the bulk rather than 

the percolative regime. This w ould result in significantly reduced Rg. By substituting 

^min =  2.33D, into equation 5 .7 , we can show that this occurs w hen D > 0 .0 5 /Z o(T’o;>- 

For AgNW s, this gives D <  I8nin, m uch lower than  w hat is commercially available. 

(We note that this estim ation assum es that aop is invariant w ith D. W hile this is 

unlikely, we know of no studies giving the actual dependence of aop on D; see below 

for more discussion.)

Effect of n on Film Properties

Before discussing the effect of n on film properties, we note that, as described above, n 

may be very close to the true percolative exponent, a (i.e., n rs a). In that case, it is worth 

considering w hat controls a in a percolative system. The percolation exponent was 

originally expected to take on the universal value of =  2  for a three-dim ensional
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system  or =  1.3 for a tw o-dim ensional system  [97]. By the late 1980s, it was realized 

th a t h ig h er values w ere possib le  [137-139]- Such non-un iversal exponen ts have been 

linked to the presence of a d istribu tion  of junction resistances at co n d u c to r-co n d u c to r 

junctions [133, 138, 140, 141]. For exam ple , in  th ree -d im ensional film s, it h as  been  

show n that for a d istribu tion  of junction resistances, a >  w ith  a-a.un contro lled  by 

the  sh ap e  of the  d is trib u tio n  [138, 139, 141]. For n an o tu b e  film s, it is k n o w n  th a t the 

junction resistances can be large and their d istributions quite broad [35]. Post treatm ent 

can be used to reduce the junction resistance thus im proving ( J d c , b I W one applies 

o u r m odel to d a ta  from  Chandra et al. the d o p in g  of their SW NT film s re su lts  in  an  

increase / <̂0 p from  8.5 to 19.5 [142] an  increase in II  from  12.3 to 23.8 an d  a

change in  n. We p ro p o se  th a t p o st-trea tm en ts  m ig h t be developed  w h ich  can  bo th  

im prove ctdc,b / cont rol l abl y tune n, resu lting  in significant increase in  II. The 

da ta  described above show  that lower values of D give better values of n and  II , w ith  

respect to opto-electronic applications. However, having two param eters describing the 

perform ance is no t ideal. A single FoM w hich could directly be linked to perform ance 

w ould be m uch m ore desirable. For industrial applications the transm ittance generally 

needs to be above 90% w hile 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

d iscussed  above netw orks w ith  T =  90% generally  reside  in the percolative reg im e, 

this can be found by rearrang ing  equation  5.17:

r J - 90% ^  Zo(0.0541I ) “ ("+i) (5.19)

(here the factor of 0.054 comes from setting T =  90% in the factor — 1). A ltern­

atively, w e can w rite  in  term s of m ore fu n d am en ta l q u an titie s  by com bin ing

equations (5.17) and  (5.18) and  reorganizing the resu ltan t expression to  give

j ^ T =90% ^  ^ 0 ________  f  ^O ^rninO 'O p\  "  , ^  ,

® 0.11croc,B/(^Ofj V 0 - 1 1  /

(here the factor of 0.11 com es from  setting T =  90% in the factor — 1). This

expression  d isp lays an  exponen tia l re la tionsh ip  b etw een  and  n, u n d e rlin in g

the im p o rtan ce  of n an d  so n e tw ork  viniformity. This reinforces the im porta iice  of
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Figure 5.8: A ) P erco lative figu re o f  m erit, H  , and  B) p erco la tiv e  ex p o n en t, ti, p lo tted  a s a 

function  o f back pressure. C) Product o f Zot„,j„uof,. D) E xpected va lu e  of 

a fu nction  of n [143].

d e c re a s in g  D in  th e se  sy s tem s . In  a n y  case, if a m e th o d  c o u ld  b e  fo u n d  to  c o n tro l n 

fo r  a g iv e n  sy s te m , r e d u c in g  n s h o u ld  re s u lt  in  in c re a se s  in  T  a n d  re d u c tio n s  in  Rs, 

le a d in g  to  im p ro v ed  th in  film s.

S u ch  a m e th o d  h a s  b e e n  d e m o n s tra te d  b y  Scardaci et al. b y  e lu c id a tin g  th e  re la ­

tio n sh ip  b e tw e e n  th e  m o rp h o lo g y  a n d  o p to -e le c tro n ic  p ro p e r t ie s  o f sp ra y  d e p o s ite d  

A g N w  n e tw o rk s  [143]. T h ey  c o n tro l th e  d ro p le t  s iz e  b y  tu n in g  th e  b a c k  p re s s u re  

o f th e  sp ra y  sy s te m , w h ic h  c o n tro ls  th e  n e tw o rk  u n ifo rm ity . N o n -u n ifo rm  n e tw o rk s  

w o u ld  te n d  to have a b ro a d  d is tr ib u tio n  of in te r-n an o w ire  ju n c tio n  re s is tan ces  lead in g  

to  la rg e  p e rc o la tio n  e x p o n e n ts . By c o n tra s t  u n ifo rm  n e tw o rk s  h av e  n a r ro w  ju n c tio n
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resistance d istribu tions and  so lower percolation  exponen ts  lead ing  to im proved  film 

perform ances. By vary ing  the back p ressu re  n could  be decreased resu lting  in h igher 

values of II (Figure 5 .8 ). Lower values of n enabled netw orks to be p repared  w ith  lower 

R s  in the technologically relevant regim e i.e. T =  90%. A sheet resistance R s  ~  50Cl/sq  

w as achieved a t a tran sp aren cy  of T =  90% com pared  to Rs ~  200Cl/sq  for vacuum  

filtered films p rep a red  at the sam e transm ittance [3 ].

5 . 3  C O N C L U S I O N S

De et nl. have show n  that in the industria lly  relevant (high transm ittance) regim e, the 

electrical p roperties  of nan o stru c tu red  netw orks ten d  to be controlled  by percolation. 

This m eans th a t the  DC conduc tiv ity  is low er th an  in the bu lk  reg im e resu ltin g  in 

h igher th an  expected  shee t resistances, Rg. FoM s based  on b u lk  q u an titie s  such  as 

DC conduc tiv ity  fail to rank  m ateria ls  ap p ro p ria te ly  as illu stra ted  in  th is  w ork  by 

netw orks of silver flakes. They have developed  a sim p le  m odel w hich  relates T to Rg 

in  the percolative regim e. This is con tro lled  by a perco la tivc  figure of m erit 11. H ig h  

values of 11, lead in g  to h igh  T  an d  low  Rg, are fo u n d  w hen  is h ig h  b u t aop  is 

low. In ad d itio n , the  percolative ex p o n en t n m u st b e  low, as m u st the film th ickness 

at w hich  the cond u c tiv ity  becom es th ick n ess-d ep en d en t This m odel fits well

to data  for netw orks of g raphene and  silver flakes as exam ined  in this w ork  and  also 

carbon n an o tu b es  and  m etallic n anow ires . We show  th a t scales linearly  w ith  

the sm allest d im en sio n  of the n an o stru c tu re  m ak in g  the film. This show s th a t low 

d iam eter n an o w ire s /n an o tu b es  or th in  p la te le ts  a re  b est for tran sp a ren t co n d u c tin g  

applications.

