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‘We have so much time and so little to do. Strike that, reverse it.

Charlie and the Chocolate Factory 

— Roald Dahl

Author 1916-1990

“No one who cannot rejoice in the discovery of his own mistakes deserves to be 

called a scholar”

— Donald Foster
Writer and Professor at Vassar College





Abstract
The field of conductive polymers is one in which there has been much interest in the last 

number of years. Two of the most eommon conductive polymers, polypyrrole and poly(/>- 

phenylene vinylene) are investigated in the course of this work. Polypyrrole in two 

different physical forms are prepared; both using electropolymerisation techniques from 

aqueous solutions of the monomer. Thin films are prepared using indium-tin oxide (ITO) 

substrates. Parallel arrays of nanowires are formed with wire diameters ranging from 20 to 

200 nm using Whatman Anodise filter membranes and anodie aluminium oxide (AAO). 

The AAO is prepared in the lab using established teehniques that are optimised to fit our 

requirements which include parallel regular pores with diameters that are readily scaled by 

the anodising potential that creates the pores. In addition, the barrier layer at the base of 

the pores must not inhibit the pore filling. These requirements are met and the AAO is 

prepared in an automated process whereby the pores grow and then the barrier layer is 

reduced in a scaled manner which is all controlled by computer.

The produced polypyrrole films and nanowire arrays are characterised by means of Raman 

spectroscopy and scanning electron microscopy (SEM). Other analysis methods include 

profilometry and UV-Vis absorption spectroscopy. The deposition of the polymer is 

confirmed and in addition, Raman spectroscopy indicates that the dopant concentration 
appears to scale both with the electropolymerisation potential and with the nanowire 

diameter. Two different eleetrolytes are used and morphological differences between the 

two polymers formed are noted.

Using thermal evaporation techniques, aluminium and gold metal contacts are deposited on 

top of the films and arrays of nanowires. The electrical characteristics of the 

metal-polymer junction are measured using the conduction substrate as the other contact 

and using current-voltage, capacitance-voltage and electrochemical impedance 

spectroscopy (EIS) measurements. The conduction mechanisms are found to depend 

strongly on the preparation conditions of the polymer with thermionic emission generally 

not found to accurately describe the conduction mechanism. Instead, space-charge limited 

conduction, Poole-Frenkel emission, Fowler-Nordheim tunnelling and Ohmic conduction 

were found to explain the conduction in the various devices. EIS calculates the

concentration of charge carriers to be between lO'^ and lO'^^’m'^ and depletion widths 

between 40 nm and ~5 pm are calculated depending on the preparation conditions.
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Poly(p-phenylene vinylene) thin films are prepared using ITO as a substrate by thermal 

annealing of a soluble precursor polymer. Annealing either in vacuum or in argon 

atmospheres are investigated as is annealing temperatures between 150 and 400°C. It is 

found that annealing in argon at 150°C yields the best results. Similar analysis techniques 

used for polypyrrole are used for poly(/?-phenylene vinylene) and current-voltage 

measurements indicate that the junction between the polymer and aluminium are controlled 

by modification of space-charge limited conduction mechanisms (SCLC ) in forward bias 

(when aluminium acts as the cathode) and either Ohmic or SCLC in the reverse bias. 

Photoluminescence (PL) and electroluminescence (EL) spectroscopy measure the light 

emission from the polymer and the emission is explained in terms of excition 

recombination.

Heterojunctions are formed between polypyrrole and poly(/7-phenylene vinylene) using 

ITO as a substrate and the resulting device is characterised using similar techniques to 

those used previously. Raman spectroscopy and SEM confirm the deposition of the two 

polymer layers and similar PL emission is measured from the device as is from the PPV 

device. Current-voltage measurements show that the conduction is strongly dependent on 

the cathode metal and the measurement conditions and EIS indicates the presence of two 

barriers in the A1 / Au - PPV - PPy - ITO device.

Initial results are presented using transparent thin films of graphene in the place of ITO. 

Polypyrrole and poly(/?-phenylene vinylene) thin films are both deposited on the graphene 

and characterised using similar analysis techniques. Similar results are obtained as are for 

the materials on ITO except that all current-voltage measurement show linear graphs 

indicating Ohmic conduction. Heterojunctions are formed between polypyrrole and 

polyO^-phenylene vinylene) on graphene and analysed. Similarly, current-voltage plots 

show Ohmic conduction although EIS indicates a double barrier in the device.
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Chapter 1: Motivation and Thesis Outline

1.1 Motivation

Nanotechnology deals with the control of matter on a length scale smaller than one micron 

and the fabrication of devices on this same length scale. One main area of research in 

nanotechnology is that of molecular electronics which deals with the use of molecular 

‘building blocks’ for the fabrication of electrical components. It is hoped that using 

molecular electronics in electronic systems will help continue the trend of size reduction in 

electronics and hence allow the electronics industry to continue obeying Moore’s Law 

which is the empirical observation that “the number of transistors on an integrated circuit 

doubles every 24 months”'. Other possible areas, apart from in the electronics area, in 

which nanotechnology can be useful include the use of new organic based materials that 

emit light to replace older technologies such as inorganic LEDs and the use of carbon 

based materials in batteries to improve charge storage capacities.

Materials such as conducting polymers^, light emitting polymers^ and also carbon only 

based materials such as carbon nanotubes'' and graphene^’ ^ have all been proposed as 

possible materials in which to properly move from the micro era into the nano era. Indeed 

in the last few years, devices are now being made commercially that utilise some of these 

new materials. In 2005, Applied Nanotech produced a prototype field emission display 

based on carbon nanotube emitters^ and earlier this year Bae et al. demonstrated a fully 

working graphene based touch screen device .

Light emitting conductive polymers (and organic small molecules) have been shown to 

have a future in organic light-emitting diodes (OLEDs) in which the active emissive layer 

is made of an organic material. OLED screens have replaced LCD screens in many new 

mobile phones and several larger different prototype displays have been manufactured by a 

range of companies^. An OLED based TV was first sold by Sony in 2007 with an 11” 

screen and a resolution of 960 by 540'". OLED devices show the possibility to make 

lightweight low cost flexible displays with better power efficiencies and response times 

compared to LCD based displays. In addition, in comparison to LCD (and LED) displays 

now in the market, separate light sources are not required. Polymer based OLEDs offer the 

potential for inkjet printing of the displays whereas small molecule OLEDs (SMOLEDs) 

use thermal evaporation to deposit the active layer.
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As well as OLED devices, conductive polymers have also been suggested as possible 

materials in organic photovoltaic cells. Similar structures to the PLED devices are 

suggested but instead of emitting light when a potential is applied across it, the 

photovoltaic cells convert light to dc current. Other proposed uses are in supercapacitors 

as an energy storage device".

In comparison to devices such as LEDs and microprocessors in common use today which 

are mainly based on silicon and other inorganic semiconductors, the inherent properties of 

organic based devices are very different. For example, the inherent conductivity of 

conjugated polymers is low. While this can be altered by the introduction of dopants, this 

leads to additional issues, particularly as the dopants add disorder to the polymer; introduce 

states into the bandgap which can degrade the emission properties of light emitting 

polymers; and also affect the structural properties of the polymer. If conductive polymers 

are to be used as materials in new nano devices, then it is important that the properties of 

the polymers and the nature of any junctions formed between the polymers and other 

materials are fully understood.

In the work presented in this thesis, two different conjugated conductive polymers, 

polypyrrole and polyljp-phenylene vinylene) have been studied and the nature of junctions 

formed between nanostructures of these polymers and various metals investigated. While 

the properties of such materials are strongly dependant on the way that they are prepared, it 

is hoped that the investigations carried out by this work will help further the understanding 

of the processes going on in the polymers and devices, in particular when current is passed 

through them.

The main investigations presented in this thesis are:

• To electrodeposit nanostructures of polypyrrole on a range of substrates, including 

home grown anodic aluminium oxide

• To characterise electrical junctions made between polypyrrole and various metals

• To prepare and characterise poly(p-phenylene vinylene) devices

• To prepare and characterise polymer heterojunctions made between polypyrrole 

and poly(p-phenylene vinylene)

• To look at alternatives to ITO as a conductive transparent electrode
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1.2 Thesis Outline

1.2.1 Chapter 2

An introduction is made into the field of polymers and in particular conducting polymers. 

The reasons for the conduction are discussed, along with the type of dopants found which 

alter the conductivity. Finally, the different ways that the electrical junction formed 

between metals and the conducting polymers can be analysed are reviewed.

1.2.2 Chapter 3

The two main polymers used in this research are introduced and previous publications into 

their properties are discussed in detail. The main analysis techniques used in analysing the 

polymers are briefly reviewed.

1.2.3 Chapter 4

Anodic aluminium oxide is introduced and mention is made of its unique structure and the 

history behind its development. The preparation of AAO is given and the analysis of its 

structure with SEM given.

1.2.4 Chapter 5

Nanostructures of polypyrrole (PPy) are prepared on indium-tin oxide (ITO) and anodic 

aluminium oxide (AAO) substrates using electropolymerisation techniques. The resulting 

depositions are analysed by means of Raman spectroscopy, SEM and UV-Vis absorption 

spectroscopy.

1.2.5 Chapter 6

Metal contacts are thermally evaporated onto the surface of the PPy nanostructures 

discussed in Chapter 5 and analysis is made of the nature of the metal-PPy junctions using 

current-voltage measurements, capacitance-voltage measurements and impedance 

spectroscopy
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1.2.6 Chapter 7

The second polymer investigated in this work, poly(p-phenylene vinylene) (PPV) is 

successfully prepared by thermal annealing of a soluble precursor. This polymer is 

analysed by means of Raman spectroscopy, SEM, UV-Vis absorption spectroscopy and 

photoluminescence spectroscopy. Metal contacts are thermally evaporated onto the 

polymer surface and electroluminescence spectroscopy and a full electrical analysis is also 

made.

1.2.7 Chapter 8

Heterojunctions are prepared between PPV and PPy by sequentially depositing them on 

ITO substrates. Full analyses are made of the junctions using Raman spectroscopy, SEM, 

UV-Vis absorption spectroscopy and photoluminescence spectroscopy. Metal contacts are 

thermally evaporated onto the top surface and electroluminescence spectroscopy and a full 

electrical analysis undertaken.

1.2.8 Chapter 9

ITO, previously used for polymer thin film sandwich devices is replaced by thin 

transparent thin films of exfoliated graphene prepared by vaeuum distillation techniques. 
The graphene is used as a substrate for electrodeposited polypyrrole, thermally annealed 

poly(p-phenylene vinylene) and a heterojunction sandwich device of the two polymers. 

The polymers are characterised using Raman spectroscopy, SEM, UV-Vis absorption 

spectroscopy, profilometery, photoluminescence spectroscopy and electroluminescence 

spectroscopy. Metal contacts are thermally evaporated onto the polymer surfaces and 

current-voltage measurements and electrochemical impedance spectroscopy measurements 

used to help characterise the conductive polymer devices.
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Chapter 2: Introduction

2.1 Polymers

In this chapter, polymers are introduced before conducting polymers are discussed in 

further detail. The simplest and most common conducting polymer, polyacetylene is 

introduced and the ways in how dopants can alter its conductivity are explained. The 

various types of dopants are mentioned and ways on how to introduce dopants into 

conductive polymer chains are reported. References are made to various predicted uses for 

conductive polymers before the field of metal-conductive polymers is discussed in some 

detail explaining various conduction mechanisms and how current-voltage, capacitance- 

voltage and electrochemical impedance spectroscopy measurements are used to help 

identify and characterise the junctions.

2.1.1 Introduction to Polymers

The word polymer comes from the Greek words for many (poly) and parts (merous). 

Polymers have been part of life for many years and indeed for many years before they were 

understood. Clothes, paints, hair, skin, paper, teeth and many other substances and 
materials either are or contain organic polymers. The cross-linking (vulcanisation) of 

natural rubber by Charles Goodyear in 1839 is widely recognised as one of the earliest 

important works in polymer science. The first completely synthetic polymer made was 

Bakelite, created by Leo Baekeland in 1907. Initially, polymers were believed to be 

colloidal in nature, consisting of large numbers of aggregated small molecules bound 

together by Van der Waal interactions. However, in 1922 Herman Staudinger suggested 

that polymers in fact consisted of long chains of atoms held together by covalent bonds; a 

theory which was slowly accepted by the late 1930s and in 1953 Staudinger received the 

Nobel Prize in Chemistry in recognition of this work'. Since then a wide range of 

synthetic and semi-synthetic polymers have been synthesised and are widely used 

everyday. These polymers include polystyrene, polyvinyl chloride, polyethylene. Teflon 

(polytetrafluoroethylene) and Nylon (polyamides) to name but a few of the most common. 

Figure 2-1 shows the monomer units (single repeat units) for these polymers. They have a 

wide range of uses including in the clothing and textile industries as fabrics and in the 

construction and manufacturing industries in light and strong composites. They are used in 

the electronic industries as photo resists (e.g. poly(methyl methacrylate)) in chip 

manufacturing and are also widely used as adhesives, sealants and paints (e.g. polyvinyl

alcohol). They also have biomedical uses such as in implants or in drug delivery systems.
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Naturally occurring polymers also exist. Proteins, polysaccharides (e.g. cellulose) and 

DNA are all polymers. Polymers have been described as the most important materials in 
use today^’^.

B
Cl

c
H

D
F

#■ #• #•
H H H F

Figure 2-1 Monomer units of several common polymers. A: polystyrene, B: polyvinyl chloride, C: 

polyethylene, D Teflon, E: Nylon-6

As mentioned earlier, polymers are now recognised as being substanees comprising of 

molecules which have long sequences of atoms or groups of atoms which are linked by 

covalent bonds. In general the covalent bonds that make up the backbone of the polymer 

are usually carbon-carbon bonds but other polymers do exist; for example silicone (silicon- 

oxygen bonds), DNA (phosphodiester bonds) and polysaccharides (glycosidic bonds). The 

properties are determined by the makeup and structure of the backbone and the number of 

branches off the backbone, the size and nature of the side groups attached to the backbone 

and also the number of monomers in the polymer ehain'’. There are a number of ways of 

synthesise polymers from their monomers; the two main mechanisms are condensation 

polymerisations and addition polymerisations^. Polymerisation mechanisms are not 

discussed in the course of this work except for specific polymers.

2.1.2 Conducting Polymers

Without exception, the polymers mentioned above can all be described as non-conductive 

polymers or insulating polymers as they do not conduct electrical charge unless modified. 

However, a large group of polymers that conduet electricity does exist, known as 

conductive polymers. These can be broken up into at least 4 main classes: conductively 

filled polymers, ionieally conducting polymers, charge transfer polymers and conjugated 

conducting polymers. Conductively filled polymers eonsist of polymer composites 

containing conductive additives or fillers such as carbon black and metal flakes or particles. 

They were originally developed in the 1930’s for the prevention of corona discharge and 

have since been used in a number of applications ranging from electrostatic discharge 

protection to electromagnetic interference^. Ionieally conducting polymers were first
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reported in 1975^ and are now widely used as polymer electrolytes in rechargeable 

batteries or in electrochromic displays. These usually consist of a salt dissolved in a 
polymer matrix, often poly(ethylene oxide)^. Charge transfer complexes usually consist of 

donor and acceptor molecules arranged in a crystalline structure. Polymeric charge 

transfer complexes usually consist of donor and / or acceptor moieties attached to and 
separated by a polymeric backbone^. They can offer an efficient path for electron transfer 

between donor and acceptor without a significant decrease in available free energy. Often 

charge transfer complexes are used together with conjugated conducting polymers to alter 

the polymer band gap. The band gap of many conjugated polymers is in the visible region 

which leads to decreasing quantum yields which is an issue if they are to be used in the 

creation of “molecular wires” as it is harder to spectroscopically characterise the excited 

state and electron transfer products. In this case, charge transfer complexes can be used to 
transfer the bandgap transition into, for example the near IR'*’.

The fourth, and in our case the most interesting, class of conducting polymers is that of 

conjugated polymers. Most of the carbon based polymers discussed so far contain what 
are known as saturated carbon-carbon bonds. In other words, each carbon atom is 

covalently bonded to four other atoms. Bonds of this nature are also referred to as <7-bonds. 