5 . 4  P R E P A R A T I O N  OF  S I L V E R  F L A K E  F I L M S

Silver flakes w ere pu rchased  from  Ferro (silver flake SF77A),  w hile isopropyl alcohol 

(IPA) w as p u rch ased  from  A ldrich. The silver flakes w ere  hea ted  to 160°C for 0.5hr 

in an  oven p rio r to suspension  in IPA. The silver flakes w ere then  ad d ed  to IPA such
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that the silver concentration w as 0.5mg/ml. This dispersion was then sonicated for 

2lir in a sonic bath (Branson 1510MT). The resulting dispersions were vacuunr-filtered 

using porous cellulose filter m em branes (MF-Millipore m em brane m ixed cellulose 

esters, hydrophilic, 0.025}ini, 4:7mm) to give thin films. The thickness of these films was 

controlled by the volum e of dispersion filtered and hence the m ass deposited. The 

films were then transferred to polyethylene terephthalate (PET) using IPA to adhere the 

film to the substrate. The cellulose filter membrane was removed using acetone vapour 

followed by imm ersion in acetone baths. Optical transm ission spectra were recorded 

in the visible range (400 — 800nm) using a Varian Cary 6000/. h i all cases, PET was 

used as the reference. Sheet resistance m easurem ents were m ade using the four-probe 

technique with silver electrodes of dimensions and spadngs typically of approximately 

m illim etre size and a Keithley 2400 sourcem eter. Flake and film thicknesses were 

gauged by m easuring the height profile of a fractured cross section for a num ber of 

films of various thickness (Figure 5.6). This was achieved by m ounting the sam ple 

parallel to electron beam  in a Zeiss Ultra plus SEM.
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P E R C O L A T I O N  E F F E C T S  I N  S U P E R C A P A C I T O R S  W I T H  T H I N ,  

T R A N S P A R E N T  C A R B O N  N A N O T U B E  E L E C T R O D E S

6 . 1  B A C K G R O U N D

In the last n u m b er of years there has been  increasing  in te re st in flexible electronics. 

M any believe that the next stage in the developm ent of flexible electronics will require 

all of the device co m p o n en ts to be tran sp a ren t for use  in  app lica tions such  as tran s­

p a re n t d isp lays o r h ead s u p  d isp lays [103]. For m an y  such  app lica tions, tran sp a ren t 

energy  storage devices w ill be req u ired  [104]. To th is  en d , a n u m b er of g ro u p s  have 

d em o n stra ted  tran sp a ren t supercapacito rs  o r b a tte ries  [104-108, 144]- In general, the 

research  has focused  on u sing  nan o m ate ria ls  to p ro d u c e  th in  b u t h ig h  surface area 

electrodes w hich can be transparen t if m ade th in  enough  [109, 110, 145]. In the sim plest 

case, these electrodes can then  be com bined  w ith  a su itab le  electrolyte and  sep a ra to r 

to p roduce a supercapacito r [146].

6.2 R E S U L T S  A N D  D I S C U S S I O N  

6.2.1 Bulk to percolation transition

The su p ercap acito r electrodes s tu d ied  d u rin g  th is w o rk  w ere p re p a re d  by v acu u m  

filtration of aq u eo u s carbon n an o tu b e  d ispersions to give th in  nan o tu b e  film s w ith  a 

range of thickness from  5 to BOOnni (see below ). Show n in F igure 6.1 are SEM im ages 

of very  th in  film s (5 and  H u m  average th ickness). To facilitate im aging , these w ere 

tran sferred  from  the filter m em b ran e  to A u P d -co a ted  glass. F igure 6.1 A rep resen ts  

a p o rtio n  of a 5nm  th ick film and  show s the  n an o tu b es  to  be arrayed  in  b u n d les

1 0 7
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(estim ated m ean d iam eter and length of 23nw and respectively) which are

the same film which dem onstrates considerable spatial nonuniform ity. W hile som e 

regions of the film contain clusters of nanotubes, other regions are relatively sparsely 

populated. Such nonuniform ity  has been observed before by both Ram an m apping 

and spatially resolved transm ittance m easurem ents [4 5 , 1 3 1 ]. In addition, the inset

larger nanotube density.

For detailed characterization, the nanotube networks were transferred from the filter 

membrane to transparent plastic substrates (PET). We performed initial characterization 

by m easuring the optical transm ittance spectra and four probe sheet resistances for 

each film. The transmittance {550um) varied from 97 to 13%, while the sheet resistance 

varied from 10'̂  — W^Cl/sq  over the same thickness range. The m easured transmittance 

(550nni) is plotted as a function of sheet resistance in Figure 6 .2A. For thin conducting 

films, where the DC conductivity is thickness independent, the transmittance is related 

to the sheet resistance by

where Z q  =  377J2 is the im pedance of free space and a o p  and  ( J o c , b  are the optical 

conductivity and the (bulk-like) DC conductivity, respectively. For relatively thick 

films, (Tdc.b /^^Op is thickness independent and can be used as a figure of m erit (FoM), 

representing a sim ple way of com paring different sam ples [9 5 ]. This expression can 

be fitted to the data in Figure 6 .2 A, as indicated by the dashed  line. A good fit was 

obtained for films with transmittance T < 45%. This fit gives a value of <7DC,B/<̂ Ofj ~  1-9 

for these films, w hich is typical of the values found for carbon nanotube netw orks. 

Given that the optical conductivity of carbon nanotube netw orks is know n to be 

(Top — 1.7 X lO^S/w [4 5 , 1 2 4 , 1 4 7 ], this allows us to estimate the bulk DC conductivity 

of the thick networks to be crpc ~  3 x lO^S/in.

random ly arranged on the surface. Figure 6 .1  B shows a lower magnification image of

illustrates a small cluster of tubes that are only weakly connected (if at all) to the rest of 

the network. Figure 6 .1  C shows a portion of a 12nm thick film showing a considerably

(6 .1 )
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Figure 6.1: SEM im ages of nanotube netw orks. (A) SEM im age of a 5 nm  thick SW NT film.

(B) W ide field im age of the sam e film, hnset: Thin netw orks such as this contain 

nanotubes w hich are isolated or only weakly connected to the netw ork. This is 

show n in the SEM, although the poor contrast achieved for these sparse netw orks 

m akes it difficult to see isolated nanotubes. The m otif in w hite is a schem atic 

dem onstrating the shape of the array of nanotubes in this image. The arrow  links 

part of the schematic to the equivalent position in the image. (C) SEM image of a 12 

nm  thick SWNT film.
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However, we observe significant deviation from this bulk-like behaviour for thin 

films w ith T >  45%. As the transm ittance is increased above 45%, the thickness 

falls below t„„„, and percolative effects begin to control the DC conductivity. Such a 

transition has been observed for thin films of nanotubes, nanow ires, and graphene 

sheets as described in chapters 3 and 5. We have recently shown that, in the percolation 

regime, the transm ittance is related to the sheet resistance by

where II is know n as the percolative FoM and hqc is the percolation exponent. 

Equation 6 . 2  can be fitted to the high T data in Figure 6 .2 A. The data fits extrem ely 

well for films w ith T > 45% yielding IT =  3.1and rioc — 0-6. Again, these values are

present in these thin nanotube films so long as the transm ittance is above 45%. Such 

percolation effects have been observed in many nanostructured networks as described 

in the previous chapter, w ith the transition from  bulk-like to percolative behaviour 

occurring for netw orks w ith transm ittances from  45 to 92% [9 5 ]. To be incorporated 

into transparent electronics, components are likely to require T >  90%. Thus, it is clear 

that technologically relevant network devices will operate in the percolation regime.

6 .2 .2  Siipercapacitor electrode thickness dependence

It is clear that if transparent films are to be used as electrodes in a supercapacitor 

percolation will play a lim iting role. Hence, it is im portant to understand the im pact 

these percolation effects may have on the param eters governing electrode performance 

namely the capacitance (C) and equivalent series resistance ( R e s r ) - To examine this we 

performed standard electrochemical tests on our nanotube networks in a three electrode 

cell. We note that because of this three-electrode configuration our m easurem ents 

of C aiid R e s r  appty to a single electrode and  not to a supercapacitor device. N o 

additional current collectors were used. To quantitatively evaluate the perform ance of 

the electrodes, electrochemical im pedance spectroscopy (EIS) and cyclic voltam m etry

1 / ( » D C  +  1)

(6 .2)

typical of nanotube films [9 5 ]. These data clearly show that percolation effects are
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F ig u re  6.2: A )  O p tic a l tra n s m itta n c e  {550nni) p lo tte d  as a fu n c t io n  o f  sheet res is tance  fo r  the  

e le c tro d e s  (d e p o s ite d  o n  PET) used  in  th is  w o rk .  T he  dashed  an d  s o lid  lin e s  are 

f its  to  e q u a tio n s  2 (b u lk )  a n d  3 (p e rc o la tio n ) respec tive ly . B) N y q u is t  p lo ts  a n d  C) 

C y c lic  v o lta n im a g ra m s  fo r  selected e lec trod e  th icknesses.

(C V ) w e re  p e r fo rm e d  (e le c tro ly te  I .O M H 2SO 4).  E xa m p le s  o f N y q u is t  p lo ts  fo r  v a r io u s  

e le c tro d e  th ic kn e sse s  (see b e lo w ) a re  s h o w n  in  F ig u re  6.2B. These a re  ty p ic a l o f  

n a n o tu b e  e lec trodes and  cons is t o f a se m ic irc le  a t h ig h  fre q u e n cy  w h ic h  in te rce p ts  w ith  

the  Z i( re a l)  ax is  to  g ive  R e s r - h i  the  lo w -fre q u e n c y  re g im e , Z2 increases a lm o s t l in e a r ly  

w ith  Z\ .  I t  is u n c le a r w h e th e r th is  is in d ic a t iv e  o f  the  presence o f a n o th e r se m ic irc le  o r 

o f  th e  p resence  o f a W a rb u rg  im p e d a n ce . S om e e xa m p le s  o f th e  C V  c u rv e s  (re c o rd e d  

a fte r  20 cyc les) can  be seen in  F ig u re  6 .2C  (scan ra te  50? « l^ /s ). T h e  C V  c u rv e s  are 

ty p ic a l o f  th o se  o f  ca rb o n  n a n o tu b e s  fu n c t io n a lis e d  w i t h  c a rb o x y lic  a c id  g ro u p s  w ith  

b ro a d  re d u c t io n  a n d  o x id a tio n  fe a tu re s  [148].
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In order to ascertain the effects of percolation, it is necessary to analyse the electro­

chemical data as a function of film thickness. To do this, the network thickness must 

be estimated with reasonable accuracy. For thin conducting films, the transmittance 

scales with thickness as [127]

to aop =  1-7 X [45, 124, 147]. Using this value and eqn. 6.3, we can calculate

film thickness from the transmittance data. To illustrate this, we plot the measured 

film transmittance as a function of calculated thickness in Figure 6.3A. It is important 

to note that real capacitors have two electrodes. This means that, if for example, an 

overall transmittance of T > 80% is required, then each electrode must have T  > 89%. 

This corresponds to a thickness of t < 17nnt and falls well inside the percolation 

regime. In addition, we plot the sheet resistance data as a function of film thickness 

in Figure 6.3B. As expected for bulk-like materials, for the thicker films, Rg scales 

inversely with thickness as illustrated by the dashed line. However, below a critical 

thickness, ^,„h,dc ~  WOum, the data deviate from this line as percolation effects become 

important. In the previous chapter we showed that the thickness where the bulk to 

percolation transition occurs is related to the bundle diameter, D, by ~  2.33D

[95]. That the measured mean bundle diameter is 23 nm predicts that =  5inm.

The reason for the disagreement is unclear.

We measured the equivalent series resistance from the impedance data for all 

electrode thicknesses. The thickness dependence of the R e s r  is plotted in Figure 

6.3C. It is noteworthy that R e s r  displays a thickness dependence almost identical to 

that of R s ,  displaying bulk-like behaviour above a thickness of tmin,ESR = W O n m  but 

percolative behaviour below this transition thickness. We plot R e s r  versus Rg  in the 

inset of Figure 6.3C, finding almost perfect linearity. This would be expected for an 

electrode where the active material also plays the role of the current collector and the 

electrolyte resistance is negligible. The capacitance was determined from the cyclic 

voltammetry curves. We calculated the electrode capacitance after 20 cycles using

(6 .3)

It is well-known that the optical conductivity of carbon nanotube networks is close
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Figure 6.3: Electrode properties plotted as a function of network thickness, as calculated from 

the transm ittance. A) N etw ork transm ittance, B) sheet resistance, C) equivalent 

series resistance and D) capacitance per unit area. Shown in the inset of C) is a plot 

of equivalent series resistance versus sheet resistance. In B), C) and D, the dashed 

lines represent the behaviour expected for bulk-like electrode. The arrows indicate 

the point of deviation from bulk-like behaviour.
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I = C d V / d t  [113]. The cu rren t w as norm aU zed to the electrode area (constan t for all 

films at 2.83cm^) and  averaged over the en tire  po tential range to give the capacitance 

per un it area ( C / A)  w hich is p lo tted  against thickness in F igure 6.3D. For thicknesses 

above a m inim um  value (tmin.c ~  20nm),  the capacitance scales linearly w ith  thickness 

as expected for a bulk-like m aterial. It is w orth  noting that this linear behaviour occurs 

w h en  the electro ly te effectively w ets the electrode. This is the  case here  because the 

electrolyte is aqueous an d  the n ano tubes m aking  u p  the electrode are functionalized 

w ith  carboxylic g ro u p s ren d erin g  the electrode surface hydrophilic . H ow ever, below  

this threshold, the capacitance falls off m ore rapidly  than  expected. This is a significant 

effect w ith  the th in n est film  d isp lay in g  capacitance an  o rd e r of m ag n itu d e  low er 

than  expected. C om parison w ith  the behav iour of Rs  and  Resr  strongly  suggests this 

behaviour to be percolative in nature . To the best of our know ledge, this effect has not 

been reported  previously.

S im ilar to  the ana lysis p re sen ted  in  the  p rev io u s ch ap te r the d a ta  above suggests 

the presence of percolation effects, such phenom ena can be dem onstrated  m ore clearly 

by p lo ttin g  as a function  of th ickness a p a ram ete r such  as DC conductiv ity , w hich 

is n o rm ally  th ickness invarian t. To d o  this, we calcu late the DC conduc tiv ity  of the 

elec trode from  the  sheet resistance u sin g  uoc — l / ( Ks O-  can also  calculate an  

effective conductiv ity  associated  w ith  the ESR w hich  w e define as c t £ s r  ~  1 / ( R e s k O -  

These conductivities are plotted  against thickness in Figure 6.4A. For thicknesses above 

~  lOOnm, w e observe b o th  co n d u c tiv ities  to be co n stan t w ith in  erro r as w o u ld  be 

expected  for a bu lk -like electrode. H ow ever, for th icknesses below  ~  WOnm,  bo th  

conduc tiv ities  ten d  to fall n o n lin early  w ith  decreasing  th ickness. S im ilar b eh av io u r 

h as  been  p rev iously  observed  for th in  conducting  film s of n an o -stru c tu red  m ateria ls 

such  as carbon  n an o tu b es, g rap h en e , an d  m etallic n an o w ires  [3, 31, 45, 95, 101]. We 

em p h asize  th a t the  sam e b eh av io u r is observed  for th e  ESR as the  DC conductiv ity  

because the ESR is dom inated  by the resistance of the electrode.