Polymers can also contain carbon-carbon double bonds whereby each carbon atom is only 

bonded to three other atoms and has an electron which it can share with an adjacent bonded 

carbon atom to form a .;r-bond. A carbon-carbon double bond is therefore made up of a cr- 

bond and a .;r-bond”. Carbon based molecules that contain double and / or triple (one <T 

and two .;r bonds) are described as being unsaturated". Polymers that contain double 

bonds, usually in an alternating single bond double bond arrangement, have an overlapping 

;r-bond orbital allowing the ;r-electrons to delocalise along the carbon backbone. The level 

of delocalisation depends on the extent of disorder in the conjugated polymer as well as 

inter-chain interactions as in general the polymers consist both of delocalised and localised 

states. In contrast to non-conjugated polymers which can contain several thousands or 

even millions of monomer units in a single chain, conjugated polymers usually contain 

only a few hundred. This delocalisation gives conjugated polymers the electronic and 

optical properties of semiconductors but with the mechanical properties and processibility 

of polymers^’ In their electronic ground state pure conjugated polymers are classed as 

being insulating; however they can be readily doped to form semiconductors and can hence 

be referred to as ‘synthetic metals"'*.
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2.1.2.1 Polyacetylene

1 he first conjugated polymer researched is the simplest, polyacetylene. Polyacetylene, in 

its pure undoped state consists of a long carbon-carbon chain with alternating single and 

double bonds and with each carbon atom additionally bonded to a hydrogen atom. Its 

structure is shown in Figure 2-3A. While reports of the first synthesis of polyacetylene 

date from the 1950s, credit for its production in a conducting form is given to the group of 

Shirakawa. In the early 1970’s they produced thin films of polyacetylenewhich they 

then oxidised with AsFj and halogens and showed that the films conducted electricity and 
that the conductivity could be varied by up to eleven orders of magnitude'^’ Since then, 

research has expanded in the area of conjugated polymers and many others polymers have 

been synthesised and investigated, including polythiophene, polypyrrole, poly(p-phenylene 

vinylene) and polyaniline. Figure 2-2 shows the monomer units for these conducting 

polymers.

H

Figure 2-2 Monomer units of four common conjugated conducting polymers. A; polythiophene, B: 

polypyrrole, C: poly(p-phenylene vinylene), D: polyaniline

As said previously, conjugated polymers can be made conductive by doping. The 

polym.ers can be either p-doped by partial oxidation using electron acceptors or «-doped by 

partial reduction by electron donors. In regular semiconductors, addition or removal of an 

electron causes the addition of an electron or a hole to the conduction or valence band as 

the valence band is completely filled. However, in the case of a conjugated polymer, the 

addition of the charge (either electron or hole) causes the polymer chain to deform around 

the charge. This puts the charge in a lower electronic state, i.e. in an electronic state 

between the original polymer valence and conduction bands, therefore reducing the 

bandgap. This charge cannot be considered a free electron or hole as the chain 

deformation is linked to the charge and instead the combined charge and distortion is 

known as a polaron. It can also be said that the charge is trapped by the distortion. If two 

of these charges are associated with the same polymer chain and are separated by a smaller 

distance than the chain deformation distance then these two charges and the associated 

distortion is known as a bipolaron. Figure 2-3 below shows schematics of the formation of 

polarons and bipolarons in «-doped rra«5-polyacetylene. Polarons have spin and charge
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whereas bipolarons are spinless species. For «-doped conjugated polymers, the polaron 

sub gap states are filled as shown in Figure 2-3B and for p-doped conjugated polymers, the 

lower sub-state is singly occupied and the upper sub-state is empty. In the bipolaron case, 

the sub-states are completely filled or empty for n- and p- doping^’ It should also be 

noted that in order to keep overall charge neutrality, counter ions are required to balance 

the charges that are added to the polymer chains.

C.B.

+ e
: V.B ^

B
C.B.

+ e
: V.B.;

C.B.

:V.B.

C.B.

■ V.B ^

Neutral polyacetylene

Polaron (radical anion)

Bipolaron (dianion)

Soliton pair

Figure 2-3 A Neutral structure of /ra«5-polyacetylene; B & C Schematic of negatively charged polaron and 

bipolaron formation; D Dissociation of bipolaron to form soliton pair*"

Conjugated polymers such as trara-polyacetylene have what is known as a degenerate 

ground state. This means that its ground state has two equivalent resonance forms as 

shown in Figure 2-4. In this case, the bipolarons will dissociate further as shown in Figure 

2-3 D into two spinless solitons whose energy lies at the midgap of the valence and 

conduction bands. The majority of conjugated polymers, including polypyrrole, 

polyaniline and polythiophene do not have degenerate ground states and as such do not
1 Q

form solitons.

L J n 'L j n

Figure 2-4 Structures of the degenerate ground state of polyacetylene

Potentially every monomer in conjugated polymers can be oxidised or reduced which leads 

to a high density of charge carriers (polarons, bipolarons and/or solitons). Doping levels of
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up to 33% are often observed depending on the size and nature of the counter ion. A 

dopant level of 33% means that every third monomer unit has a polaron or soliton 

associated with it. The charge carriers can move along the chain with the electron or hole 

bringing the chain deformation along with it as a complete entity. This charge carrier 
motion is the method by which charge is transported in conjugated polymers'^.

2.1.2.2 Doping

There are several methods of doping conjugated polymers. These include chemical, 

electrochemical, photochemical and also charge injection. In electrochemical doping, the 

conjugated polymer is oxidised or reduced ( p-doped or «-doped) by using it as an 

electrode in a electrolytic cell using electrolytes such as lithium perchlorate and applying a 

dc potential between the electrodes. In this case the polymer acts as either an electron 

source or electron sink^*^. In chemical doping, conjugated polymers are oxidised or 

reduced using electron acceptors or donors. In both chemical and electrochemical doping 

the doping is considered to be permanent; however it is usually possible to undope the 

polymer by either chemically compensating the charge carriers or by electrochemically 

reversing the electrochemical oxidation or reduction. Often electrochemical doping can be 

considered preferable to chemical doping as it is possible to precisely control the level of 

doping by monitoring the current passing through the polymer electrode. It is also possible 

to dope conjugated polymers with a wider range of dopants and counter ions than is 
possible by chemical means^. It is also possible to dope conjugated polymers at the same 

time as polymerising them. This is discussed in further detail in section 3.1.1.

Other methods of doping conjugated polymers include photodoping by irradiating the 

polymer with light with a greater energy than the polymer bandgap hence promoting 

electrons from the valence band to the conduction band and charge injection doping where 

charge carriers can be injected into the band gap by applying a potential to a metal- 
insulator- polymer (MIS) multilayer structure^'. The benefit of these methods is that 

neither generates counter ions although in both cases, and particularly for photodoping, the 

lifetime of the dopants is likely to be short once the irradiation or potential is no longer 

applied.

2.1.2.3 Conduction in conductive polymers

Charge transport in conductive polymers can be broken up into two main components: an

intrachain component and an interchain component. As the name suggests, the intrachain
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component describes the motion of the charge along a polymer chain and the interchain 

component, the transfer of the charge between different polymer chains . In a difference 

to inorganic semiconductors, organic semiconductors are usually highly disordered and 

contain large numbers of defects. This limits the conjugation length of the polymer chains. 

Ho and Friend measured the conjugation length of poly(p-phenylene vinylene) using a 

range of methods and found the average chain contained lO’s of monomer units^^. In 

comparison, non-conductive polymers such as the ones described in Section 2.1.1 can 

contain 10^-10^ monomer units in a single chain'^.

More than one conduction mechanism is possible in conductive polymers. The two main 

types are charge transport using extended delocalised states in either the conduction or 

valence band of the polymer and hopping between localised states in the bandgap. As 

mentioned in Section 2.1.2.1, charge is transported in conducting polymers by movement 

of polaron and bipolaron dopants along the polymer chain. As a result of the deformation 

of the polymer chain around the charge, the high levels of dopants and the low conjugation 

lengths, hopping is found to be the dominant mechanism in conductive polymers''*. The 

dopants cause large levels of disorder in the polymers and it is found that most conductive 

polymers are amorphous in nature although they do contain small ordered regions 

(typically 3-10 nm in size) surrounded by disordered regions. The percentage of 
crystallinity has been found to vary between 0 and 11% for polypyrroles^'* and up to 80%

‘yc

for highly doped polyacetylenes .

As a result of the low number of monomer units coupled with the fact that the polaron / 

bipolaron defect and hence charge delocalisation extends over a number of monomer 

units^^, the main “hopping” conduction limitation can be assigned to interchain charge 

transfer. Hopping as a transport mechanism was first investigated by Mott in 1940^^ who 

introduced the Variable Range Hopping (VRH) mechanism. Hopping can also be 

expressed as phonon assisted quantum mechanical tunnelling. A charge in a given gap state 

is surrounded by other localised states at various distances and energies. The charge can 

move to these states at a rate which is proportional to the probability of finding the charge 

at that state. If the two states are separated by an energy as well as by a distance, the 

hopping rate is also proportional to the probability that the charge can either absorb or emit 

a photon of energy equal to the energy difference between the states. Combining these two 

probabilities, the hopping rate,/?, can be expressed as follows:
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(2-1)

where a is the inverse localisation length, r is the distance and AE, the energy between the 

two states, k is Boltzmann’s constant and T the absolute temperature. In general a trade

off is made between the two factors with short hops to states with a greater energy 

difference dominating at higher temperatures. At lower temperatures, possible hops are 

limited to a smaller energy change so transitions will have to travel further in hopping 

between states. For a given temperature, a certain combination of r and AE will give a 

most probable hopping distance. The most probable hopping distance is given by equation 

(2-2) where n(EF) is the density of states at the Fermi energy, Ep.

^hop =
%KkTn[Ep)a (2-2)

From this and assuming that only the most probable hops contribute to the conductivity, 

Mott determined the following expression for the conductivity as a function of temperature

for VRH27.

cr = (Tq exp
f

V

1 ^

kTj
(2-3)

T =•'o
or’

kn{Ep)
(2-4)

where (To is dependent on both n(EF) and rhop- The most probable energy hop is given 

hyk(TJ^j.

The Va factors in equations (2-3) and (2-4) are related to the dimensionality of the 

semiconductor and can be written as l/(Z)-i-l) where D is the dimension of the

semiconductor. Therefore the conductivity of a two dimensional system should follow a ‘A 

dependence and a one dimensional system a Vi dependence. VRH has been used to 

describe the conduction in many conductive polymer systems. For example Sanjai 

observed three dimensional VRH in doped polyaniline with a calculated localisation length 

of 7.1 nm^*. At a temperature of 100 K, nop was calculated to be 0.55 nm and AE to be 

0.15 eV.
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As mentioned previously, conductive polymers contain crystalline islands surrounded by 

amorphous regions. If these islands are only separated by a small amorphous region, then 

it is possible that the charge carriers can tunnel between the regions. This tunnel barrier 

can be approximated by a capacitor and resistor in parallel. If the conducting (crystalline) 

regions are large enough, large capacitances can be built up between them and so the 

charging energy (e^/2C) is small and as such the conduction is due to fluctuation induced 

tunnelling^^. However, in most systems, the conductive regions are small and well 

dispersed so that the charging energy is large. The low field charging energy limited 

conduction (CELT) is given by equation (2-5) where Z) is a constant.

(T-(Tq exp
r

2

.kT,
V y

(2-5)

This has the same form as VRH in one dimension (equation (2-3)). It is possible to 

distinguish between VRH and CELT by looking at the conductivity of the system as a 

function of the applied field as shown by equations (2-6) and (2-7) for VRH and CELT 
respectively where E is the applied field and Eo is related to the capacitance^*.

cr = (Tq exp
E^er.hop

kT
(2-6)

CT = cTq exp
f

V
(2-7)

Another possible conductivity mechanism for charge transfer in semiconductors is the 

Poole-Frenkel effect. This is discussed in further detail in Section 2.3.1.4. In general, for 

conjugated conductive polymers, VRH is the dominant mechanism for conduction due to 

the low fraction of crystallinity.

It is also possible to describe the conductivity of semiconductors in terms of charge carrier 

mobility^^’ When an electric field, E is applied across a material, the charge carriers 

respond by moving with an average velocity called a drift velocity, v^. The charge carrier 

mobility, p is defined by equation (2-8).

v,=pE (2-8)
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The conductivity, a is proportional to the product of mobility and charge carrier 

concentration and is given by equation (2-9) where n is the charge carrier concentration 

and e, the charge of the charge carriers (for electrons and hole is the electronic charge).

(7 = nefi (2-9)

For materials where both electrons and holes contribute, they can have different mobilities 

so the total conductivity can be expressed as the sum of the electron and hole 

conductivities^'. For example, typical electron and hole mobilities for silicon are 1.8 and 

0.5 m^(Vs) '.^^ In comparison, the charge carrier mobilities in conductive polymers are 

much lower. For example, Anjaneyulu et al. estimated the charge mobility in p-doped 

polypyrrole to be ~1 O' m (Vs)' . For p-doped semiconductors, the charge carriers are 

generally holes.

2.2 Use of Conductive polymers

Conducting polymers have been proposed as possible materials for applications in 

electronic components including Schottky diodes^'', field-effect transistors^^, gas sensors^^ 

and electroluminescent diodes^^ to name but a few. As a result of the ease of processing 

conducting polymers and tuning their electronic properties by doping as well as their 

inherent flexibility, much research has been carried out into their use in the development of 

new electronic devices'"'. If conductive polymers are to be used in new electronic devices, 

then how they interact with other eomponents and materials is important. Much research 

has been carried out into the electrical contacts made with conductive polymers as metal- 

semiconductor junctions are one of the most common and important components of 

electronic devices. However it can still be said that the detailed properties and interfaces 

are still not fully understood.

2.2.1 Introduction to Metal-Semiconductor junctions

The characteristics and theory behind metal - semiconductor junctions were first 

investigated in the 1830’s and since then much research has been carried out in the area. In 

this section, the main characteristics of the junctions are summarised. The main points are 

taken from Sze^*, Rhoderick and Williams^^ and Stallinga'"'.
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Figure 2-5 shows the idealised energy band diagram of a metal in contact with a p-type 

semiconductor when the junction is at thermal equilibrium and also when a forward (Vf) 

and reverse (Vr) bias voltage is applied to the junction. Figure 2-5A shows the band 

diagram for the metal and semiconductor when not in contact (i.e. separate systems) while 

in Figure 2-5B-C, the metal-semiconductor junction is treated as a single system. For a p- 

type semiconductor, forward bias is when a positive voltage is applied to the 

semiconductor and a negative voltage to the metal. Epm and Ep are the metal and 

semiconductor Fermi levels and Ec and Ey denote the semiconductor conduction and 

valence band levels. The work function of a material represents the energy required to 

move an electron from the Fermi level of the material to a vacuum level. The metal work 

function is given by q<pm and in the semiconductor by q^s- The electron affinity, qx, is the 

energy difference between the bottom of the conduction band, Ec and the vacuum level 

energy Evac. Eg, the semiconductor bandgap is the energy difference between Ec and Ey.

When two materials (e.g. a metal and semiconductor) are brought into contact, thermal 

equilibrium is established when the two materials set their Fermi levels equal (also 

described as when their chemical potentials are equal). In the case of the metal- 

semiconductor band diagram shown in Figure 2-5, the work function of the metal is lower 

than that of the semiconductor. Therefore, the Fermi level is lower in the semiconductor 

than in the metal and when the two are brought into contact, electrons can flow from the 

metal to the semiconductor, therefore lowering the energy of the junction. However, this 

causes an imbalance of charge to be created at the junction creating an internal electric 

field. When the generated field becomes large enough it prevents further charges crossing 

the barrier, therefore self-limiting the size of the charge imbalance. This field also leads to 

a potential gradient and resulting band bending as can be seen in Figure 2-5B-D. In the 

band bending region, the field causes the majority carriers (holes in the case of p-doped 

semiconductors) to drift away from the interface resulting in a surplus of negative charge 

carriers. Due to the absence of the majority charge carriers, this region is known as the 

depletion region or space charge region and its width (as shown in Figure 2-5B) is given by 

Wd.

In other words, at thermal equilibrium, a metal-semiconductor junction contains a 

depletion region supporting an internal electrical field caused by charge separation. If an 

external field is applied to the metal-semiconductor junction with a bias as to reduce the 

effects of the internal field, then if a high enough external field (field higher than the
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internal field) is applied, charge carriers can gain enough energy to cross the depletion 

region and a large current will flow. This is usually described as applying a field in a 

forward bias. Alternatively, if the external field is applied with a bias in the reverse 

direction (reverse bias), then the external field will enhance the internal barrier field; the 

depletion region will be enhanced and only a small current will flow. In other words, the 

metal-semiconductor junction can act as a rectifier or as a diode"". This theory was 

developed in the early 20*'’ century by Schottky who suggested that the potential barrier 

arose from space charges in the semiconductor without the need for a chemical layer. The 

junction is now known as a Schottky barrier or Schottky junction. The model was further 

developed by Mott before the full thermionic emission model was described by Bethe in 

1942^^ (Section 2.3.1.1).