We can confirm  tha t th is b eh av io u r is d u e  to perco la tion  by sh o w in g  th a t the 

con d u c tiv ity  scales w ith  th ickness as described  by the p erco la tio n  scaling law  as 

expressed in the prev ious chapter (eqn. 6.4). This is clearly dem onstrated  in the inset of 

F igure 6.4A for bo th  the DC and  effective conductivities at thickness below  and



6.2 RESULTS AND D I S C U S S I O N  I I 5

E
w

U.W icf^

icP-

i t f -

EOLL

d

i( f-

'^ S R • i "

E
S)

10 -

10
6
6 10’

• i *

*■> t.=4 3 nm 
:• '*  n ,„= 0  69

rw=0 66

i t r "  Iff’ 10* 10" 10''
t-t̂  (nm)

Q/,b
l t f

■I#

10^

10’
I t.=4 3 n n

r\=Q.83

10'® 10’“  10'^  10' ' -

O)
ic

10̂ o

_   H  (nm)

10 100 
Film th ick n ess ,  t (nm)

ir f  
1000

F igure 6 .4 : P erco la tion  effects in th ese  electrodes. A) E lectrode D C  co n d u c tiv ity  (calcu la ted  

from  the sheet resistance) an d  the equ iva len t HSR conductiv ity , defined  as (7e s r  ~  

1/ (RESRt )  p lo tted  as a fu n ctio n  of film th ickness. Inset: th e  sam e d a ta  p lo tted  

as a perco la tion  curve. T he fit g ives a p e rco la tio n  th resh o ld  of tc =  4.3nin  an d  

perco la tion  ex p o n en ts  o f iie sr  =  0.69 an d  uj jc =  0.66 . B) C ap ac itan ce  p e r  film  

volum e plo tted  as a function of film thickness. The righ t axis show s the capacitance 

in F /g  (tak ing  p= iooo  k g /m 3 ). Inset: the sam e d a ta  p lo tted  as a perco la tion  curve. 

The fit gives a perco la tio n  th resh o ld  of tc =  A.Snni an d  a perco la tio n  e x p o n e n ts  of 

riQ =  0.83. (C,D) S chem atics of ran d o m  tw o -d im e n sio n a l n e tw o rk s  of sticks. T he 

stick  d en s itie s  in  (C) a n d  (D) are 4.3L”  ̂ a n d  4.9L“ ^, w h e re  L is th e  m ean  stick  

length. In each case,the d a rk  b lue sticks illu stra te  a perco la ting  p a th , w h ile  the  red 

sticks in (C) rep resen t tw o isolated clusters. In (D), these clusters are now  connected 

to  the rest of the netw ork .
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i m i n , E S R,  respectively. From the fits, we find the percolation threshold to be t c  — 4.3j7;« 

in each case. The percolation exponents were jiesk =  0.69 and iijjc =  0.66. These 

values are much smaller than the universal value of 1.3, expected for two-dimensional 

systems [97]. However, we note that such low values are commonly found for carbon 

nanotube networks . The reason for this discrepancy is unknown.

We can perform  a similar analysis to above to explore the possibility of percolation of 

capacitance by plotting the capacitance per electrode volume Cy — C / A t ,  as a function 

of film thickness as shown in Figure 6.4B. Assum ing that the nanotube network has a 

well-defined surface area per unit volume, then this volumetric capacitance should be 

independent of film thickness for a bulk-like film (assuming good electrolyte wetting). 

As was the case for the conductivity data, we observe constant volumetric capacitance 

for thicknesses above 20nm.  We denote this constant volumetric capacitance for thick 

bulk-like films, Cv,Bf which has a m ean value of 55Fan~^ . However, a significant 

fall off in volum etric capacitance is observed at lower thickiiesses. If this fall off is a 

percolation effect, then we expect the volumetric capacitance to scale with thickness in 

the thin film regime as

Cv oi { t -  tcY'‘ (6.4)

We believe the capacitance will follow this form because a wide range of phenomena 

described by percolation theory can be m odelled using this type of function [97]. 

However a m ore rigorous justification wall be given below. The inset of Figure 6.4B 

shows this model to fit the data extremely well giving values tc =  4 3 nm and tic — 0.83. 

These values are similar to those obtained for the sheet resistance and ESR. We can use 

the thick film data to estim ate the specific capacitance, taking an estim ated netw ork 

density of 1000kg/ ni^ (as m easured for a thick free-standing film). This is displayed 

on the right axis of Figure 6.4 and shows the capacitance per unit mass to saturate at 

~  55F / g  in the bulk-like region. This is in line w ith a num ber of papers on nanotube- 

based transparent supercapacitor electrodes [105, 106, 108, 145].

It is interesting that while the percolation threshold is the same for DC conductivity, 

equivalent circuit resistance, and capacitance data {tc =  A3 nm)  the transition from
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p e rco la tiv e  to  b u lk -lik e  b e h a v io u r  o ccu rs  a t  a lo w er th ic k n e ss  {t,nin,c ~  20nm ) fo r th e  

c a p a c itan c e  th a n  it  d o e s  fo r  th e  sh e e t re s is ta n c e  o r  ESR ( t , n i n , D C  ~  ^ m i n , E S R  ~  l O O n i n ) .  

It is u n s u rp r is in g  th a t  th e  p e rc o la tio n  th re s h o ld  s h o u ld  b e  th e  sa m e  in  a ll cases. 

T h e  m e a s u re m e n ts  o f R e s r  / sricl d  A  a ll r e q u ire  c u r re n t flow  in  th e  n e tw o rk , 

so  sh o u ld  a ll g iv e  th e  sa m e  v a lu e  o f ic ■ H o w ev er, th e  th ic k n e ss  w h e re  p e rc o la tiv e  

b e h a v io u r  tra n s itio n s  to  b u lk - lik e  b e h a v io u r , is  m o re  su b tle . It h a s  b e e n  sh o w n  

p rev io u sly  for n a n o s tru c tu re d  n e tw o rk s th a t th is  tra n s itio n  occurs a t the  sam e th ickness 

as a tran sfo rm a tio n  from  sp a tia lly  n o n u n ifo rm  to g re a te r  n e tw o rk  u n ifo rm ity  [3, 31, 45]. 

T h is  tra n s itio n  te n d s  to  o ccu r a t a n e tw o rk  th ic k n e ss  th a t  is ~  2.3 tim es  th e  d ia m e te r  

o f th e  n a n o w ire s  o r  n a n o tu b e s  m a k in g  u p  th e  n e tw o rk [9 5 ]. H ow ever, th e  v o lu m e tric  

capacitance  is un lik e ly  to be  sensitive  to the  n e tw o rk  nonu n ifo rm ity . M ore probab ly , the  

capacitance  is sensitive  to  the  connectiv ity  of the  n e tw o rk . For very  sp a rse  n e tw o rk s, n o t 

all n a n o tu b e s  w ill be connected  to  th e  m ain  n e tw ork . We m ig h t expect th e  capacitance  

to  d e p e n d  on  the  n u m b e r of n a n o tu b e s  th a t a re  d irec tly  co nnec ted  to  the  m a in  n e tw o rk  

a n d  to  becom e th ickness in d e p e n d e n t w h e n  the  last iso la ted  n a n o tu b e  c lu ste r becom es 

c o n n e c te d  to  th e  re s t o f th e  n e tw o rk . T h is  is like ly  to  o ccu r s ig n if ic a n tly  b e fo re  th e  

n o n u n ifo rm ity  to  u n ifo rm ity  tra n s itio n  in  line  w ith  w h a t is ex p e rim e n ta lly  o b se rv ed .