-Fm

4 <
A-

qCV.rV,)

Figure 2-5 Energy band diagrams of metal on p-type semiconductors under different biasing conditions. A 

Metal and semiconductor as separate systems; B Thermal equilibrium; C Forward bias; D Reverse bias. 

Diagram adapted from Sze et al."*^

The barrier height, q(l)Bp, is the barrier seen by the (majority) carriers coming from the 

metal and depends on the difference between the electron affinities of the metal and 

semiconductor. For p-type semiconductors it also depends on Eg^ as shown in equation 

(2-10). The barrier height is independent of the Fermi level position in the polymer and as 

such is not affected by the presence of impurities etc. However it can be lowered by an
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effect known as the Image-Force lowering effect or Schottky effect whereby a charge in 

the semiconductor interacts with a virtual opposite charge induced on the metal and the 
image charge acts to lower the barrier height.

(2-10)

The built-in potential, is the barrier seen by the majority carriers going into the metal 

and is determined by the difference in metal and semiconductor Fermi levels before 

contact.

(E -E.) (E -E,)\ vac F/sc \ vac F/„ '^(X+Eg-<Pp)-^n,^K-^P (2-11)

The depletion width, Wd, as shown in Figure 2-5B is the width of the space charge region 

and its width can be calculated from by solving a Poisson’s equation for the space charge 

density around the metal-semiconductor region assuming that the density has a rectangular 

distribution and is equal to zero in the depletion zone and equal to -qNA in the 

semiconductor outside the depletion zone where Na is the number of uncompensated 

ionised acceptors. If these assumptions are made, then the depletion width is given by 

equation (2-12) where f is the permittivity of the semiconductor (=£o^£r where £d is the 

permittivity of free space and £r is the dielectric constant of the semiconductor); q is the 

charge of the charge carrier; V is the applied voltage if any is applied; k is Boltzmann’s 
constant and T is the absolute temperature.

W^ =
l£

¥,-V-
q

(2-12)

The capacitance of the junction will depend on the applied voltage, differing from a regular 

capacitor whose capacitance is constant (C = Q/V. The capacitance of a Schottky barrier is 

defined as the incremental change of space charge Q in the depletion region upon an 

incremental change of voltage. (In other words C = dQldV). However, if the same 

rectangular charge distribution is assumed as for the calculation of the depletion width, 

then the charge is equal to qNAWA and the voltage is given by qNJVl / 2£ where A is the 

surface area of the junction. Therefore:

(2-13)dV d(wlqNj2£)

Hence, the capacitance of a Schottky barrier is determined solely by the size of the 

depletion region. In addition it behaves like a parallel plate capacitor, where the plates
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have area A, are separated by a distance, Wo and are filled by a dielectric with permittivity 

£. Substituting for Wo in equation (2-13) using equation (2-12) gives

C = A qeN,

7/ -------
^ J

= A r
2

V V

1/Wk-y—

(2-14)

This is more commonly rearranged as shown in equation (2-15). Plots of MC^ versus V 

should yield a straight line whose slope reveals the concentration of acceptors and the 

intercept with the x-axis, nfbi. Plots of 1/C^ versus V are commonly known as Mott- 

Schottky plots. It should be noted that the acceptor concentration, in equations (2-12) 

and (2-15) is only the density of ionized acceptors. If only shallow acceptor levels are 

present then this is equal to the acceptor density, however if dopants are present at deeper 

levels then these may only be partially ionised and as such may not be fully seen by the 

capacitance and depletion region.

J_  V

.. kT 
¥bi-y—

(2-15)
q£,£,A^N,

As mentioned earlier, in the theoretical bandgap diagram shown in Figure 2-5, the work 

function of the semiconductor is higher than that of the metal. If the metal has a higher 

work function than that of the semiconductor, then an Ohmic junction is formed between 

the metal and the semiconductor as shown in Figure 2-6 where the same notation is used as 

for Figure 2-5. In an Ohmic junction (as the name suggests), the current-voltage 

relationship follows Ohm’s law and I V. In general it can be found that for ideal metal- 

p-type semiconductor junctions, the junction formed is rectifying (Schottky) if 

and Ohmic if e<l>^ >E^+qz.
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Figure 2-6 Energy bandgap diagram of a metal-p-type semiconductor junction at thermal equilibrium when 

<Pm > <t>s

2.3 Characteristics determinable from Current-Voltage 

measurements

2.3.1 Injection dominated conduction mechanisms

2.3.1.1 Model of thermionic emission

As mentioned earlier, the model of thermionic emission is commonly used to describe the 

characteristics of metal-semiconductor junctions. The theory is based on three main 

assumptions:

• The barrier height, » A:r

• Thermal equilibrium is established at the emission plane

• The existence of a net current flow does not affect the thermal equilibrium

If thermionic emission is the limiting mechanism in the Schottky junction, then the 

semiconductor Fermi level remains flat in the depletion region and hence the shape of the 

barrier profile is immaterial and the current flow is solely dependent on the height of the 

barrier. Equation (2-16) shows the current density - voltage relationship for thermionic 

emission theory where J is the current density and Jo is the reverse saturation current 

density given by Richardson’s equation as given in equation (2-17) where is the 

effective Richardson constant equal to Anrnqk^ jh^, h is Planck’s constant and m* is the 

mass of the charge carrier. Often, the free electron mass is taken as the charge carrier mass
♦ 'y “Jand in that case A is equal to 120 A cm' K' .

J - exp
kT

(
Jq- A*T exp I'Bp

kT

(2-16)

(2-17)
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2.3.1.2 Diffusion theory

Another possible mechanism for the DC conductance of a Schottky barrier is diffusion 

theory. Diffusion theory is based on the following assumptions:

• q(l)b » kT

• The effect of electron collisions in the depletion region (i.e. diffusion) are included

• The carrier concentration at the depletion region edges are at thermal equilibrium

• The concentration of impurities in the semiconductor is nondegenerate

If the current is diffusion limited, then the current-voltage characteristics are again given 

by equation (2-16) but in this case, Jo is given by equation (2-18) where // is the hole 

mobility and Emax is the maximum electrical field in the depletion region.

Jo = exp
kT

(2-18)43

In general, assuming eV» kT, the forward characteristics can be expressed in the form

^ eV^
J = Jq exp

nkT
(2-19)

where n is the diode ideality factor whose value for an ideal diode is 1.

The main difference between thermionic emission theory and diffusion theory is that the 
saturation current density for diffusion theory is dependent on the bias and is less sensitive 

to temperature than that for thermionic emission theory. Often the two theories are 

combined to give a thermionic emission-diffusion theory where the current-voltage 

relationship is predicted to follow

J = exp Bp

V kt
exp SL

kT )
-1 (2-20)

where A is an effective Richardson constant

2.3.1.3 Fowler-Nordheim tunnelling

Another conduction mechanism that is also dominated by an injection type process is that 

of charge carriers tunnelling through the barrier, usually at higher applied biases and for 

heavily doped semiconductors. If the depletion width is narrow enough (as is often the 

case at lower temperatures), some charge carriers may quantum mechanically tunnel 

through the barrier leading to a tunnel current. In this case the tunnelling current is
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proportional to and is independent of the bias voltage. Alternatively, tunnelling

currents are also observed for extremely reversed biased junctions.

One particular form of tunnelling conduction mechanisms that is commonly cited for 

metal-conductive polymers junctions is Fowler-Nordheim (FN) tunnelling , also often 

described as a “field emission” conduction mechanism'^''. The conduction mechanism is 

often found to be the contributing mechanism for current-voltage characteristics of light- 

emitting polymers where as a result of high purities required for good quantum efficiencies, 

the polymers often have very low conductivities which is a common characteristic of FN 

tunnelling. The main difference between FN tunnelling and true tunnelling is that in FN 

tunnelling the barrier is treated as being triangular in shape as opposed to rectangular. FN 

tunnelling also assumes that neither surface states nor states arising from the presence of 

impurities contribute to the band bending at the interface. The current-voltage relationship 

is given by equation (2-21) where E is the electric field and r is a constant given by 

equation (2-22)'^^. From the two equations it is clear that the current is independent of the 

temperature.

I = exp {— 
. E

(2-21)

K-
STTyJlm’(p 

3qh
(2-22)

FN tunnelling has been found to be the main conduction mechanism in both the forward 

and reverse directions for many metal-semiconductor junctions and, in a difference to other 

forms of conduction mechanism based on barrier injection processes, is often dominant at 

higher biases. Koehler and Hummelgen showed that the barrier height of the junction 

could be fitted using the FN tunnelling mechanism by plotting against E'^ and

fitting the resulting curve according to equation (2-23) where Pj, P2 and P3 are constant 

parameters when the temperature is kept constant"*^. As the field is equal to the applied 

potential divided by the semiconductor thickness, equation (2-24) can be plotted and fitted 

instead of equation (2-23). From the fitted parameters, the barrier height, (pb can be 

calculated using Pi and P3 or P^ and P^. As both Pi and P3 (and also P^ and Z’) have the 

same dimensions, the calculated value of (pB has the same units as kT.
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2.3.1.4 Poole-Frenkel emission

The Poole-Frenkel emission conduction mechanism is another conduction mechanism 

usually only assigned for lightly doped semiconductors and is due to field enhanced 

thermal excitation of trapped electrons or holes into the conduction band^®. First published 

in 1938'*^, it originally was used to describe how electrical insulators can conduct 

electricity whereby electrons trapped in localised states gain thermal energy and reach the 

conduction band. However it has since been used to describe the IV characteristics of 

some metal-conductive polymer junctions, in particular large reverse bias currents where 

the current cannot be explained purely by thermionic emission or diffusion .

Equation (2-26) shows the Poole-Frenkel current voltage characteristics where d is the 

thickness of the active layer. If Poole-Frenkel is the correct mechanism, then a linear plot

of In (7/F) versus yfv should be obtained with the slope yielding the semiconductor 

permittivity. If measurements are made at several different temperatures, then the barrier
j30height can also be calculated'

J E exp ------------------------
kT

(2-26)

2.3.1.5 Chotplot

The Chot plot is a common plot for showing that the junction controls the IV 

characteristics of metal-polymer junctions. Based on the Chot function, first introduced by 

Chot in the early 1980s and modified from a Norde plot'^^, it has since been modified again 

to account for junctions where the diode rectification factor is greater than 1^'’’^'.
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Equation (2-27) shows the modified Chot function where 5 is a unit constant equal to 

1 A K"^. In a Chot plot, the Chot function is plotted versus applied voltage and is 

decreasing with applied voltage when the IV characteristics are junction controlled and 

increasing when the characteristics are bulk limited. If the Chot function is calculated for 

repeated IV measurements where the temperature is varied, then a plot of the minima in the 

Chot functions versus the inverse of the temperature should be linear with the slope giving 

the barrier height^*’. This is a way of confirming that thermionic emission is the dominant 

conduction mechanism. It should be noted that usually the Chot function is only 

decreasing for low applied bias before increasing for higher biases, indicating that the bulk 

determines the characteristics at higher biases.

2.3.2 Bulk limited conduction mechanisms

Two main conduction mechanisms exist for metal-semiconductor junctions; the first is a 

simple Ohmic relationship where there is a linear relationship between the current and 

applied bias as described in section 1.2.1; the second is known as space-charge limited 

conduction (SCLC).

2.3.2.1 Space-charge limited conduction

In the SCLC conduction mechanism, the material is locally charged by a very high injected 

charge carrier concentration and the induced field and associated band bending are large 

enough to distort the overall energy diagram which can no longer be considered 

independent of the charge carriers. The band bending situation goes from being caused by 

uncompensated ionised acceptor levels to being caused by over compensated acceptor 

levels. In other words, the band bending is now in the opposite direction and the field now 

drives the injected carriers away from the semiconductor and into the electrode. In the 

SCLC conduction mechanism, the current which comes from the diffusion of carriers is 

quadratically related to the applied voltage as shown by the Mott-Gumey law shown in

equation (2-28) where /ip is the carrier mobility and d is the device length52

(2-28)
8

The Mott-Gumey Law relies on five main assumptions:

• Only 1 type of charge carrier present

• The material contains no free charge - all charges are injected from one electrode 

and captured by the other
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• The carrier mobility and semiconductor permittivity are constant throughout the 

semiconductor

• The field at the charge injecting electrode is zero

• All current is drift current, i.e. no diffusion current

It should also be noted that as long as the carrier mobility is independent of temperature, 

then the space-charge current is independent of temperature. In general, SCLC is often 

the conduction mechanism for high biases on metal-semiconductor junctions with low 

concentrations of charge carriers and can also occur outside the depletion zone as that is 

created by intrinsic dopants as opposed to injected dopants.

Equation (2-28) only holds for very pure forms of the semiconductor. As discussed earlier 

in this chapter, conductive polymers often contain a number of dopants which create a 

number of free charges (either unpaired electrons or holes) with energies in the band gap of 

the polymers when a metal-semiconductor junction is setup. These dopants can act as 

traps for external applied current altering the characteristics. As an external bias is applied, 

the traps will capture and immobilize the injected carriers and it is only when the traps are 

filled that significant current can flow. The extent to which the IV characteristics are 

affected depends on the number of the traps present. Shallow traps are defined as traps 

that lie close enough to the conduction band that they are in thermal equilibrium with 
electrons in the conduction band^^’ The number and depth of the traps will only affeet 

the earrier mobility in equation (2-28) and is not dependant on the applied voltage. As a 

result, the same relationship is observed for space-charge limited eurrent for 

semiconductors containing shallow traps as is for trap free semiconduetors/insulators. The 

current-voltage relationship can now be given by equation (2-29).

9eu0
J =

8
(2-29)

The trap free carrier mobility is modified by a factor 9 which relates the concentration of 

traps, Nt, to the concentration of charge carriers, Nc, and the energy difference between the 

semiconductor conduction band and the trap energy, E,, as shown in equation (2-33).

9 =
A
kT (2-30)

If traps are present in the semiconductor that lie further from the conduction band than the

thermal energy, they eould be expeeted to have, they are known as deep traps. In this case,
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the presence of the traps affects both the carrier mobility and the shape of the IV curve. In 

fact it is found that the initial IV curve is Ohmic in nature with the IV characteristics 
described by equation (2-31)^^. The traps become filled at a characteristic applied voltage, 

Vtfl, denoting the trap-filled limit and for applied voltages higher than Vtfl, the IV 

characteristics change to follow the trap-free SCLC mechanism as shown in equation 
(2-28)^^

J =
qNaV

(2-31)

In general, for high concentrations of traps in disordered semiconductors, the traps are 

assumed to lie in an exponential distribution below the semiconductor conduction band, 

intersecting the semiconductor Fermi level. This is common in disordered semiconductors 

that contain dopants with a wide range of energies. The trap distribution alters the IV 

characteristics in a similar manner to that previously discussed for shallow traps (equation 

(2-29)) but in this case, the fractional value of free charge carriers, 6, that alters the carrier 

mobility is now dependant on the applied voltage as well as the trap and charge carrier 
concentrations and is no longer a constant value^^’ Equation (2-32) shows the updated

C
expression for 6, where a =--------- and C is the capacitance of the metal-semiconductor

N.dekT

junction.

6> =
eN^d

VC
(2-32)

Similar to the previous discussions of trap-limited SCLC, when all the traps become filled, 
the standard SCLC relationship becomes relevant^^’

In general, the IV characteristics of trap-limited SCLC is given by equation (2-33)

J = qjlNy
qN,

^m+1

/2m+l (2-33)

where Ny is the effective density of states in the semiconductor valence band, V, is the trap 

concentration, m= T(.lT {Tc is a characteristic trap distribution temperature given by 

Ejk) and d is the semiconductor thickness^^. The trap concentration, Nt is equal to PokTc 

where Po is the trap concentration per unit energy range at the valence band edge^^. 

Equation (2-33) is often expressed as simply 7°= where m ^ 1.
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In the low field regime, SCLC theory predicts that the initial IV characteristics should be 

Ohmic before either switching to SCLC or trap limited SCLC conduction mechanisms 

depending on the injected carrier concentration and whether traps are present or not. As 

higher biases are applied, if traps are present, they should control the conduction 

mechanism when the Fermi level intersects the trap level. As higher biases are further 

applied and when the traps become filled, the conduction mechanism changes again to

SCLC55

2.3.3 IV analysis of metal-conductive polymer junctions

Since the discovery of conductive polymers, much research has gone into the 

characteristics and mechanisms of junctions between various metals and conductive 

polymers. All of the various mechanisms discussed in sections 2.3.1 and 2.3.2 have been 

observed in various systems. Some of the more recent publications are discussed in this 

section. A large number of conductive polymers and co-polymers have been investigated.

A large proportion of these are polypyrrole36, 50, 51, 59-70 (PPy) or polyphenylene /
poly(phenylene vinylene) (PPV) derivatives^^’ but other polymers including
polyaniline**’ *^ and polythiophene^"^’ ^ have also been investigated. In most cases ITO or a 

high work function metal such as gold is used as the anode in the junction, and a lower 

work function metal such as aluminium, calcium or indium as the cathode and a sandwich 

device structure made (see Figure 6-1 for schematic of sandwich device).

The majority of publications initially start by calculating the diode ideality factor by 

plotting a semi-log IV plot using an equation identical or similar to equation (2-16). 

Values of between 1.2 and 18 have been reported for the ideality factor of junctions 

involving polypyrrole and similar values have been found for other conducting polymers. 

Abthagir et al. summarises several publications discussing metal-polypyrrole junctions and 

finds that the majority of them assign the conduction mechanism to Schottky emission or 
thermionic emission^®, although the higher bias IV characteristics have also been assigned 

to SCLC mechanisms in some cases. The lowest diode ideality factor for metal-PPy of 1.2 

was found for a polypyrrole-N-methyl pyrrole copolymer junction with indium*^. PPy 

electropolymerised using aqueous electrolytes generally use large counter ions such as 
toluenesulfonate^^ anions or pthalocyanine toluenesulfonate^' anions although perchlorate 

and poly(styrene sulfonate) ions have also been used^'*. More commonly, organic 

electrolytes are used in the electrodeposition of PPy. Acetonitrile is a common electrolyte.
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often with a small amount of water added although eutectic melts of actimide^*^ or 

propylene carbonates^^ have also been used. When using organic electrolytes, the most 

common electrolytes used to provide the dopants and counter ion are tetra flouroborates^^’
65,66.68.70 or perchlorates^^’

Many publications do not analyse metal-PPy junctions further than this but in those that do, 

the results vary considerably. Most commonly, thermionic emission^^’ is the

assigned conduction mechanism although often the actual reverse bias current density is 

higher than that predicted using thermionic theory^®’ Often, this is not well

explained and usually explained as a tunnelling effect or current leakage through the 

depletion region Often, other conduction mechanisms such as FN tunnelling, Poole 

Frenkel emission and SCLC are ruled out by plotting equations similar to equations (2-21), 
(2-26) and (2-28) respectively*®’ In several cases, Chot functions (equation (2-27)) are 

plotted to help show that the junction controls the conduction mechanism for low biases at
least50.51,63,65_

It is usually found that using a gold cathode in a metal-PPy junction gives an Ohmic 

response** but in certain cases rectifying junctions have been measured; due to heavy 

doping of the PPy*' or addition of a p-doped silicon layer*® to mention two such examples. 

In a contradiction of sorts, Singh et al. found that when researching Al-PPy junctions 

which formed Schottky junctions for low dopant concentrations, the diode properties 

decreased when the dopant concentration increased**. This was explained as a result of the 

reduction in size of the depletion width as the dopant concentration was increased. Two 

publications that do not assign thermionic emission as the conduction mechanism for 

metal-PPy junctions are Aydogan et al.*® and Somani et al.*’, although both are not simple 

metal-PPy junctions and have extra junctions in the system, namely p-doped Si and 

Prussian Blue respectively. In both cases, the forward bias IV characteristics are explained 

as a SCLC mechanism.

In publications that investigate the higher bias characteristics of metal-PPy junctions the 

results drastically vary. As has mentioned previously, when higher biases are applied, the 

bulk properties of the polymer start to play a part in the IV properties. In many 

publications, linear IV characteristics are measured, indicating Ohmic behaviour of the 

ppySi, 60 Koezuka and Etoh found a trap limited SCLC behaviour for an indium-PPy/N-

2-23



methyl pyrrole junction with the traps believed to be caused by the indium-polymer

junction rather than in the poljmer',85

Very differert IV behaviour is commonly observed for polyphenylene and Poly(phenylene 

vinylene) (PPV) junctions with metals. PPV is a light emitting polymer and in order to 

have good efficiencies for the emitted light, the polymer of the purity in such junctions is 

usually high. As a result of this, the dopant concentration is usually much lower than that 

observed in PPy and hence the film conductivity is much lower. Similar to PPy, a junction 

with low work function metals is assumed to be a Schottky junction or rectifying junction 

and a junction with a high work function metal or ITO is assumed to be Ohmic. It is also 

expected that a depletion layer will be formed at the Schottky junction similar to that 

explained above. Common anodes used include ITO and gold and common cathodes 

include aluminium, calcium and magnesium. One common method of preparing PPV is 

thermal con\ersion of a soluble precursor as discussed in Section 3.1.2.1. Commonly, the 

precursor is deposited onto the material that acts as an anode in the system before being 

annealed and then the Schottky metal is deposited onto the polymer surface. When this 

method is used using ITO as a substrate, it has been noticed that changes occur to the 

transparency and resistivity of the ITO^^. It is reported that this is as a result of a chemical 

reaction occurring between the ITO and the precursor leaving groups (usually HCl and 

tetrahydrothiophene), dopants are introduced into the polymer at the ITO junction creating 
an interfacia] layer that could alter the IV characteristics^*’ Meier et al. measured two 

shallow trap levels (at levels of 0.03-0.06 eV and 0.13-0.18 eV that were introduced as part 

of the PPV annealing inducing p-dopants that increase the conductivity of the polymer . 

These traps are not formed using gold as a substrate. Derivatives of PPV, MEH-PPV^ and 

PmPV'’, for example are generally deposited onto substrates using spin coating methods as 

they are soluble in a wider range of solvents than PPV and in these cases no dopants arise 

from reactions with ITO.

As mentioned already, very different IV characteristics are observed from Schottky 

junctions involving PPV compared to those previously discussed for PPy. In fact it has 

even been suggested that metal-light emitting polymers junctions are more analogous to
on

metal-insulaior junctions than to metal-semiconductor junctions . Regardless, diode 

characteristics are often calculated using equations similar to (2-16). Diode ideality factors

“ Poly[2-inethocy,5-(2’-ethyl-hexyloxy)-l,4phenylene vinylene] 

poly(m-phen>lene-vinylene-co-2,5-dioctyloxy-p-phenylene-vinylene)
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were calculated for calcium and aluminium cathodes on metal-PPV-ITO diodes as 2.0 and 
2.2 respectively^^. However, the lower bias IV characteristics of similar metal-PPV 

junctions have also been described in terms of tunnelling controlled characteristics. The 

group of Hiimmelgen in Brazil has done much research on Al-PPV-metal sandwich 

devices where the metals included indium, gallium, tin and gold’^. Biases of up to ±1.5 V 

were found to be well modelled by Fowler-Nordheim tunnelling. Davids et al. modelled 

the IV characteristics of an Al-MEH-PPV-ITO hole only device (i.e. Al cathode in forward 

direction only) using FN tunnelling characteristics^^. They found that while the measured 

characteristics fitted the model well, the measured magnitude of the current was over three 

orders of magnitude lower than that predicted. As a result of the low carrier concentration 

and low carrier mobility, a large concentration of charge carriers are injected back into the 

injection layer, creating a back flow current which opposes the forward current and reduces 

the overall measured current.

PPV and its derivatives are light emitting polymers and usually a high bias is required for 

the polymers to emit light. In this regard, the higher bias characteristics are often of more 

interest. Generally, high forward biases are assigned to either SCLC^^’ or trap limited 

SCLC^^. The traps are often introduced by impurities, for example from chemical 

reactions with ITO as mentioned previously or from reactions between the polymer and the 

metal cathode. Examples of this include research undertaken by Brdms et al. investigating 

the electroluminescence (EL) properties of a calcium-cyano-substituted PPV diode where 
both clean and ‘dirty’ Ca were used^'. When the calcium cathode was evaporated in a high 

partial pressure of oxygen to form a ‘dirty’ metal contact forming an interfacial oxygen 

layer between the metal and polymer, a current anomaly was observed in the forward bias

IV curve at relatively low voltages. However, the EL properties of the OLED device were 

greatly improved by the presence of this layer. Similar results were found by Manca et 
al.*^ in Al-PPV-ITO OLEDs, measured in a vacuum where it was noted EL was only 

observed at higher voltages than the voltages at which the anomalies occur. No anomalies 

or EL were observed when measuring in an oxygen rich atmosphere and they suggested 

that these current anomalies and luminescences could have possible uses as a gas sensor. 

The two main forward bias characterisation mechanisms, FN tunnelling and SCLC have 

been combined into a single space charge limited tunnelling injection model suggested by 

Koehler in 2000 . hi this model, suggests that for low current, the current is proportional 

to V” where m>\ and can be non-integer. For higher currents, I varies exponentially with

V for low bias and obeys the Mott-Gumey law for higher biases (equation (2-28)). This
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model fits experimental data published by Parker on Ca-MEH-PPV-ITO devices'*^ but has 

not really been established as a recognised model since.

Reverse bias IV characteristics of metal-PPV based polymers are not often analysed. 

Usually, systems that fit the FN tunnelling mechanism in forward bias also fit well in the 

reverse bias also.

2.4 Other ways of analysing Metal-Semiconductor junctions

2.4.1 Capacitance-Voltage measurements

Reverse bias capacitance-voltage measurements are often made on metal-semiconductor 

Schottky junctions in order to help characterise the depletion region. Usually the 

capacitance of a junction is measured using a small constant frequency ac bias while a 

larger dc bias is applied. As the dc bias is altered, the size of the depletion region and 

hence the capacitance of the junction changes. From these values and using the Mott- 

Schottky equation (2-15), values can be calculated for the built-in potential and the charge 

carrier concentration. Using equation (2-12), the zero bias depletion width can be 

measured. A linear reverse bias l/C^ versus V plot is an indication of rectification. 

Capacitance-voltage measurements have been used to help characterise depletion layer 
junctions between metals and polypyrrole^^’polyaniline**’, polythiophenes'*^’*'*’^' 

and poly(phenylene vinylene)^^. Generally it is preferable to measure the C-V 

characteristics at as low a frequency as possible as the time constant of such junctions is 

often large. As such if the probe frequency is too large then the true capacitance values 

may not be measured. On the other hand, if too low a frequency is chosen then dispersion 

in the measured values becomes an issue*"*. A choice has to be made on what frequency to 

use for the measurements.

2.4.2 Impedance Spectroscopy

Impedance spectroscopy is an increasingly popular method of helping to characterise 

metal-semiconductor junctions, particularly when a depletion region is involved. 

Impedance spectroscopy, also known as electrochemical impedance spectroscopy (FIS) or 

dielectric spectroscopy is a measure of the dielectric properties of a medium as a function 

of frequency and generally works by measuring the impedance of a system over a range of 

frequencies hence probing the properties of it. Similar to the IV measurements described 

previously, a voltage is applied to a system and the current response measured.
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2.4.2.1 Impedance

When measuring impedance an ac voltage is applied and the ac response is measured. 

Impedance describes the opposition to an alternating current (ac), similar to resistance 

which is the opposition to a direct current (dc). When an electrical circuit is driven with dc, 

the resistance and the impedance are the same thing. Impedance can be described as 

explaining the relative amplitudes of voltage and current (i.e. resistance) and also their 

relative phases and is generally a complex number. The magnitude of the impedance is the 

ratio of the voltage amplitude to the current amplitude; in other words, as already 

mentioned, the resistance . The phase of the complex impedance is the phase shift by 

which the current is ahead of the voltage. Equation (2-34) describes Impedance both in 

polar form and in Cartesian form where Z stands for impedance, |Z| is the magnitude, 6 is 

the phase, R is the resistance and X is known as the reactance. Often Z and X are denoted 

as Zr and Z/ or as more usual when discussing EIS as Re(Z) and Im(Z) respectively. It is 

simple to convert between polar and Cartesian coordinates using Euler’s relation 

= cos X -I- / sin X.

Z = \z\e‘= R + iX = RQ[Z) + ilm{Z) (2-34)

The impedance of many simple circuit elements is also well known. As mentioned above, 

the impedance of an ideal resistor is simply its resistance. Therefore the impedance of a 

resistor is always real. Similar relationships are found for ideal capacitors and inductors as 

shown in equations (2-35) and (2-36) where tyis the angular frequency that the impedance 

is measured at (equal to 2^where/is the ac frequency measured in Hertz). These will be 

discussed in further detail later.

1
^c =

icoC 

Z^ = icoL

(2-35)

(2-36)

2.4.2.2 Electrochemical Impedance Spectroscopy 

As mentioned above, in EIS, the impedance of a system is probed by means of means of 

applying either an alternating current or voltage and measuring the resulting voltage or 

current over a range of frequencies. Depending on the makeup of the system, the resulting 

data can be analysed in a multitude of ways. EIS can be used to help characterise the 

electrical properties of materials as well as their interfaces with electrodes. The dynamics 

and nature of charges in many types of materials can be investigated including solids.
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liquids, ionic, semiconductors and insulators. In addition, both bulk and interfacial 

properties can be characterised using EIS^''.

While usually, the impedance and phase are measured using EIS, it is also relatively easy 

to convert these values to other quantities such as

• Admittance, Y:

• The modulus function, M:

= Z

= iaCcZ (where Cc is the empty cell 

capacitance)

The Complex dielectric
= M-

permittivity, e.

In the course of this research, only the impedance and phase have been directly measured 

using equation (2-34) and as a result, no direct use is made of Y, M or e.

2.4.2.3 Equivalent circuits

One of the most common uses for EIS in metal-semiconductor junctions is to model the 

junction using simple circuit elements such as resistors and capacitors. There are two main 

ways in which EIS data is presented: Nyquist Plots and Bode plots. These are plots 

of -Im(Z) versus Re(Z) and plots of Z and 9 versus frequency (/) respectively. In general, 

Nyquist plots are more commonly observed in literature although they contain less 

information than Bode plots; Nyquist plots do not directly show information about the 

frequency. Figure 2-7 shows typical Nyquist and Bode plots for an equivalent circuit for a 

capacitor and resistor connected in parallel. The resistance is given by the diameter of the 

semicircle and assuming a perfect semicircle (i.e. a perfect RC circuit) the capacitance can 

then be calculated from C = IjcoR where <yis the angular frequency at the curve maximum. 

Often a small series resistance, Rg has to be added to the model to account for a contact 

resistance; this has the effect of shifting the semicircle to the right by a value of Re(Z) = Rg.
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Figure 2-7 A and B Typical Nyquist and Bode plots for a capacitor and resistor connected in parallel as 

shown in the inset to A. Taken from Gamry Instruments Application Note^^

In general it is possible to model many systems in terms of equivalent circuits. For 

example, the semicircular Nyquist plot shown in Figure 2-7 is commonly observed in 

many experimental systems and is a characteristic of a process that contains a single time 

constant. This is often the case for barriers in metal-semiconductor junctions. The total 

impedance of capacitors and resistors combined in parallel and in series is calculated 

similarly to dc resistance and capacitance for elements connected in parallel and in series. 

For resistors connected in series and capacitors connected in parallel the total impedance is 

the sum of the total impedances whereas for resistors in parallel and capacitors in series, an 

inverse relationship exists. In this way, more sophisticated systems can be modelled using 

equivalent circuits by combining several circuit elements. EIS and equivalent circuits are 

often used in determining parameters for electrolytic systems such as double layer 

capacitances, electrolyte resistances and polarisation parameters. It can also be used to 

help determine reaction mechanisms. Both liquid and solid systems can be studied using 

EIS.

2.4.2.4 EIS in Metal-Conducting polymer junctions 

As mentioned already, EIS is becoming an increasingly common method of helping to 

characterise metal-semiconductor junctions. Most of the initial research in EIS involved

using impedance spectroscopy to analyse conductive polymers coatings in liquid
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electrolytes. Often it is used in conjunction with cyclic voltammetry (CV) measurements 

to help characterise changes in the polymer as the doping level is adjusted. As mentioned 

in Section 3.1.1, one of the earliest suggested uses for PPy is as a corrosion protection 

coating for metals in liquids ’ ' and as such much research has been carried out into the 

level of protection given in different liquids. Often, EIS has been used in attempts to 

characterise and understand the mechanisms in which the protection works^®’ ppy

and other conductive polymers have been suggested as possible interesting materials in 

areas such as charge storage (i.e. batteries)'*^' and supercapacitorsEIS helps to explain 

the diffusion processes that the charge carriers undertake and also helps to characterise the 

dielectric properties of the polymer.