We illu s tra te  th is  b e h a v io u r  in  F ig u re  6-4C,D . F ig u re  6.4C  sh o w s a s c h e m a tic  o f a 

sp a rse  n e tw o rk  o f r a n d o m ly  a r ra n g e d  s ticks. T h is  n e tw o rk  is ab o v e  th e  p e rc o la tio n  

th re sh o ld  as  illu s tra te d  by  th e  co n d u c tiv e  p a th  m a rk e d  by  d a rk  b lu e  sticks. H ow ever, 

it is sp a rse  e n o u g h  to  be  q u ite  n o n u n ifo rm ; th e  b o tto m  rig h t p o rtio n  h as  co n sid e rab ly  

low er stick  d e n s ity  th a n  th e  to p  r ig h t for exam ple . A s sh o w n  prev iously , su ch  n o n u n i­

fo rm ity  is a sso c ia te d  w ith  th ic k n e ss  d e p e n d e n t  D C  c o n d u c tiv ity  a n d  so  b e h a v io u r  

characteristic  of electrical perco la tion  [3, 31, 45]. In a d d itio n , it h as  a n u m b e r  of c lu ste rs  

(illu s tra te d  b y  re d  sticks) w h ic h  a re  n o t c o n n e c te d  to  th e  re s t o f th e  n e tw o rk . T h ese  

c lu s te rs  can  c o n tr ib u te  to  n e ith e r  c u r re n t  flow  n o r  c a p a c itan c e . T h u s  w e  e x p e c t th is  

n e tw o rk  to  have an  effective th ickness w h ich  is be low  b o th  t m i „ , D C  arid  S how n in

F igure  6.4D is the  sam e n e tw o rk , b u t  w h e re  50 m o re  sticks have b een  a d d e d  random ly . 

I t is c lea r th a t th is  n e tw o rk  is s till sp a tia lly  n o n u n ifo rm . T h u s  th ic k i'ie ss -d e p e n d e n t 

co n d u c tiv ity  is still expected  (f <  fn„;i,Dc)- H ow ever, all sticks are no w  co nnec ted  to  the  

n e tw o rk  a n d  so  can  c o n tr ib u te  to  th e  cap ac itan ce . T h is  s u g g e s ts  th a t  t > i„un,c- T h is
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su p p o rts  the  possibiU ty of a scenario  w h ere  a n e tw o rk  can have th ickness such  th a t 

imin,c <  t < fmin,DC> su g g ested  by  o u r experim ents. This concep t also allow s us to 

justify  o u r use  of eqn. 6.4 to describe the capacitance. A s the capacitance scales w ith  

the surface area of the electrode, we w ould  expect it to be p roportional to the fraction 

of n an o tu b es  connected  to the n e tw o rk  (i.e., those n o t iso la ted  like the red  ro d s in 

F igure 6.4C). However, percolation theory  show s th a t the probability  tha t a nano tube 

is connected to the netw ork (i.e., the fraction of nanotubes w hich are connected) scales 

as P oc — N/i c)^  / w here p is a scaling exponent [97]. Because we expect C / A  oi P, 

this show s that the capacitance should  indeed  follow the scaling law described by eqn. 

6.4.

6.2.3 Electrode performance

As electrode thicknesses are reduced to increase transm ittance, the absolute capacitance 

falls no t on ly  because of perco lation  b u t also  because the electrode m ass scales w ith  

thickness. This is im p o rtan t because the  energy  sto rage capability  of the  capacito r is 

p ro p o rtio n a l to the capacitance. We explore this trade-off betw een  transm ittance and 

capacitance by  p lo ttin g  the  m easu red  tran sm ittan ce  versus the areal capacitance in 

F igure 6.5A. The abso lu te  capacitance expected  for a tw o-electrode device w ith  these 

electrodes is show n on the top  axis (taking an electrode area of 2.83cni^ and  d iv id ing  

by  2 to  correct for 2 e lec trodes p e r device). We see th a t th icker film s have h ig h  C /  A  

an d  low  T, w hile  th in  film s d isp lay  the opposite . For a bu lk-like e lectrode, the  areal 

capacitance is re la ted  to  the th ickness by  C /A  =  Cv,Bt, w h ere  Cy,B is the  bu lk-like 

vo lum etric capacitance. C om bin ing  this w ith  eqn. 6.3 to elim inate f gives an  equation  

w hich  relates the transm ittance to the areal capacitance for bulk-like electrodes:

T =
 ̂ Zoaof, C ^

(6-5)
2Cy^B

The d ash ed  line in F igure 6.5A is a fit to  this equ a tio n  6.6. Very good ag reem en t is 

observed  for Z o o o ,,/2CyB =  566cm ^/F .
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Figure 6.5: A) M easured transm ittance (550n/n) plotted as a function of areal capacitance (the 

absolute capacitance for a tw o electrode device of equal area is show n on the top 

axis). The dashed line is a fit to equation 6.5 and represents bulk-like behaviour, 

hiset: The sam e data p lo tted  as 1 — T to m ore clearly show  the deviation from 

bulk-like behaviour due to percolation. The solid line is a plot of equation 6.6 using 

the constants described in the text and represents percolation. N ote that the solid 

line deviates from the point w ith lowest C /A  due approxim ation in the derivation. 

B) Ragone plot com paring the data described in this paper to o ther transparen t 

supercapacitors described in the literature. The bracket indicates the region of the 

data dom inated by percolation. The arrow  indicates the boundary  betw een film 

w ith T  >  90% and T<90%.
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We note that the data appear to deviate from the fit line for C /y4 <  lO^F/c;;;^ due to

perco lation . This can be seen m ore clearly  in the inset w hich  p lo ts 1 — T versus C / A .  

We can use percolation theory to derive an  expression for C / A  for films w ith  t < 

fo llow ing the  p ro ced u re  described  in the p rev io u s ch ap te r (A ppend ix  8 .3). We can 

rew rite eqn. 6.4, m aking the approxim ation  t — tc ^  t and  note that, at the percolation 

to bulk  transition, t =  andC\/ =  Cy,B, allow ing us to w rite Cy  =  C v , B { t / , 

w here Cy,B is the volum etric capacitance for a bulk-like film. Inserting this expression 

into C / A  = Cyt  (true for all th icknesses) gives an  equation  w hich  can be su b stitu ted  

into eqn. 6.3 (elim inating t) to give

All of the  p aram ete rs  in  th is exp ression  have been  described  in this paper, aop =  

1.7 X 10‘̂ S /n i ,  t,„in,c ~  20nni (F igure 6.4D), Cy,B ~  55Fcm~^ (F igure 6.4B), an d  nc  =  

0 .83. U sing these know n values, w'e can p lo t eqn. 6.6 on the Figure 6.5A inset. The result 

is the solid  line and  m atches the d a ta  extrem ely  well. We note tha t the d isag reem en t 

b e tw een  the  theoretical line an d  the  d a ta  p o in t w ith  sm allest C /  A is d u e  to the 

app rox im ation  f — fc ~  f.

It is usefu l to  consider w h a t capacitance can be achieved for a film  w ith  T  =  90%. 