Of more interest when considering research made in the course of these studies is EIS of 

metal-polymer junctions with measurements made on solid-state films. By measuring the 

complex impedance of metal-polymer junctions for a range of frequencies, it is possible to 

find further information on the nature of such junctions that complements the information 

calculated by means of IV measurements as discussed in section 2.3. In nearly all cases, a 

small ac voltage is applied across a system and the impedance measured as the voltage is 

swept through a range of voltages. The most common result obtained is a semicircular 

Nyquist plot, similar to that shown in Figure 2-7. This is typical of a metal-semiconductor 

junction and as was suggested in section 2.4.2.3, is best modelled by a resistor and 

capacitor in parallel. Often, a second semicircle is observed and is often assigned to an 
interfacial layer^'^ or else to a barrier caused by the bulk polymer itself'*’^. Bekkali et al. 

investigated the dielectric properties of an Ag-PTCDA'-Ag system, measuring the system 

using both IV and EIS measurementsBode plots from Re(Z) data were plotted and the 

data fitted for both a single RC parallel circuit and a double RC circuit. In the case of the 

double barrier, the 2 RC circuits were assigned to barriers arising from the two Ag-PTCDA 

junctions and an additional resistance was assigned to the resistance of the bulk polymer. 

Figure 2-8 shows the equivalent circuits for the single RC circuit and double RC circuit. 

The overall impedance can be expressed in terms of the respective capacitances and 

resistances as given by equations (2-37) and (2-38) for the single and double barrier 

respectively. In this paper, the Bode plots were fitted to equations (2-37) and (2-38) and it 

was found that the double barrier was a better fit to the measured data and values were 

calculated for the bulk polymer resistances as well as the junction characteristics.

PeryIene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride
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More usually, equivalent circuit analyser programs are now used to calculate the 

equivalent circuit from measured impedance data given predetermined equivalent circuit 

diagrams. Such programs use non-linear least squares fitting programs and are often part 

of impedance spectroscopy systems. A common example of such a program is the 

graphical Model Editor which is part of Gamry Instruments EIS300 Electrochemical 

Impedance Spectroscopy Software. Other standalone programs include the EQUIVCRT 

program by B.A. Boukamp and EIS Spectrum Analyser developed by A. S. Bondarenko 

and G.A. Ragoisha.

As mentioned previously, while measuring EIS spectra, systems are probed using a small 

ae potential. It is also possible to simultaneously apply a dc bias to the system to see how 

the system responds. It is also possible to calculate typical resistances and capacitances for 

the system for each applied de bias using equivalent circuits as discussed above. From 

these values, it is possible to see how junction capacitance and resistance changes with 

applied bias. There are a number of different ways to analyse these results. Some of these 

are summarised in reference to recent publications.

Nyguen Van and Potje-Kamloth used an equation similar to equations (2-37) and (2-38) to 

fit a single barrier to a polypyrrole-gold Schottky barrier and used these values of R and C 

at a frequency of 10 kHz and the standard parallel plate capacitor equation to calculate the 

depletion width of the junction and compare it to the calculated depletion width from
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reverse bias capacitance-voltage measurements^’. Similar measurements were made by 

Bantikassegn and Inganas on Al-PPy junctions although in this case no comparison was 
made with CV measurements^'’. Bekkali et al.'”'’ and Campbell et al.** both used least 

squares fitting programs to calculate junction resistance and capacitances for Ag-PTCDA- 

Ag and Ca-MEH-PPV-Au respectively over a range of dc biases. Using the calculated 

capacitances, plots of l/C^ versus V were plotted and the built-in potential, carrier 

concentration and depletion width were calculated as previously discussed. Meier et al. 

measured impedance spectra for ITO-PPV-Al diodes over a range of applied biases and 

fitted the curves to a 2 barrier system, one relating to the Al-PPV junction, the other to the 

bulk polymer^^. In addition, the junction capacitance and voltage was estimated from the 

shape of the Nyquist plot as explained in Section 2.4.2.3. From these values, and assuming 

a parallel plate capacitor structure, the depletion width of the junction was estimated and 

compared to that calculated from capacitance-voltage measurements.

2.5 Summary

In this chapter the field of polymers has been briefly discussed from their discovery in the 

1800’s right up onto the present day with several of their proposed and actual uses 

mentioned. In the course of this work we are interested in the branch of polymers that are 

semiconducting in nature and are known as conductive polymers. We discussed the area in 
detail with particular emphasis on the simplest and probably most well-known conductive 

polymer, polyacetylene. The structure of polyacetylene was discussed and in particular, 

why it conducts and how the introduction of dopants which introduce polarons, bipolarons 

and solitons to the polymer chains aids the conductivity of the polymer.

Various uses for conductive polymers have been mentioned and particular emphasis made 

on the electronic properties of conductive polymers and the nature of the electrical 

junctions they make with various metals. Conductive polymers are usually />-doped and the 

band gap structure of metal-p-doped junctions is explained in detail describing the nature 

of the different junctions that are formed depending on the work functions of the metal and 

polymer. Three different experimental techniques are used in this work to help characterise 

the junctions and these have been discussed in further detail with particular reference to 

literature discussing specific metal-polymer junctions. Current-Voltage measurements are 

the most common technique used in characterising such junctions and the ways in which it
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can be used to identify conduction mechanisms including thermionic emission, diffusion, 

tunnelling, Poole-Frenkel emission and space-charge limited conduction were explained.
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Chapter 3: Materials and Methods
In this chapter, the two main polymers used in this research are introduced and discussed in 

detail. Their production methods and some of their more important intrinsic properties are 

reviewed along with a few of their possible uses. In the latter section of the chapter, some 

of the more important experimental techniques used to help characterise and analyse the 

materials and devices researched are introduced and explained.

3.1 Materials

3.1.1 Polypyrrole

3.1.1.1 Background and History

The production of polypyrrole (PPy) was first reported by DE Weiss and co-workers in 

1963 when they produced iodine doped polypyrrole blacks by heating tetraiodopyrrole in 

nitrogen to form black powders with conductivities up to 1 S/cm'. They also 

electrochemically de-doped the material by removing some of the molecular iodine as well 
as performing electron spin resonance measurements on it^’^. However, this work largely 

went unnoticed and it is DalTOlio et al. that is largely credited with the first production of 

polypyrrole in 1968 when they electrochemically oxidised pyrrole monomer on a platinum 

electrode using aqueous sulfuric acid as an electrolyte'*. This was certainly the first report 

of electrochemical production of polypyrrole and the method was further improved on by 
Kanazawa et al.^ and Diaz et al.^ from the I.B.M. Research Laboratory in San Jose, 

California when they obtained good quality poljqjyrrole films using non-aqueous 

electrolytes/solvents and organic electrolytes in aprotic solvents respectively.

3.1.1.2 Structure

Polypyrrole is made up of many repeating units of pyrrole, an aromatic heterocyclic 

monomer, mainly consisting of a five-membered ring containing four carbon atoms and 

one nitrogen atom (monomer structure shown in Figure 2-2B). Its actual structure is 

heavily dependent on its preparation conditions and environment. Undoped PPy is an 

insulator with a band gap of 3.2eV (Figure 3-1-A). However, when the polymer is doped, 

structural and electronic defects are formed. For low concentrations of dopants, polarons 

are the defects that are predominately formed. A polaron is a quasiparticle comprising of a 

charged particle and the polarisation field associated with it. These polarons induce 2
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localised states in the bandgap of PPy. Bredas et al. has performed theoretical calculations 

on a PPy chain and has calculated that these states arise from an upward shift from the 

valence band of 0.49eV and a downward shift from the conduction band of 0.53eV as 

shown in Figure 3-1-B^. If the polaron is associated with a loss of an electron as usually in 

PPy, they are also known as radical cations*’ ^ and the bonding polaron state is singly 

occupied (as indicated by the open arrow in Figure 3-1-B and the polymer can be 

described as p-doped. Alternatively, if the polaron is formed by the addition of an electron, 

the antibonding polaron state is singly occupied. In both cases, charge neutrality is 

preserved by use of a counter ion^. Bredas also predicted that the structural distortions 

relating from the polaron formation would extend over four monomer units

C.B.

3 2eV

• V.B.

C.B.

2.14eV 

0.49eV ~ T
2.63eV

1

3.16eV

C.B.

2.37eV

0.75eV5eV t
V.B.

3.16eV

Figure 3-1 A, B, & C The neutral benzoid, quinoid polaron and quinoid bipolaron structures of PPy along 

with their respective bandstructures. The solid arrows represent the allowed electronic transitions. The open 

arrow in polaron band structure (B) indicates that the bonding state is half filled. Diagrams and transitions
7,9adapted from

When more dopants are introduced and the PPy becomes more oxidised, the polarons start 

to interact with each other. Bredas predicts that two polarons close together become spin 

unstable and form a doubly charged spinless bipolaron (or dication). He calculates that the 

bipolaron effects extend over 4 monomer units just as in the polaron case but that the 

lattice deformation increases slightly compared to that for 2 isolated polarons which further 

reduces the electronic gap, as can be seen in Figure 3-1-C. Similarly to the polaron case, 

the counter ions balance the Coulomb energy. Bredas calculated that bipolaron bonding 

and antibonding states are pushed further into the bandgap and are located 0.75eV and
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0.79eV from the valence band and conduction band respectively'. In a change from the 

polaron case, the bonding bipolaron state is empty which means that only 2 transitions are 

possible within the bandgap as indicated by the solid arrows in Figure 3-1-C. All the 

possible transitions for both polarons and bipolarons agree well with UV-Vis data of PPy 
taken at various stages of oxidation by Yakushi et al.'*^.

For both the polaron and bipolaron doping states, it should be noted that the antibonding 

state is further from the conduction band than the bonding state is from the valence band. 

This asymmetry is as a result of the nitrogen atom in the ring which contributes differently 

to the valence band than it does to the conduction band". For highly oxidised PPy (33% 

doping level), Bredas calculates that the bonding and antibonding bipolaron states widen to 

form 2 bands ~0.4eV thick and the overall bandgap between the valence band and the 
conduction band widens to 3.56eV^. This is also in agreement with the UV-Vis absorption 

spectra for highly oxidised PPy taken by Yakushi'*’. It can also be noted that unlike 

another well-known conducting polymer, polyacetylene which has a degenerate ground 

state, PPY can never reach a metallic state as the gap between the bipolaron bands never 

goes to zero. Theoretical calculations indicate that for a 100% dopant level (1 dopant ion 

for each pyrrole unit in the polymer chain) which has not been attained experimentally, the 

bonding and antibonding bipolaron bands will merge with the valence and conduction 

bands and the heavily doped polymer’s band gap will close to 1.2eV .

Bredas also predicts that there is a gain in energy of 0.45eV in forming a bipolaron over 

two individual polarons’. From this, one would expect that the concentration of polarons 

in lightly doped PPy would be negligible'^ and in fact Scott et al. claims that the main 

charge carriers in doped PPy are bipolarons and uses electron spin resonance (ESR) to 

prove that the polarons do not carry current''*. However, it has since been shown in more 

recent publications that polarons are formed at low oxidation (doping) levels and do carry 

current at lower dopant concentrations'^. It has been suggested that a lack of correlation 

between ESR spin characteristics and the conductivity'^ may be responsible for the 

conclusions made by Bredas’ and Scott''*. In addition, the model used was based on the 

Huckel method which does not take full account of Coulomb correlations.

It has been shown by several authors using techniques including in situ ESR, 

electrochemical methods, optical absorption, in situ ellipsometry and in situ Fourier 

Transform infra-red spectroscopy (FTIR) to show that at higher dopant concentrations,
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bipolarons are formed but co-exist with the initial polaron concentration'While it is 

still unclear exactly how the conduction mechanism works in PPy, it is apparent that there 

can be no sizeable appreciable energy gained from forming a bipolaron as opposed to two 

polarons. In fact, Genoud et al. calculated from steady-state and transient measurements of 

ESR that bipyrrole formation was not energetically favourable at low dopant 

concentrations'^ although they did not take account of interactions between particles and 

polarons / bipolarons or any effects arising from ion insertion.

Christensen et al. also noted while investigating the redox behaviour of electropolymerised 

PPy in aqueous sodium perchlorate that as the concentration of bipolarons increased, the 

polypyrrole sample thickness was decreased by up to 30%'^. This change in thickness was 

found to be repeatable upon repeated doping and de-doping of the PPy. While the changes 

in overall charge during light doping of the polymer can be accounted for by proton 

expulsion from the polymer, higher dopant levels can only be balanced by counter ions. It 

was also found that this thickness loss on further oxidation did plateau and over oxidised 

PPY was charge compensated by formation of CO2 and by the formation of ketone groups 

on the polymer backbone.

Chauvet et al. has used ESR along with measurements on conductivity, thermopower and 

magnetoresistance on highly doped PPy to investigate the conduction mechanism in the 

polymer . They found a low number of polarons compared to a large number of 

bipolarons contributing to the current but as the pyrrole was highly disordered, they 

introduce the idea of transverse bipolarons whereby 2 polarons from different polymer 

chains undergo an efficient inter-chain coupling to form a bipolaron. The predominant 

conduction mechanism in this case is a hopping mechanism which is confirmed by 

temperature dependant measurements on the PPy conductivity.

It is clear that the actual conduction mechanism in PPy is still not fully understood and also 

greatly depends on the nature of the electrolyte and counter ions in the production of the 

polymer. One thing that is quite clear though is that polarons and bipolarons play an 

important part in the charge carrying properties and hence the electronic properties of 

polypyrrole.

PPy has a work function of about 5.1eV'*'^' and when undoped is highly hole conducting. 

PPy can be used to form a junction with various metals. The nature of the junction formed
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depends greatly on the polymer dopant concentration, type of dopant and the workfiinction 

of the metal. The parameters involved in the polymer preparation also greatly influence 

the nature of any junctions formed. For example, junctions formed between PPy and low 

work function metals such as aluminium or indium are expected to form rectifying contacts. 

However, many barriers have been predicted to have Ohmic behaviour, whereas 

experimental results sometimes exhibit rectification^^.

3.1.1.3 Polymerisation of Polypyrrole

There are three main techniques that can be used to prepare devices using polypyrrole from 

a starting material of pyrrole. These are chemical polymerisation, interface method and 
electrochemical method'*. The chemical polymerisation and interface techniques both 

involve using an oxidising agent such as ferric chloride or ammonium persulfate to oxidise 

the monomer. The PPy can be incorporated into a polymer matrix at the same time as 

being polymerised using these techniques. The electrochemical method, which is the main 

most commonly used for making thin films of PPy as well as the method usually used in 

deposition in anodic aluminium oxide is summarised below.

In the electrochemical method, polymerisation takes place in an electrochemical cell by 

either potentiostatic or galvanostatic methods. When a current is passed through an 

electrolytic solution containing pyrrole monomer and dopant, PPy is deposited onto the 

working electrode. The advantage of this method is that both the polymerisation and 

dopant introduction take place in the same reaction, therefore negating the use of an 

oxidising agent and also limiting the introduction of impurities.

The most widely accepted mechanism for the polymerisation of polypyrrole is coupling 
between two radical cations as shown in Figure 3-2^^’ Initially, a pyrrole monomer 

becomes oxidised and yields a radical cation. Two such cations couple and deprotonate to 

form bipyrrole . In the propagation steps, the bipyrrole becomes oxidised again and 

couples with another pyrrole segment. This sequence of oxidation, coupling and 

deprotonation continues to form pyrrole oligomers and eventually polymers. The 

termination step of the polymerisation reaction is not yet fiilly understood but is believed to 

involve nucleophilic attacks on the polymer chain'^.
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Figure 3-2 Mechanism for the polymerisation of pyrrole via two radical cation coupling^®

3.1.1.4 Electrodeposition of Polypyrrole

Electrodeposition is the term used to describe the deposition of PPy onto a conductive 

substrate by electropolymerisation of the monomer. The choice of monomer solvent as 

well as the choice of anion that counter balances the oxidation of the polymer chains 

greatly affects the properties of the PPy deposition. The first electropolymerised PPy films 

were electrodeposited from aqueous solutions^ but it was found that the films had poor 

mechanical properties and had low conductivities compared to those formed in acetonitrile 

based electrolytes^. Since then, a wide range of aprotic organic solvents have been used 

for deposition of PPy onto metallic substrates including acetonitrilepropylene 

carbonate^"* and eutectic melts of actimide and urea^^’ In addition, the conductivity can 

be tuned by using mixtures of aqueous and organic solvents, most commonly acetonitrile ’ 

Using aqueous electrolytes, on the other hand allows the use of a wide range of 

counteranions including oxalic acid^'^'^'^, polystyrene sulfonate anions^^’^^ and metal

pythalocyanines ’ . In addition, several counter anions have been used with both

aqueous and organic electrolytes. These include LiClO^ and tetraethyl

ammonium tetrafluoroborate ((CHj NBF4

It is also found that the counter ion often dopes the polymer during the polymerisation 

process. The amount of anion present in the films is determined by the oxidation level of 

the PPy, which is an intrinsic property of the polymer arising from the polymerisation 

conditions. However, the nature of the anion also greatly affects the mechanical properties
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and electroactivity of the film. For example, Figure 3-3 below taken from Salmon et al.'*^ 

shows the topology of PPy films deposited using six different anions using acetonitrile as 
the solvent.

1

Figure 3-3 Scanning electron micrographs of polypyrrole film surfaces. The anion in the film is (A) 

hexafiuorophosphate, (B) perchlorate, (C) sulphate, (D) fiuorosulfonate, (E) trifluoromethylsulfate, and (F) 
trifluoroacetate (Taken from Salmon et al.''^)

In addition, the temperature that the deposition is carried out at also affects the film quality. 

Higher temperatures can allow the reaction to proceed more rapidly. Van et al investigated 

the diode properties of Au-PPy Schottky junctions and found that the diode characteristics 

improved as the preparation temperature of the PPy increased . Similar results were 

found when measuring the electrical characteristics of p-doped silicon - PPy junctions at 

different temperatures'*^. It was found that increased temperature increases the depletion 

width of the junction reducing the acceptor concentration and increasing the rectification 

ratio and ideality factor, n. Higher temperatures can also introduce more defects that are 

likely to increase the conductivity of the PPy'*’. In a contradiction to this, other research 

has found that lower preparation temperatures increase the conductivity of PPy films'**.
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One of the main uses for polypyrrole is as an anti-corrosive coating on metals and as a 

result of this, much research has gone into the electrodeposition of PPy onto substrates 

such as Indium Tin Oxide (ITO)'*’ low carbon steel^^’ stainless steel^^'^”* and

aluminium^^’ among others. In addition, PPy has also been successfully

electrodeposited on thin films of gold^^’ and platinum^’ as well as other

metallic thin films^"*’

One problem relating to the choice of substrate is how easily it is oxidised. In general, it is 

relatively easy to electropolymerise PPy on inert anodes such as gold, platinum or ITO 

using either organic or aqueous solvents; however it is harder on anodes that are easier to 

oxidise as it has been predicted and has been seen that these would preferentially oxidise 

and dissolve not allowing the electrodeposition to take place. For example, research was 

carried out by Hiisler et al. into the electrodeposition of PPy onto aluminium using various 

electrolytes in aqueous solutions and they found that acidic electrolytes such as nitric acid, 

sulfuric acid, phosphoric acid and oxalic acid among others allowed the electrodeposition 

of PPy to take place, whereas electrolytes comprising of neutral salts such as sodium salts 

of the halogens, methyl nitrate and potassium thiocyanate actively dissolved the Al surface
->-5

leaving pits up to 30)im in size . It is now understood that certain electrolytes allow 

passivation of the electrode surface and while thermodynamic studies^^ may predict that 

the electrode should dissolve at a lower potential than electrodeposition can occur; in fact, 

the electrode becomes passivated and deposition readily takes place.

One of the most common examples of this in relation to PPy deposition is the use of oxalic 

acid as an electrolyte for deposition onto aluminium^^ or steel substrates^"^. In both these 

cases, initial application of a potential caused the formation of a metal oxide or oxalate 

layer to form on the surface of the working electrode. Further application of the potential 

then lead to the formation of the PPy film which in many cases has excellent adherence 

between the electrode and the polymer film. For example PPy film electrodeposited on 

iron using potassium tetraoxalate formed films that were unable to be removed by scotch 

tape^’.

One other important thing to note in relation to the use of certain acid electrolytes as a 

passivator on aluminium is that these acids are the electrolytes used in the anodisation of 

aluminium to form anodic aluminium oxide (AAO) (See Chapter 4 for more details on 

AAO). It has been found that a porous oxide does form in these cases which get filled by
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PPy and that this PPy-AlaOa heterolayer greatly alters the electrical properties of the PPy-

A1 junction33

It is certain that the choice of electrolyte solvent, nature of electrolyte and substrate, 

electrodeposition/polymerisation potentials and preparation conditions all greatly affect the 

ability to form PPy films on electrodes and that there are no direct trends that can be drawn 

from experiments where many of these choices differ.

3.1.1.5 Polypyrrole: Uses and Devices

PPy has been suggested as being an ideal material for a number of different purposes. The 

first of these as already discussed in detail is as an anti-corrosion coating on metals. In the 

previous chapter the electronic properties of metal-PPy junctions have been reviewed and 

it has long been proposed that its properties make it ideal for use in areas such as plastic 
batteries^* and in fuel cells^^. Both of these areas result from PPy’s interaction with 

oxygen as a dopant and the fact that the conductivity of the polymer is directly related to 

the presence and amount of oxygen in the polymer and in the surrounding atmosphere. 

This unique characteristic has also lead to suggestions that PPy has uses in a research area 
that there is much recent interest in: super capacitors^*^’^'. It has also been suggested that 

PPy could be used in gas sensors as changes in oxygen (and oxygen containing gases) alter

the conductivity of the polymer',62-65

PPy is a non-toxic polymer and is considered to be biocompatible. By this it means that 

the polymer’s doping level can be reversibly altered by trapping and releasing of biological 

molecules; by being able to transfer charge to and from a biochemical reaction and by 

being able to easily alter the electrical, chemical, physical properties of the polymer to 
better suit the specific application^^. For that reason, it has also been suggested that PPy 

could have a future in biosensors; for example as the active component in a glucose

biosensor'.67, 68 Other proposed uses include cell scaffolds in tissue engineering^^.
70electrodes in neural probes for recording or stimulating neurons in the brain and as part

of drug delivery systems’'.

3.1.2 Poly(p-phenylene vinylene)

Poly(phenylene vinylene) (PPV) is another conducting polymer that research has been

carried out with. The main difference (at least for the purpose of this research) between
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PPV and PPy is that PPV can emit light when a current is passed through the polymer in a 

technique known as electroluminescence (EL) The light is emitted as a result of singlet 

excition (electron - hole pair) decay and is discussed in more detail in Chapter 7. EL in 

conjugated polymers was first demonstrated by R.H. Partridge in 1983 when he published 

a series of papers discussing EL in polyvinylcarbazole^^'^^. This work went largely 

unrecognised and it wasn’t until Burroughes et al. showed EL in PPV in 1990^^ that the 

area of research really took off and since then a large family of light-emitting conducting 

polymers based on PPV have been developed and researched, including PmPV^^ and 

MEH-PPV^* to name but two.

Similar to PPy, PPV is a ;r-conjugated polymer whose structure is shown in Figure 3-4. It 

is a member of the so-called rigid rod family of polymers and when proeessed is usually 

found in a high crystalline state. When undoped it has a band gap of the order of 2.5 eV’^.

Figure 3-4 Structure of poly(p-phenylene vinylene)

3.1.2.1 Production of PPV

Just as is the case for many polymers, there exists many different ways to produee PPV 

giving different dopant levels which alter the conductivity and band gap of the polymer in 

similar ways to that discussed for PA and PPy in Section 2.1.2.1. The method used in the 

course of this reaction was use of a precursor polymer in a thermal elimination reaction 

and this is the only method that will be discussed in detail. Other methods include various 
chemical polymerisation methods*®’ UV curing of a precursor to form PPV*^ and various 

electrochemical polymerisation techniques*^’ *‘^. Usually a precursor polymer is used to 

prepare the polymer as PPV itself is highly insoluble in most solvents. The precursor 

contains side groups which aid the solubility of the precursor and are removed during the 

thermal annealing step of the preparation process.
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3.1.2.1.1 The Wessling Precursor process

The process used in the course of this work is based on the Wessling process which is 

probably the best researched PPV production method. First researched long before the 

electroluminescence properties of PPV were discovered, the Wessling process was 

developed while trying to produce conventional polymers via the alkylation of p-xylylene 

sulfonium salts*^’ Instead, they found that when treating the sulfonium salt with a base, 

a yellow-green soluble polymer was produced which could be purified to form a yellow- 

green precipitate which was found to be poly(/)-xylylidene) or what is now called poly(jE?- 

phenylene vinylene)^’. The research undertaken during the course of this work uses a 

water soluble commercially available PPV precursor, poly(p-xylene 

tertrahydrothiophenium chloride). When annealed, thiophene (THT) and hydrochloric acid 

are driven off yielding unsubstituted PPV as shown in Figure 3-5.

-Q -HC,

Figure 3-5 Reaction of PPV precursor to PPV

Looking at the reaction in more detail, it is understood that the reaction is a two-step 

process. One step involves the leaving of the THT group; the other involves the removal 

of the chlorine counter ion from the system. Energy-dispersive X-ray analysis by Herold
oo

et al. shows that these two steps take place at different temperatures . By measuring the 

sulphur content in the polymer annealed at different temperatures, it is found that the THT 

group is eliminated at temperatures of between 75 and 125°C. On the other hand, 

temperatures of greater than 150°C are required before the chlorine content starts to 

decrease indicating the elimination of the Cl counter ion in the form of HCl. Figure 3-6 

shows the reaction mechanism in more detail including the leaving groups.
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Figure 3-6 Reaction mechanism of PPV precursor annealing to PPV looking at more detail at the leaving 

groups

TGA measurements with simultaneous mass spectroscopy measurements on the released 

products also performed by Herold et al. show three distinct steps in the annealing process 

taking place in He**. THT is observed leaving the polymer at 75°C and again at 125°C 

while HCl splits off at 150°C. They propose that the precursor is mainly in a cis or cisoid 

configuration as opposed to a trans configuration because of steric hindrance. Figure 3-7 

shows the three possible configurations along with the proposed reaction mechanism

iPW W

Precursor
*c«s*

Precursor ♦ PPCE 
'c*so*d'

PPCE
•ClSCKi-

T*150*C

PPV
*c»sotd'

PPV
'trons*

Figure 3-7 Oi left-hand side: 3 possible configurations for THT precursor. From top: Cis, Cisoid and Trans. 

On right-hand side: Scheme for annealing of THT precursor to get PPV. Taken from Herold et al.***
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In the mechanism it is proposed that THT leaves the cis form of the precursor at 75°C 

causing an isomerisation to take place to leave the resulting poly(phenylene chloro 

ethylene) (PPCE) in a cisoid configuration. THT leaves the cisoid structure of the 

precursor at a higher temperature of 125°C because of less steric strain on the cisoid form 

compared to the cis form. HCl leaves the PPCE at 150°C forming PPV in a cisoid 

structure before the PPV isomerises at 175°C to form the tram form of PPV.

In the discussions of PPV preparation using the Wesseling process so far, all annealing is 

carried out either in vacuum or in inert atmospheres such as He. When annealing in an
OQ

argon atmosphere, interesting results are obtained . It is discovered that annealing in Ar 

compared to annealing in vacuum reduces the required temperature from 320°C to 160°C. 

UV-Vis absorption measurements show that complete conversion from the precursor takes 

place at 160°C. This is believed to be due to an interaction between the Ar and either the 

THT or HCl leaving groups which increases the rate at which they are eliminated from the 

precursor. EDX suggests that the THT is the species that is affected due to a faster 

decrease in sulphur content but this is not confirmed by other methods. Nevertheless, 

annealing in Ar allows substrates such as polymers to be used for preparation of PPV 

which cannot withstand the temperatures required to anneal PPV in vacuum or N2 

atmospheres.

3.1.2.2 Properties, uses and devices of PPV

As previously mentioned, the main uses of PPV are related to its light emitting properties. 

The electrical characteristics of metal-PPV junctions and in particular with low work 

function metals have been discussed in detail in the previous chapter and will not be 

discussed again in this chapter. PPV and its related materials are commonly used as active 

layers in light emitting diodes and photovoltaic cells. Similarly to PPy, PPV can be doped 

with conductivities ranging over 20 orders of magnitude^®. Issues do arise with the 

stability of highly doped PPV however. When PPV is used in devices for its luminescence 

properties the undoped form is required as the introduction of dopants quenches the 

luminescence. In its undoped form, the conductivity of PPV is usually too low for the 

polymer to be used in organic field-effect transistors, however the charge carrier 

concentration can be increased, for example by using ion implantation^'. Research has 

also taken place into the photoconductive properties of PPV (and related materials) and its
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possible use in photodiodes^^ and photovoltaic cells^^. Another possible use, unrelated to 

the light emitting properties of PPV is as a possible charge storage material in rechargeable 

batteries. Much higher energy densities were obtained with Li/PPV systems than possible 

using PPy, however the charge process was very slow^"*. Doping levels of nearly one 

charge per repeat unit was obtained which is much larger than the highest doping level in 

PPy which is of the order of 33%^. PPV has also been found to have high tensile strength 

which values of up to 500 MPa measured for uniaxially orientated PPV^^ which is 

comparable to the tensile strengths of some of the best commercially available 

thermoplasuc polyurethane based polymers^^. This value was found to decrease sharply as 

the dopant concentration increased.

3.2 Experimental Techniques

In this section, some of the main experimental techniques used to help characterise the 

samples and devices prepared are introduced and discussed.

3.2.1 Raman Spectroscopy

Raman Spectroscopy is a form of vibrational spectroscopy and is a measure of the inelastic 

scattering of light by molecules. The Raman effect was first observed experimentally by 

Raman anc Krishnan in 1928 when they used sunlight and a narrow band filter to pass 

monochromatic light through a number of liquids. When a crossed filter was used to block 

the waveleigth of the incident light after passing through the liquid, light of a different 

frequency passed through the filter^^. This effect had been predicted previously but this 

paper was the first observations of what became known as the Raman effect. Over the next 

number of years, further investigations into this effect continued and as the quality of the 

light sources available increased from sunlight to mercury arc lamps and then onto lasers, 

the Raman effect became more widely used as a spectroscopic tool to help identify 

chemical bonds and molecules^*.

When light is shone onto a sample, the photons interact with the molecules of the sample. 

The photons may be reflected, absorbed or scattered. The vast majority of scattered 

photons are scattered elastically, i.e. the scattered photons have the same wavelength and 

hence energy as the incident photons. This type of scattering is known as Raleigh 

scattering. However, a small number of photons (generally less than 1 in 10'^) is scattered
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inelastically with a wavelength that differs to that of the incident photons. This occurs 

when the incident photons interact with the electron cloud and bonds of the molecule. In 

the Raman effect, the incident photon excites the molecule into a virtual excited state. The 

molecule then relaxes into a different rotational or vibrational energy state by emitting a 

photon of a different energy to that of the incident photon. This difference in energy 

between the incident photon and the emitted photon is the Raman shift and is usually

expressed as a change in frequency in wavenumbers99, 100

As the overall energy of the system must remain constant, if the final energy state of the 

molecule is higher than the initial state, then the Raman scattered photons must have a 

lower energy (and hence lower frequency) than the incident light. This shift in frequency 

is known as a Stokes shift. Similarly if the molecule’s final energy is lower than its initial 

energy, then the Raman scattered photons have a higher energy than the incident photons 

and the change in frequency is known as an anti-Stokes shift. At room temperature, the 

majority of the molecules are likely to be in their ground state energy levels and as such, 

Stokes Raman scattering is much larger than anti-Stokes Raman scattering.

Raman spectroscopy is similar to infrared spectroscopy in that they both probe the 

vibrational energies of molecules - in other words, the nature of the bonds between the 

atoms of the molecules. However, whereas IR spectroscopy can only measure vibrations 

which cause the dipole moment of the molecule to change, for a transition to be Raman 

active, the polarisability of the molecule must be changed by the transition. In this way we 

can say that IR and Raman spectroscopy are complementary to each other.

In this research, Raman spectroscopy is used to characteristic many of the materials 

investigated. A Horiba Jobin Yvon Lab Ram HR spectrometer is used, using a 633 nm 

HeNe laser with laser powers up to 12 mW to excite the samples. A long working distance 

lOOx objective lens and a diffraction grating of 600 lines mm ' give spatial resolutions of 3 

- 5 |xm and a quoted frequency resolution of 0.3 cm '. The 633 nm light interacts well 

with electronic transitions of the materials investigated (i.e. C-C, C-N, C-H bonds etc.). 

For this reason, Raman spectroscopy like this is also known as resonance Raman 

spectroscopy.
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3.2.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a powerful tool used to help image the surface of 

samples using a beam of electrons instead of light. First used in the 1930s it has since 

become a well-known, well established technique both in scientific research and in 

industry. In SEM an accelerated beam of electrons is focused onto the surface of a sample 

under vacuum using a series of electromagnetic lenses. The beam is then rastered across 

the surface using a series of coils. The surface is imaged using a range of different 

detectors depending on how the electron beam interacts with the sample surface. Figure 

3-8 shows a schematic of the electron beam through the SEM before it interacts with the 

sample.
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Figure 3-8 Schematic of SEM showing the electron path 101

When the beam hits the sample, several different interactions take place depending on the 

energy of ;he electron beam and the nature of the sample substrate. When the beam
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(consisting of primary electrons) hits the surface, secondary and backscattered electrons 

are dislodged from the surface of the sample. They are collected by detectors consisting of 

positively charged grids, converted to digital signals and converted to an image. The 

primary electrons interact with the sample in a teardrop shape that extends from between 

100 nm to 5 |im into the surface depending on the beam energy and surface state. 