This can be derived by rearrang ing  eqn. 6.6 w hile setting  T  =  90% to give

This m ean s  th a t to have h ig h  T  co u p led  w ith  h ig h  C / A  one n eed s  low  aop and  

coupled w ith  high C v ,b -  We note that w hile a o p  is generally a m aterials property, 

b o th  (ref [95]) arid C v , b  d ep e n d  on  n an o tu b e  b u n d le  d iam ete r such  th a t low 

d iam ete rs  sh o u ld  give b e tte r resu lts. In  ad d itio n , w e n o te  h ig h  va lu es of nc  are 

favourable for high C / A .  For electrical percolation, it is know n tha t is controlled 

by the  d is trib u tio n  of junction  resistances in the netw ork  and  so scales w ith  netw ork  

n o n u n ifo rm ity  [133, 138, 143]. H ow ever, it is n o t yet clear w h a t p a ram ete rs  contro l

(6 .6)
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iiQ- H ow ever, if w e assum e th a t »c ^Iso scales w ith  netw ork  nonunifo rm ity , the 

requ irem en t for h igh  hq w ould  suggest tha t non-un ifo rm  netw orks are preferred  for 

thin, tran sp a ren t supercapacitors. However, w e note tha t the sheet resistance (and so 

the ESR) for percolating netw orks also scales w ith  ujjc (or uesr  ) [95, 131]- This m eans 

tha t n e tw orks w ith  h ig h  nc  (and  so p resu m ab ly  npc)  w ill have h ig h e r d  A  b u t also 

h igher R e s r - This trade-off w ill need to be considered  for p articu lar applications.

The energy  density  and  pow er density  of a sym m etric supercapacito r can be calcu­

lated  using

E / M  =  C d A V V 2M

and

P / M  =  A V V 4R £sr,dM

w here  A V  is the o p era tin g  voltage ( taken  as 0 .8V in this case) and  M is tw ice the 

m ass of SW NTs per electrode. We no te  th a t the device capacitance, Co,  is half the 

m easu red  electrode capacitance, w hile the device ESR, R e s r , d  is tw ice the m easu red  

electrode ESR (due to  the fact th a t w e w ork  w ith  a th ree-e lec trode cell) . In F igure 

6.5B w e have p lo tted  £ /M  versus P / M .  We have also  in c lu d ed  d a ta  rep o rted  in  the 

literature for o ther transparen t supercapacitors [105, 106, 144]. The SCs w ith  bulk-like 

electrodes p re p a re d  here  tend  to c luster in the top  rig h t p o rtio n  of the g rap h , w h ile  

the th im ier perco lative ne tw orks ex tend  d o w n  to w ard  the b o tto m  left. We no te  th a t 

all da ta  p o in ts  to  the rig h t of the arrow  rep resen t e lec trodes w ith  T < 90%. It is 

clear from  th is g rap h  th a t o u r tran sp a ren t e lectrodes w ith  th icknesses in the  bu lk  

regim e behave sim ilarly  to transparen t electrochem ical capacitor electrodes published  

in the lite ratu re . H ow ever, im portan tly , w e show  th a t increasing  the  tran sp a ren cy  is 

accom panied by a rap id ly  d im in ish ing  pow er and  energy  densities due  to percolative 

effects. The data  in Figure 6.3A show s tha t for the tubes used here  a transm ittance of 

90% per electrode (i.e., 81% per capacitor assum ing  a perfectly transparen t electrolyte) 

lim its the  a tta inab le  areal capacitance to  lO^F/cm ^ p e r e lectrode o r ~  1.5 x lO ^f 

for a tw o-electrode device w ith  the  area u sed  here. This w o u ld  be eq u iv a len t to
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a Stored energy of ^  10^/. We note that due to percolation effects the achievable 

capacitance/energy  is m uch reduced if T > 90% is required. W ithout know ing the 

exact role that transparent capacitors will play, it is difficult to assess w hether these 

energies are large enough for applications. However, we emphasize that much work is 

currently  ongoing into autonom ous sensing/com m unication platform s [1 4 9 ]. These 

m iniature devices will incorporate sensors which can communicate a detection event 

to the outside w orld via a radio frequency antenna. The com m unication event is 

likely to be powered by a supercapacitor which can later be recharged perhaps using 

photovoltaic technology. Transparency may be an advantage for such integrated devices 

for reasons of camouflage or to m ake them  unobtrusive for aesthetic reasons. It has 

been estim ated that the energy requirem ents for com m unication w ould  be tens of 

microjoules per event [1 5 0 ]. These power requirem ents appear to be compatible w ith 

the transparent nanostructured supercapacitors described here.

6 . 3  C O N C L U S I O N S

We have exam ined the thickness dependence of the properties of supercapacitor 

electrodes prepared  from carbon nanotube films. M easurem ents of the electrode 

transm ittance and sheet resistance show a distinct transition from percolative to bulk­

like behaviour as the electrode thickness is increased. The equivalent series resistance 

also underw ent a percolation to bulk  transition at the sam e electrode thickness of 

lOOnm. hiterestingly, similar results were observed for the areal capacitance albeit with 

a lower transition thickness of 20nm. The DC conductivity, effective ESR conductivity, 

and volumetric capacitance of thin films were all well described by percolation theory. 

All data could be described by percolation thresholds of 4.3n;n and critical exponents 

of «Dc =  0.66, «£SK — 0.69, and Hq =  0.83. We found the areal capacitance to be 

controlled by percolation for electrodes w ith T >  90%. At T =  90%, the capacitance 

was W^F/cm^,  enough to power burst communication for an integrated sensing device. 

We found that for bulk-like electrodes the energy and pow er densities clustered 

in a well-defined area of the Ragone plot. However, the percolative data form ed a
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long  tail tow ard  the b o ttom  left co rn er of the  g rap h . This w ork  illustra tes that, if 

h igh  tran sp a ren cy  is req u ired , a severe cost in b o th  pow er and  energy  m u st be paid . 

However, tha t cost can be read ily  estim ated  using  perco lation  theory.

6 .4  E X P E R I M E N T A L  P R O C E D U R E

We p re p a re d  d isp ers io n s by  ad d in g  P3 s ing le-w alled  ca rbon  n an o tu b es  (C arbon- 

Solutions Inc.) to M illipore w ater such tha t the n an o tu b e  concentration w as mL.  

The d isp ers io n  w as th en  subjected  to 0.5hr of h ig h  p o w er tip  son ication  (VibraCell 

CVX; 750W, 20% 60kHz)  an d  then  left to settle  o vern igh t before being  cen trifuged  at 

5500 rp m  for 90iniir. The su p e rn a tan t w as carefu lly  d ecan ted  an d  saved for fu rth e r 

use. We m easu re  the  concen tra tion  after cen trifu g atio n  by m easu rin g  the ab so rb ­

ance spec trum  and  recording the absorbance per u n it cell length. A l l ,  at 660nin. The 

L am bert Beer law  (A =  aCI) gives the  co ncen tra tion  u sin g  the ex tinction  coefficient, 

ft =  3?>89mLmg ^in  ̂ [2 8 ]. The re su ltin g  d isp e rs io n s  w ere v^acuum-filtered usin g  

porous cellulose filter m em branes (M F-M illipore m em brane, m ixed cellulose esters, hy­

drophilic, 0.025[ji/«, 47nim) to give thin films. The thickness of these films was controlled 

by the volum e of d ispersion filtered and  hence the deposited  mass. The deposited  films 

were transferred to polyethylene terephthalate (PET) (or A uPd-coated glass) substrates 

u sin g  h ea t an d  p re ssu re  as describeci p rev iously  [1 4 ]. The cellu lose filter m em brane  

w as then  rem oved by trea tm en t w ith  acetone v ap o u r and  su b seq u en t acetone liqu id  

b a ths follow ed by  a m ethano l bath . The final film  d iam ete r w as 36mm.  SEM w as 

perform ed using a Zeiss U ltra p lus SEM. O ptical transm ission  spectra w ere recorded 

in the visib le range (400 — SOOnm) u sin g  a V arian C ary  6000/. In all cases, PET w as 

used as the reference. Sheet resistance m easurem ents w ere m ade using  the four-probe 

technique w ith  silver electrodes of climensions and spacings typically of approxim ately 

m illim eter size and  a K eithley 2 4 0 0  source m eter. For electrochem ical m easurem ents, 

all nanotube electrodes had  the sam e shape and  lateral d im ensions (length and  w idth). 

This is critical to  avoid scatter in the ESR m easu rem en ts . E lectrochem ical charac te r­

ization consisted of cyclic vo ltam m etry  and  electrochem ical im pedance spectroscopy
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using a three-electrode electrochemical cell and  G am ry Reference600 potentiostat. 

Transparent electrodes were used as the w orking electrode w ith a carbon counter 

electrode and A g / Ag C I  (SMNaCI)  reference electrode. The supporting  electrolyte 

used for all characterisation was I.OMH2 SO4  (Sigma-Aldrich). We determ ined the 

capacitive perform ance of transparen t electrodes by cyclic voltam m etry w ithin the 

potential window 0 to 0.8V vs A g / A g C l  at a scan rate of 50mVs“  ̂ .We determined the 

equivalent series resistance of the interface by electrochemical impedance spectroscopy 

(lOOkHz to lOOmHz). An AC perturbation of lOmVvjas  applied to the interface within 

the frequency range O. lMHz  to lOwHz.



7
C O N C L U S I O N S

G raphene film s deposited  from  surfactan t stabilised d ispersions have been exam ined 

as a po ten tia l ITO rep lacem en t m aterial. A lth o u g h  these film s m eet som e of the 

req u irem en ts  such  as low  tem p era tu re  so lu tion  p rocessing , h ig h  tran sp a ren cy  an d  

stability u nder flexing, the DC conductivity  of 1.5 x lO'^S/ w is too low. A conductivity 

ra tio  (7d c /(^Oi> ~  0-4 w as achieved, close to the lim iting  value  p ro p o sed  by De et 

al. of Ud c ! =  0.7 [128]. This w o u ld  su g g est little  room  for im provem ent. These 

film s are still p ro m isin g  can d id a tes  for tran sp a ren t co n d u c tin g  app lica tions w here  

ex trem ely  low  Rg is n o t req u ired  d u e  to the ease of p rocessing , electrcim echanical 

stability, low  cost. In ad d itio n , h ig h  tem p era tu re  an n ealin g  of these film s is n o t an  

intrinsic processing step.

The ability  to exfoliate g rap h en e  in surfactan t-w ater so lu tions in  a m an n er sim ilar 

to carbon n ano tubes led to the form ation  of g ra p h e n e /c a rb o n  nan o tu b e  hybrids. An 

o p tim u m  com position  of 3ivt% g rap h en e  w as found . This h y b rid  d isp layed  g reater 

DC conduc tiv ity  and  conductiv ity  ra tio  th an  the g rap h en e  or n an o tu b e  only  films. 

After treatm ent w ith  acid, to decrease the junction resistance, the conductivity  ratio of 

the 3wt%  increased  by 40% com pared  to the n an o tu b e  only  film of s im ilar thickness 

from  12 to  18.5. S trategies to  im prove the conduc tiv ity  of n an o tu b e  film s involv ing  

im provem en ts to  the d isp ersio n  q uality  an d  film  fo rm atio n  hav^e y ie ld ed  m arg inal 

im provem ents. A ddition of small quantities of g raphene show  significant im provem ent 

to a lready  good quality  films.

F igures of M erit (FoMs) used  to ra te  tran sp a ren t con d u c to rs aga inst k now n  s tan d ­

a rd s  are typ ically  based  on bu lk  quan tities. H ow ever, w e have show n  th a t for m an y  

po ten tia l m ateria ls  in  the technologically  re levan t reg im e, i.e. T >  90%, the DC con­

ductiv ity  d isp lays values low er th an  expected. The electrical p ro p e rtie s  tend  to be 

controlled by percolation in that w e observe thickness in d ep en d en t quantities such as

1 2 5
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DC conductivity displaying thickness dependan t behaviour. To improve our under­

standing of the consequences of this, a m odel has been developed hyDe et al. which 

relates T to Rs in the percolation regime. A percolative figure of merit, II was defined, 

for which high values result in high T and low Rg. High values of II are achieved for 

high DC conductivity and low optical conductivity. In addition, the film thickness, 

where the DC conductivity first deviates from its bulk value and the percolation 

exponent, n, m ust both be as low as possible. We demonstrate that f„„„ depends on the 

smallest dimension (D) of the entity making up the film by f„,/„ 2.33D (i.e. diameter

for wires or thickness for flakes).

The im portance of understand ing  percolation and deficiencies of standard  bulk 

theory are clearly highlighted by m easuring the opto-electronic properties of networks 

of silver flakes. The bulk ratio of DC to optical conductivity was m easured to be ^  35, 

suggesting the m inim um  industry  requirem ents as set by H ew lett Packard (HP) of 

Rs — 100^/s^J and T =  90% are achievable. However, due to the large flake thickness 

t,„i„ is high and so II is low, resulting in actual values of T =  26% for Rs = l O O O / s i ] .  

This makes this material completely unsuitable for transparent conductor applications 

a fact that would be overlooked when considering bulk FoMs only.

The relationship between Rs and T is defined by two param eters; the percolative 

FoM which is controlled by the properties of the material and the percolation exponent 

w hich is determ ined by the properties of the netw ork. This suggests two distinct 

approaches to improve netw ork perform ance. One can either improve the m aterial 

m aking up the network or improve the network as a whole.

The effect of percolation on the properties of supercapacitor electrodes has been 

examined. M easurem ents of the electrode sheet resistance and transm ittance as a 

function of thickness show sim ilar behaviour to netw orks of graphene and  silver 

nanowires. We find a distinct transition from percolative to bulk-like behaviour for our 

carbon nanotube electrodes as the thickness is increased above lOOnni. As expected 

the equivalent series resistance also underw ent a percolation to bulk transition at 

this thickness. Similar results were observed for the areal capacitance, a lthough a 

lower transition thickness of 20nm was observed. We found the areal capacitance to 

be controlled by percolation for electrodes w ith  T >  90%. We also show that the
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thickness dependence of both  R e s r  and volum etric capacitance Cv are consistent w ith  

perco la tion  theory. W hile this resu lt m ay be expected  for R esr, it is u nexpected  th a t 

the capacitance follows a percolation scaling law. The reason for this is that, for sparse 

netw orks, the capacitance is proportional to the fraction of nanotubes connected to the 

m ain  netw ork. This fraction, in  tu rn , follows a percolation scaling law. In term s of the 

en e rg y  an d  p o w er d en sity  w e find  th a t in  the  bu lk  reg im e o u r d a ta  is c lu ste red  in  a 

well defined region of the Ragone p lo t w ith  values sim ilar to that of o ther transparen t 

supercapacitors. However, in the percolation regim e a significant fall off tow ards lower 

energy and  pow er density  is observed as the film transm ittance is increased. H ence if 

h igh  tran sp a ren cy  is req u ired , a severe cost in bo th  p ow er an d  energy  m u st be paid . 

However, that cost can be readily  estim ated  using perco lation  theory.