Secondary electrons are generated by inelastic scattering of primary electrons on the 

atomic core or inner core electrons of atoms on the surface of the sample and used in the 

most common imaging mode which uses the InLens detector whose position in the 

chamber is shown in Figure 3-9. Secondary electrons detectable with the InLens detector 

have a low penetration depth and images formed are very surface sensitive. Electrons that 

are given off with larger energies are more commonly back scattered electrons or electrons 

that have undergone more interactions with the substrate and have undergone several 

scattering events with the surface. They have travelled deeper into the sample and are 

detected using either backscattered electron (BSE) detector or an SE2 detector as shown in 

Figure 3-9. Backscattered electrons carry information on chemical composition as 

materials with higher atomic number are better scatterers and hence appear brighter in 

images

PE

Beam booster

Scan coils 

SE2 detector

EsB detector

--------------Filtering grid

^=CZZ ] Inlens detector

■ Magnetic lens

Collector grid

Specimen

Electrostatic lens

BSE detector

Figure 3-9 Detector positions in Zeiss Ultra / Supra 102
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In the research discussed in the course of this thesis, two different types of SEMs have 

been used. A Hitachi S4300 Field Emission (FE) SEM using a secondary electron detector 

or one of three different SEMs manufactured by Carl Zeiss Ltd.: a Zeiss Supra variable 

pressure FE SEM; a Zeiss Ultra Plus FE SEM and a Zeiss Auriga Focused Ion Beam SEM^. 

Each of these SEMs have InLens detectors and SE2 detectors along with a range of other 

detectors.

3.2.3 Electrical Measurements

3.2.3.1 Current-Voltage measurements

Two point current-voltage measurements are performed using a custom built electrical rig 

consisting of 7 spring loaded hemispherical gold probe contacts that allow for up to six 

individual contacts to be made on the same sample. Sample dimensions of up to 11 mm by 

11 mm can be tested with individual contacts measuring up to 2 mm by 4 mm. Figure 3-10 

is a photograph of the contacts showing the position of the contacts with the individual 

contacts arranged in 2 groups of 3 and the common counter electrode at the end.

Figure 3-10 Photograph of the contacts in the electrical rig used for IV measurements

For all measurements, the six probe contacts were contacted to evaporated top contacts 

with the common contact making electrical contact with the conductive substrate. The 

whole sample holder is enclosed in a grounded stainless steel vessel that can be evacuated 

to perform measurements in air or in a reduced pressure of between 1 and 3 mbar. A

' Images obtained with the Zeiss Auriga taken by Giovanni Fois, CRANN, TCD
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mechanical switch allows the choice of the six top contacts in which to make the circuit 

and the IV measurements are made with a Keithley 2400 sourcemeter interfaced with a PC 

through a GPIB card making use of Visual Basic and / or Labview computer program to 

control the IV parameters. The stainless steel container also contains a quartz window in 

the lid in order to measure any emitted light from samples as discussed in Section 3.2.4.3.

3.2.3.2 Capacitance-Voltage measurements

Capacitance-Voltage measurements are made using a Stanford Research Instruments LCR 

SR270 capacitance bridge meter running in parallel mode interfaced with a Keithley 2400 

sourcemeter which provides an external dc bias. Other C-V measurements are made using 

a Hewlett Packard 4384 LCR meter

3.2.3.3 Impedance Spectroscopy

Impedance Spectroscopy is a useful tool used to help characterise the dielectric properties 

of a system as a function of frequency and as discussed in Section 2.4.2 is often used to 

help characterise the nature of metal-semiconductor junctions. A Zahner IM6e Impedance 

Spectrometer was connected to the same electrical rig used for IV measurements using 

coaxial cables. An ac potential of 20 mV is applied between the top and bottom contacts 

and the impedance measured as the ac frequency is reduced from 1 MHz to at least 1 Hz.

3.2.4 Spectroscopy

Apart from Raman Spectroscopy, a range of different types of spectroscopy have been 

used to help analyse the materials and devices prepared. All spectroscopic methods 

involve the interaction of electromagnetic radiation with the material being investigated. 

The radiation that is absorbed or emitted by the material is examined as a function of 

wavelength or radiation energy and is used to help characterise the material or transitions 
in the material.'®^’

3.2.4.1 UV-Vis Absorption Spectroscopy

UV-Vis absorption spectroscopy involves exciting a sample with electromagnetic radiation 

(EM radiation) of a certain wavelength and measuring the proportion of radiation that is 

absorbed by the material. Both solid and liquid samples can be measured although in this 

work only solid samples were investigated. When EM radiation is shone on a material, the 

radiation excites a bonding electron in an atom or molecule into an unfilled non-bonding 

orbital (or promoting the electron from the ground state into an excited state). The change
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in energy acquired by the electron relates to a line in the absorption spectrum which occurs 

at a characteristic wavelength (or energy). As each electronic transition has associated 

rotational and vibrational transitions, the line is broadened to become a peak centred 

around the characteristic wavelength. The intensity of the absorption at the wavelength is 

related to how much energy is absorbed by the molecule.

UV-Vis spectrometers generally use a broad excitation source such a Xe lamp along with a 

monochromator in order to illuminate the sample across a range of excitation wavelengths 

to measure the absorbed light as a function of the wavelength. In this work a Cary 6000i 

spectrophotometer was used which can measure absorbances from 150 nm to 1800 nm (i.e. 

from the UV region right into the near infra-red). The spectrometer is run in dual beam 

mode which means that the exciting radiation is split into two equal intensity beams using 

a half-mirror so that simultaneous measurement can be made on a sample and a 

background or reference sample for accurate background subtraction. The intensities of 

the reference and sample radiation are measured as Iq and 1 respectively. The ratio of I to 

lo is called the transmittance, T. The Beer-Lambert law empirically relates T to the length, 

/ of the sample and the concentration, c of the absorbing species as follows:

r = —= 10 •eel (3-1)

where f is known as the extinction coefficient and is unique for different materials.

In UV-Vis absorption spectroscopy, the Absorbance, A is usually the parameter used 

instead of Transmittance. The Absorbance is defined as

hA = log,o-j- = - log,o T = eel = al (3-2)

For liquid samples, if the path length and absorption coefficient of a sample is known then 

the concentration can be calculated from the measured absorbance. For solid samples, the 

absorption coefficient, oris used instead of fin equation (3-2) and^ = od.

3.2.4.2 Photo-luminescence spectroscopy

PL spectroscopy is a form of emission spectroscopy that measures the emitted light from a 

material when it is excited with EM radiation, usually with an excitation wavelength equal 

to the absorption band maximum. Similar to absorption spectroscopy, the excitation 

radiation excites electrons from the ground state to an excited state and PL spectroscopy
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measure the radiation given out by the material as the electrons relax back to the ground 

state. Similar to the absorption peaks, the energy of emitted radiation is related to Not all 

species emit light when relaxing; a number of different processes can take place including 

non-radiative decay, radiative decay and inter-system crossing. In the course of this 

research a Perkin Elmer LS 55 spectrophotometer is used containing a pulsed Xenon 

discharge lamp (7.W average power at 50 Hz).

3.2.4.3 Electroluminescence spectroscopy

EL spectroscopy is another form of emission spectroscopy but instead of exciting the 

material with EM radiation, the material emits light as a result of radiative recombination 

of electrons and holes in the material caused by a the passage of an electric current through 

the material. This is discussed in further detail in Chapter 7. When measuring the EL 

spectrum of materials, the same apparatus is used as is used for electrical measurements as 

described above. The emitted radiation is measured through the transparent substrate 

(usually ITO) through a quartz window in the electrical rig using an Andor Solis 
intensified CCD coupled to an Oriel MS 125 spectrograph (400 lines mm '). The CCD 

detector is cooled to -60°C by internal thermoelectric cooling to reduce dark current signal 

and in all cases background spectra are taken to remove background radiation from the 

measured spectra. The spectrometer entrance is covered with a slit with a width of 25 |im 

to give a wavelength resolution of 1 nm and the CCD is calibrated before use using a white 

light source and a set of visible band pass filters (Thor Labs).

3.3 Summary

In this chapter detailed introductions into the two specific conductive polymers 

investigated in this work are made. The history of both polypyrrole and poly(p-phenylene 

vinylene) is discussed along with reason why they are important. Polypyrrole shows 

unique conduction properties, is non-toxic, is compatible with many industries, and has 

been suggested for several biomedical applications. Poly(p-phenylene vinylene) was the 

first polymer in which electroluminescence was demonstrated and since then a whole 

family of light emitting conductive polymer have been synthesised and characterised based 

on the original PPV structure. Some of the various experimental techniques used in this 

thesis were introduced and explained. These included Raman spectroscopy. Scanning 

electron microscopy as well as various electrical measurement procedures and other optical 

spectroscopy methods.
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Chapter 4: Anodic Aluminium Oxide
In this chapter an introduction is made to anodic aluminium oxide. Discussion is made of 

its discovery and properties and various ways in which improvements and changes can be 

made to its intrinsic porous structure during its preparation. The different ways in which 

the porous structure can be filled and used are discussed. The focus then changes to 

discuss the preparation of AAO for use as a substrate and template during the course of this 

research and the ways in which hindrances such as the barrier layer thickness is overcome. 

Finally analysis is made of the AAO prepared, in particular looking at the size and 

straightness of the pores.

4.1 Introduction to anodic aluminium oxide

Porous oxide growth on aluminium under anodic bias in various electrolytes has been 

studied for over fifty years ' after the discovery that when aluminium is anodised in 

certain acid electrolytes, a porous oxide develops, which exhibits a uniform array of cells, 

each of which contain a cylindrical pore. This porous alumina film is commonly called 

Porous Alumina Membrane (PAM) or Anodic Aluminium Oxide (AAO). AAO’s consist 

of two oxide layers; a thicker porous layer and a thin alumina film at the base of the pores 

next to the aluminium metal which acts as a barrier layer when trying to fill the pores. 

Figure 4-1 below shows a schematic of AAO. The size and density of the pores is 

controlled by the anodising voltage while the length is determined by the amount of charge 

transferred. The pores generally have a narrow distribution and high density which are 

important attributes for synthetic filter membranes which is one of the important uses for 

this porous structure'*.
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Pore Cell

ALO

Barrier Layer
Figure 4-1 Schematic of anodic aluminium oxide.

Keller et al. found that the relationship between the thickness of the non-porous barrier 

layer, tb (see Figure 4-1) and the anodising voltage, U is as follows:

t,=kJJ (4-1)

where kt is a constant.

They also found that a linear relationship exists between the anodisation voltage and the 

distances between the pores in the porous oxide, (distance between tv/o adjacent pore 

centres)^ as shown below in Equation (4-2):

(4-2)

where Dp is the pore diameter and A: is a proportionality constant. Figure 4-2 below shows 

a schematic of the top surface of an AAO.

The relationship between the interpore distance and the anodising voltage and the linear 

relationship between pore diameter and anodising voltage was verified by several other 

researchers including O’Sullivan and Wood using electron microscopy measurements* and 

by theoretical modelling of anodic alumina growth in 2003^. The value of k is widely 

known to have a value of approximately 2.5 nnvW for well-ordered regimes which is 

discussed in more detail later. Similarly, the value of kb, the constant relating barrier layer 

thickness to anodising potential is widely recognised to be -1.3 nnW for self-arranged 
pores’.
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Figure 4-2 Schematic of the top surface of a well ordered AAO

In 1989, Fumeaux et al. discussed a way to reduce the size of the barrier layer by 

progressively reducing the anodising voltage*. When the anodising voltage is reduced 

(usually by a value of not more than 5%), the current immediately drops before starting to 

rise again slowly. A further voltage reduction is not carried out until the rate of current 

change recovers to at least 75% of its maximum value. Fumeaux observed that as the 

current recovered, new pores with diameters proportional to the new voltage started to be 
formed at the bases of the existing pores. Similarly, according to Equation (4-1) above, the 

thickness of the barrier layer below the pores decreased as the voltage had dropped. By 

progressively decreasing the anodising voltage, it is possible to progressively reduce the 

size of the barrier layer. In addition it was observed that an array of progressively smaller 

pores grows from the original pores in a tree root like structure. It is possible to reduce the 

anodising voltage down to such a level that the barrier layer perforates and detaches from 

the Aluminium base. This has been proposed as a possible way of allowing the anodic 
alumina to be used as a porous membrane^.

In 1995 Masuda and Fukuda published their method for making ordered arrays of 
nanopores with anodic alumina'®. Masuda observed that a self-ordering of the pores takes 

place after long anodisation times. It was observed that after a long anodisation using 

oxalic acid electrolyte and 40V anodisation voltage a reorganisation of the pores takes 

place, reducing the number of defects and dislocations. An “almost ideally arranged 
honeycomb stmcture”'® was observed. This contained defect free regions with defects 

found at the boundaries. The size of these regions increased with the anodisation time. 

Similar results were found for other pore sizes and anodisation voltages using sulfuric acid 

and phosphoric acid electrolytes. However, this rearrangement was only seen to work well
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for certain electrolyte temperatures, concentrations and anodisation voltages. For other 

concentrations/voltages little or no rearrangement appeared to take place. For example 

Masuda and Fukada found that anodising with a 0.3M oxalic acid electrolyte at 40V 

anodisation voltage and at a temperature of 0°C gave rise to a highly ordered cell 

configuration. Masuda et al. found that ordered arrays of smaller nanopores were formed 

using 0.3M sulfuric acid and anodisation voltages of less than 27V". They did not find 

any change in ordering due to the electrolyte temperature. Li et a/.’s results agreed with 

these findings and also found similar arrangements for larger nanopores anodised in 10 
wt% Phosphoric acid at 160V and with an electrolyte temperature of 3°C'^.

In 1998 Masuda and Satoh'^ and in 1999 Li et al.'^ introduced an updated method for 

growing ordered arrays of straight nanopores in anodic alumina. Their methods were 

based on observations made while growing ordered domains of nanopores using long 

anodisation times as discussed previously. It was observed that as readjustments of the 

pores only takes place after long anodisation times; the pore arrangement on the surface of 

the alumina is disordered and a broad pore distribution is observed. Ordered pore domains 

can only be found at the base of the pores and therefore the pores are not parallel to each 

other. In this method a two-step anodisation process was introduced. Firstly, a long 

anodisation process was carried out so as to have ordered arrays of pores at the base of the 

alumina layer. This layer was then removed by wet etching in a mixture of phosphoric 

acid and chromic acid. The barrier layer at the base of the pores was found to have 

changed the topography of the surface of the alumina substrate into a “dimpled and 

undulating landscape”'"^ which has a similar spatial ordering to the barrier layer. A second 

anodisation was carried out on the aluminium substrate and it was found that the dimpled 

surface acts as a template to the anodisation and ordered nanopore arrays were obtained as 

long as the same anodisation conditions were used.

14

Other investigations discovered parameters for the growth of hexagonally arranged pore 
domains for sulfuric, oxalic and phosphoric acid electrolytes'^. The conditions for each are 

shown below in Table 4-1.

Electrolyte Concentration Potential Temperature
Sulfuric acid 0.3M 25V IOC
Oxalic acid 0.5M 40V 50
Phosphoric acid 10 wt% 160 V 30
Table 4-1 - Anodising conditions for ordered pore growth
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Ordered pore arrangements in domains with sizes of the order of microns were observed. 

It has been suggested that the repulsive forces between neighbouring pores, which are 

caused by mechanical stress at the metal/oxide interface, promote the formation of 
hexagonally ordered pore arrangements’^’ When the anodisation of aluminium takes 

place, pores grow perpendicularly to the surface with equilibrium of oxide dissolution at 

the oxide/electrolyte interface and oxide growth at the metal/oxide interface. The oxide 

growth is due to the migration of oxygen containing ions through the oxide layer at the 

pore bottom from the electrolyte. Simultaneously, Al^^ ions drift through the oxide layer 

and are ejected into solution at the oxide/electrolyte interface. The fact that Al^^ ions are 

lost to the electrolyte is a prerequisite for porous oxide growth as only the O^' ions 

contribute to the formation of porous oxides at the metal-oxide interface and no new oxide 

is grown at the oxide-electrolyte interface once the initial barrier oxide is formed'^’ The 

atomic density of aluminium in alumina is half that of metallic aluminium and therefore 

there is a mechanical stress at the metal/oxide interface associated with oxide formation. 