S o lu tion  p rocessed  g rap h en e  film s w ill n o t rep lace ITO as a tran sp a ren t electrode. 

A d d itio n  of sm all q uan titie s  of g rap h en e  to  carbon n an o tu b e  n e tw orks re su lts  in 

sign ifican t im prov 'em ent. Perco la tion  effects m u s t be considered  for n an o stru c tu red  

electrodes in the technologically relevant regim e as a considerab le perform ance price 

m u st be paid  for very  high transparency.

7.1 F U T U R E  W O R K

In te rm s of fu tu re  h igh  perfo rm ance  tran sp a ren t conduc to rs, low  d iam ete r m etallic 

nanow ires display superlative perform ance to solution processed carbon nanoconduct­

ors due  to the m uch lower junction resistance. The inost significant recent advancem ent 

in  this field is w ork  d o n e  by Ratliniell et al. [99]. They sy n th esised  co p p er n anow ires 

w ith  nickel shell an d  m easu red  the tem p era tu re  d ep en d en ce  of the shee t resistance. 

T heir resu lts  show  th a t for copper an d  silver n an o w ire  film s sheet resistance Kj w ill 

d o u b le  after 3 and  36 m on ths a t room  tem p era tu re  respectively. The sheet resistance 

of cupron ickel n anow ires con ta in ing  20mol%  nickel w ill d o u b le  in  ab o u t 400 years. 

These p ro p e rtie s , an d  the fact th a t co p p er an d  nickel a re  1000 tim es m ore  ab u n d a n t 

th an  in d iu m  o r silver, m ake cupron ickel n an o w ires  a very  p ro m isin g  a lte rn a tiv e  for 

the sustainable, efficient production  of tran sp a ren t conductors.
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There is significant room  for im provem ent in the power and energy densities for 

transparent supercapacitors in the technologically relevant regime. There are two areas 

that I feel w arrant further investigation.

To maximize power and energy density for high T  electrodes, it would be necessary 

to shift the transition from bulk-like to percolative behaviour to lower thickness, that 

is, imin,ESR  31''^ m ust be reduced. It is know n that scales linearly w ith

the d iam eter of the rods m aking up  the netw ork, in this case the nanotube bundle 

diam eter, and it is reasonable to assum e the sam e for arid Thus, it is

possible that percolation effects can be minimized or avoided altogether by using better 

exfoliated nanotubes. According to Figure 6.3A, T — 90% can be achieved for t =  16nm 

We recently showed that ~  2.33D, where D is the bundle diam eter [95]. Thus,

the onset of electrical percolation could be suppressed to below =  16n;« so

long as D < 7nin.

To increase the energy density, the nanotube network could be coated with a pseudo- 

capacitive material such as MnOx  [151]. It has been dem onstrated that such Faradaic 

or hybrid  double-layer supercapacitors can yield m uch higher specific capacitance 

and energy density than pure electrochemical double-layer capacitors [111]. This will 

increase the volumetric capacitance, although the percolation effects discussed here 

will still be present.

A straightforw ard m ethod to coat carbon surfaces w ith MnOx  is the reduction of 

perm anganate [152]. In this general method, the carbon substrate serves as a sacrificial 

reductant and converts aqueous perm anganate {MnO^)  to insoluble MnOz- It would 

be im portant to control the thickness of the coating applied to see the effect of coating 

thickness on the optical, electrical and electrochemical performance of the films.

Recently our group in collaboration w ith  Prof. N icolosi's group (Oxford) have 

dem onstrated a m ethod to efficiently disperse a host of layered compounds in common 

solvents, and in water w ith the aid of surfactant stabilisation [153, 154]. Applications 

of films of exfoliated layered com pounds in m any areas will be lim ited by their 

relatively low electrical conductivity. Cunningham et al. have shown that for M0S2- 

SWNT composites conductivites as high as ~  40S /  m can be achieved at SWNT volume 

fractions as low as ^  4% [155]. Work is currently underw ay in our group to exfoliate
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layered pseudocapacitive m aterials such as M n 0 2  and M0O3. Dispersions of these 

m aterials w ould be blended with dispersions of carbon nanoconductors sim ilar to 

the work done in Chapter 4. The SWNTs will greatly increase the conductivity of the 

com posite and due  to the web like m orphology of SWNT netw ork should increase 

the porosity  and hence electrolyte accessibility. In the case of MnOj  it is im perative 

to fabricate an open porous network because only a very thin layer is involved in the 

charge storage process [156].



/ /
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A P P E N D I X

.1 VOLTAGE R A M P  ( P O T E N T I A L  S W E E P )

vt  =  iRs + - ~

Let

substitu ting  into equation

use in tegrating  factor

vt
dt RC R

RC

Qi t )  =
vt
~R

now

^  + P(0<? = Q(0

i f  I vt  , 
q =z c ^  e ^  — dt

V  _ I f  t , 
q =  —e / ei^ tdt

Use in tegration  by p arts  on j e ' ^ t d t
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let u =  t, dll = 1, dv = eT^, v  =  R C e'^

R R - Iiiv — vdu

V  t
RCe~  ̂ -  / RCe'^

q = ^ e ~ ' ^  RCeT^ -  R^C^eT^ + ^  = v C t - v R C ^  + ^  

Initially, q = 0 when f =  0

o V
vRC^ =  /3 -

2 n 2/S =  R̂ C

Thus

q = vCt — vRC^  +  vRC^e ^

d ll ^  ^  t
- 1  = y C -  vCe~T^ 
dt

i = vC 1 -

.2  Rs A T  T =  9 0 %

T = 1 +
1
n  V R

- 2

ri =  2 (^DC,bI CTpp 
i^O^min^Op)" _

substituting for IT
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T = 1 +
1

0'DC.b/<^0p

- 2

2(7’- i/2  _  1) = {Zotniin<^Op,y' \  ^  / Z o \
0 'D C ,b I< ^O p

T =  90%

0.11
0-DC,b /<̂ Op

(«+l)

0.ii("+i)
o-dc.b / o-qp

0.11(0.11)
,i ^  (^oUnin^Op') f  Z q

(̂ dc,b / ĉop

r :T - 9 0 %

Q . \ \ ( 7 d c , b /> ^ O p \  0.11

1.3 P E R C O L A T I O N  E F F E C T S  I N  S U P E R C A P A C I T O R S

We expect the vohimetric capacitance to scale with thickness in the thin film regime as

Cv OC (f -  tc) I’c

For a bulk-like electrode, the areal capacitance is related to the thickness by

subsitituting into

to eliminate t gives

C / A  =  Cyni

T =  ( 1 +  ^CTopt

Z^aop C 
2 C v ,b a

- 2
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We can use percolation theory to derive an expression for d A  for films w ith  

i  <  tm in ,C

make approxim ation

t -  tc ^  t

note that at the percolation to bulk transition

f  —  ^m in .C

and

We have

Cv =  Cv,B

Cv  =

Cv. , = «;;s„

Cv — Cv,B[t/

C v = C / A t

tI’C
m in

^  f " C  _  t " c  +  l

Cyn

/C/y\Vc+’ /
' = ( ^ j
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f

substituting into

T

f =  7̂ ---------  {imin.c)
V ^V,B J

f  C. /  A  \  "c+' "r+' 1

V ^V,B J

/  C /  A  \  "c+i /  1 \  "c+'

_ I  \  .
—  I 1 I h n i i i ,C  

'^ V ,B h n in ,C  J

Zo '■
7’ — I 1 +  -^rO 'O pi

m in ,C  f  C / A  W
i _ \  - 2  
+1 \
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