As the oxide formation takes place over the entire pore bottom simultaneously, the oxide 

can only expand in the vertical direction and hence the existing pore walls are pushed 
upwards. It was found that the relative thickness of the porous alumina layer compared to 

that of the consumed aluminium varies greatly with voltage and electrolyte composition’^.

Nielsch et al. observed that that the ratio of the pore radius to the interpore distance, 
is constant for well-ordered pore regimes’*. In other words, for well-ordered pores, as well 

as the barrier layer thickness and interpore distance, the size, Dp^ of the pores also scale 

with the anodising voltage.

The porosity of a hexagonal structure, P, is given by:

V3 V -^int J
(4-3)

Using experimental measurements for values of Di„t and Vp, Nielsch found that the 

porosity of well-ordered arrays of pores is always about 10% and is independent of specific
I o

anodising conditions . For disordered growth, the porosity has been shown to greatly vary 

from this ideal value.

For well-ordered pores and with optimum conditions, it has been found that the interpore 

distance and barrier layer thickness are solely determined by the anodising potential. 

Using Equation (4-2), Equation (4-3) could be rearranged as follows:
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u = 27t fo
yf3P k

(4-4)

where rp is the pore radius and k is the proportionality constant relating potential to Z),„/ and 

is ~2.5 nnW for well-ordered pore systems.

However, the size of the pores is strongly affected by the pH of the electrolyte solutions so 

for different acid electrolytes, which give different pore radii, using Equation (4-4) and 

assuming optimum self-ordering conditions i.e. P ~ 10%; the required potential to obtain 

self-ordered pores can be calculated. For each of the three main acid electrolytes, sulfuric, 
oxalic and phosphoric, a different self-ordering regime can be obtained. Some of the 
experimentally obtained conditions mentioned previously (Table 4-1 for example) fit into 
these regimes.

As discussed previously, when a two-step anodisation is carried out, the pores in the 

second anodisation form on the dimples left in the aluminium from the first anodisation. 

This fact has been used in many research groups to grow ordered arrays of porous 

structures where the pores are not self-arranged and instead are arranged in predetermined 

patterns. This is done by indenting the aluminium substrate with a predetermined pattern 
using either lithography’^’ or by using indentation techniques with silicon carbide or 

silicon nitride stamps^When an anodisation is carried out, the pores start to grow from 

the intents patterned on the surface. This has been used to grow structures with a larger 

Dint than would naturally occur or in packing arrangements that are not close packed. The 

pore spacing has even been arranged using the imprint method to indent pore spacings 

larger than twice . This allowed new pores to grow in the spaces between the pores 

seeded by the indents. It was observed that after a significant anodisation time, a 

rearrangement took place and there was no discemable difference visible between the 

pores initiated by imprints and those that had self-initiated - a perfect hexagonal lattice 

was observed.

Other recent research found that pores could also be initiated and constricted by other 

imperfections in the aluminium substrate. Research in the University of Manchester has 

found that by scratching the surface of aluminium using a nanoindenter, pores could 

preferentially be nucleated at intersections between the scratches^"*. However, the pores 

did not form exclusively at the intersections and some pores were seen to nucleate between 

the scratches.
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Recently, Nielsch’s group, which has pioneered most of the more recent work into AAOs, 
has been looking at the use of ‘Hard Anodisation’ processes to grow porous oxides^’In 

the anodisation processes discussed so far, including the two step anodisation first 

developed by Masuda et ai, the oxide growth rate is small (2-6|im hr ') and is a reason 

why the process hasn’t been widely used at an industrial level. The Hard Anodisation 

(HA) process was invented in the 1960’s and is characterised by use of sulfuric acid 

electrolytes, low anodisation temperatures and high current densities (high anodisation 

voltages). Oxide growth rates of 50-100|im hr ' have been reported. It has been shown 

that just as for the other processes for aligned porous oxide growth, known as “mild 

anodisation’’ (MA), aligned growth can be achieved with certain ranges of values of 

anodisation potentials and current densities. In addition, there was no need for a time 

consuming second anodisation step. However, it was noted that there was a significant 

reduction in the mechanical strength of HA oxides compared to MA oxides and significant 

cracking of the oxides was observed along cell boundaries of AAO grown initially using 

galvanostatic growth conditions . It is speculated that the heat build-up at the metal-oxide 

interface during anodisation was too large to be effectively removed by the electrolyte and 

instead plastic deformations and cracks were formed. No such problems were observed 

using growth conditions that initially mirrored those for MA before increasing the 

anodising potential into the HA range as long as U >75V. Hard anodisation was used to 

grow pores using both oxalic acid and sulfuric acid electrolytes and it was found that self- 

ordered pores grown using HA have a lower porosity than those grown using MA 

conditions and also have a lower ratio between Di„, and U. It is also possible to grow pores 

with aspect ratios of up to 1000, whereas it is difficult to have well-ordered pores with 

aspect ratios >20 using mild anodisation techniques.

4.2 Filling AAO pores

There are many ways in which the pores of AAO can be filled with materials. Common 

methods include electrochemical deposition, electroless deposition, chemical deposition, 

sol-gel deposition and chemical vapour deposition . The method which I have 

concentrated on is electrochemical deposition. In this method, one face of the AAO is 

coated with a metal so that the membrane can be used as one of the active electrodes in an 

electrochemical cell. For AAOs manufactured using the method discussed above, the 

aluminium base of the membrane is commonly used as the back metal although this
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usually requires a voltage reduction (discussed later) to be performed on the anodic 

alumina after anodisation in order to reduce the oxide barrier layer which hinders 

electrodeposition. Metal nanowires and tubules made of materials including gold, silver 

and nickel among others are easily made using AAO as a template.

For silver, gold and other metals, a common technique is to apply an AC voltage between 

the two electrodes; one of course is the A1 at the back of the AAO, while the other is 

commonly platinum or graphite. Well-structured gold and silver nanowires and 

nanoparticles have been formed using aqueous acidic solutions ’ . The mam

disadvantage with using AC deposition is the low packing ratio of the pores and the 

inhomogeneity of the fillings. Muller et al. in 2000 used electric force microscopy to 

investigate the filling factors of anodic alumina pores with metals . They concluded that a 

very low packing ratio was achieved with AC deposition and wires of several different 

lengths were observed. They concluded that as the pores fill from the bottom up, any 

defects in a pore could stop the filling.

Nielsch et al. proposed a different method for pore filling with nickel using pulsed 
electrodeposition^® (FED). This consisted of modulated pulses in the millisecond range. A 

negative pulse of current was followed by a short positive pulse. This was followed by a 

long off period to allow the system to recover. During the negative pulse, deposition of 

metal takes place. After this, the short positive polarisation discharges the capacitance of 

the barrier layer and interrupts the electric field at the deposition interface. The positive 

pulse also helps to repair discontinuities (areas of differing thickness) in the barrier layer of 

the AAO. They found that close to 100% of the pores were filled with Nickel and that the 

lengths of the nickel nanowires were more than 90% of the membrane thicknesses. Sauer 

et al. investigated using FED for the deposition of silver^'. A similar procedure was used 

as for the nickel deposition and pores were found to be almost 100% homogenously filled 

with silver with a height fluctuation of less than 10%. Similarly, cobalt has been deposited 

into AAO pores using FED leading to evenly filled pores with nearly all of the cobalt 

inside the pores^^.

Conductive polymers can also be used to fill the pores of AAOs. Commonly used
■IT

polymers include polypyrrole, polyaniline and polythiophenes . The polymer which I am 

interested in is polypyrrole which will be dealt with in detail in 0.
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Inorganic semiconductors have also been deposited in AAOs. CdSe and CdTe nanowires 

have been grown electrochemically using ac electrodeposition with acidic electrolytes^"^.

4.3 AAO production method

AAO’s are produced using established methods as discussed previously'High purity 

aluminium foils (Goodfellow, >99%) are degreased and have their thermal oxide surface 

layer removed using hot (~50°C) Chromic acid (0.16M in 10% phosphoric acid) before 

any surface inhomogeneities and scratches are removed by electropolishing in an 

approximate 3:2 ratio of concentrated phosphoric and sulfuric acids. The electrolyte 

temperature is approximately 70°C and a potential of 15V is applied between the A1 foil 

anode and a lead counter electrode. After this, the A1 substrates are rinsed in acetone and 

deionised water and allowed to dry.

To grow the pores, the cleaned A1 substrates are anodised in weak acid electrolytes using a 

lead cathode. The size and density of the pores are controlled by the anodisation voltage 

while the length is determined by the amount of charge transferred. It is possible to make 

membranes with pore diameters ranging between 10 and 200 nm using three different acids 

as electrolytes and a range of anodising voltages. The anodising conditions used are 

shown below in Table 4-2 below along with the various pores sizes as determined by 
literature results'"''^.

Electrolyte Typical
Concentration
(wt%)

Typical Anodising 
Temperatures

Anodising
Potential

Typical Pore 
Diameters

Sulfuric acid 10% -2‘C 10-20 V 10 - 2 5 nm
Oxalic acid 1% -213 40 - 80 V 40-100 nm
Phosphoric
acid

2% lOO 100
140 V

100-170 nm

Table 4-2 Anodising conditions for ordered pore growth

In most cases, a two-step anodisation is carried out to improve the self-ordering and 
alignment of the pores. The method first developed by Masuda is used'®’ After an 

initial anodisation, the porous oxide layer is removed by wet chemical etching in a mixture 

of chromic acid and phosphoric acid before a second anodisation is performed.

The differences in AAOs that are anodised using one step and two step processes are 

shown in Figure 4-3. A and B show the top surface of single and double anodised AAO 

while C and D show the side profile. In order to image the side profile, some of the
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alumina is milled using a Zeiss Auriga Focused Ion Beam^ before SEM images are taken 

(also using the Zeiss Auriga). In addition, images A, C and D are taken by Giovanni Fois 

using the Auriga. From the images, it is clear that while the pores are regularly spaced in 

both the single and double anodised AAO’s, the pores are not straight in the single 

anodised image and quickly connect with adjacent pores. The anodisation voltage in all 

cases is 40 V and the pore diameters are measured from images A and B to be 23±4 nm 

and 57±8 nm. Appendix A shows the analysis for these two measurements. It is unclear 

why the pore size is so much smaller in the single anodised AAO although as the pores 

grow from the base, it is probable that just below the AAO surface, the pore diameters are 

larger as pcres are observed to taper as they grow longer. In the double anodised AAO, the 

pores are much straighter. In Figure 4-3A, the cells surrounding each individual pore can 

be seen. Both the AAOs are anodised from 99% aluminium foil and defects in the porous 

structure can be observed on both images B & C. The use of higher purity aluminium 

reduces the number of these impurities and hence defects.

Figure 4-3 A & B SEM images of the surface of a single anodised and double anodised AAO respectively. . 

C & D Side profile of the pores in single and double anodised AAO. The AAO was milled using a Focused 

Ion Beam to expose the edge profile. The anodisation voltage was 40 V for all AAOs. Images A, C & D 

were taken b ^' Giovanni Fois. Scale bar in all cases is 200 nm

‘ FIB and SEM using the Zeiss Auriga completed by Giovanni Fois, CRANN, TCD
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The pore layout of other AAOs has also been imaged using SEM. Figure 4-4 shows the 

surface layout of an AAO anodised once at 60 V and the surface of a Whatman Anodise 

filter membrane. The average pore diameter in A is 44±6 nm; again smaller than expected, 

and the average pore diameter of the Anodise filter membrane is 200±30 nm. Anodise 

filter membranes are discussed in further detail in Section 5.2.2 and the measured pore 

diameters for the two AAO samples given in Appendix A.

iwmmi
Figure 4-4 SEMs of the surface of A an AAO single anodised at 80 V and B an Anodise filter membrane. 

Scale bar is 200 nm

4.4 Barrier layer reduction

The non-porous barrier layer which forms at the base of the layers hinders filling of the 

pores using electrodeposition techniques. This barrier can either be reduced in size by 

performing a voltage reduction or removed by chemically etching the aluminium backing 

layer of the membrane (using an aqueous acidic copper chloride solution) and then etching 

the barrier layer using 20% Phosphoric acid. In this case it is then necessary to thermally 

evaporate (or sputter) a new metallic back to the membrane if the pores are to be filled 

electrochemically.

When a voltage reduction is carried out, the method first developed by Fumeaux is used*. 

The voltage is decreased in steps of 5% (of the previous voltage) allowing the anodising 

current to recover before the next step is carried out. Previously this was done by 

manually observing the rate of change of current; however in an attempt to automate the 
process, a Visual Basic based computer program was written’’ to interface with a Keithley 

2400 sourcemeter which applied the potential and measured the current during the 

anodisation process. The anodising potential and current are measured along with the rate

^ Program written by Joe McCauley, School of Physics, TCD
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of change of current with time and typical results are shown below in Figure 4-5. It wts 

hoped that by measuring the anodising current and the rate of change of the anodisirg 

current with anodisation time, that it would be possible to measure the slowing of the 

current recovery rate and hence be able to decrease the voltage again.

Anodisation Time (Sec)

Figure 4-5 Measured Potential, Current and d//dr versus time during a voltage reduction process

Looking at the current and rate of change of current versus time from Figure 4-5 as shown 

m Figure 4-6 below, it is clear that as the current drops suddenly before increasing again 

d//dt is at a minimum, followed immediately by a maximum before slowly decreasing 

towards zero. For a successful voltage reduction to be carried out, the voltage must be
Q

decreased again before dZ/dt =0 . It is clear that there is too much noise in the rate cf 

change of current data to be able to tell with any degree of confidence where the curves 

would pass through zero and therefore we cannot use d//d/ to help with voltage reductions

4-12



Anodisation Time (Sec)

Figure 4-6 An area of the Current and AllAt plots from Figure 4-5 in closer detail

Instead it was observed from Figure 4-5 that the voltage steps in the voltage reduction 

appear to drop in an exponential decay manner. Investigations were carried out on this and 

it was found that the data points on the V-t graphs where the voltage is dropped do indeed 

decay exponentially as shown below in Figure 4-7 where the red line is the applied Voltage 

and the blue line is the fit of Equation (4-5) to the black crosses. The pre-exponential 

factor, Vo was set as the initial anodising voltage, 40V and to as 68695.25s, the anodising 

time before the voltage reduction was started.

E = E„e (4-5)
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Anodisation Time (Sec)

Figure 4-7 F;tting of the voltage reduction curve according to Equation (4-5)

The data was fitted to Equation (4-5) with an value of 0.998 and a value of 2000±10 s ' 

calculated for the time constant r. This curve fitting has been repeated for several voltage 

reductions performed manually and it was found that in general, the value of the time 

constant is only affected by the choice of electrolyte / anodising voltage. The length of 

time that the anodising is carried out for does not affect the value of rand neither does it 

matter whether the voltage reduction is carried out after a single anodisation or after a 2 

step anodisation as long as the anodisation time is long enough that self-organisation of the 

pores occurs. Figure 4-8 below shows a voltage reduction where the voltage was reduced 

according :o Equation (4-5) (black dashed cure in Figure 4-8) and as before Vo was 40 V 

and rwas 2000 s '. In this case, the anodising time before the voltage reduction was 

started, to, was 10800 s. As can be seen from Figure 4-8, the current has time to recover 

after each voltage step before another is carried out.
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Figure 4-8 Potential and current versus time during a voltage reduction where the voltage is reduced 

according to Equation (4-5) with a time constant, r= 2000 s"'

To summarise, the voltage reduction is carried out by reducing the anodising potential by 

5% steps in time steps controlled by equation (4-6), which is a simple rearrangement of 

equation (4-5) where V is the anodising potential, Vg is the initial anodising potential, to is 

the anodising time before the voltage reduction was started, t is the total anodisation time 

and T is a time constant determined experimentally. This method has been developed 

independently of the similar method published by Cheng et

r = ^0 - rx In
yVoj

(4-6)

Gradually decreasing the voltage in steps allows the anodising current to recover following 

each decrease in voltage.

Typical values of the time constants used are shown below in Table 4-3 for some 

anodisation potentials commonly used in my research. The time constants for the higher 

anodisation potentials are less well defined as more attention was given to the 18V and 

40 V anodised AAO growth.
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Anodisation Potential Anodising Electrolyte rvalue
18 V Sulfuric Acid 650-760 sec ''
40 V Oxalic Acid 1800-2000 sec ''
60 V Oxalic Acid -1800 sec '
80 V Oxalic Acid -1400 sec '
100 V Phosphoric Acid -1750 sec '
Table 4-3 Tjpical values of rused during voltage reductions

Similar to the side profiles in Figure 4-3 C & D, the side profile of a single anodised AAO 

was milled and imaged using the Zeiss Auriga FIB'^. A voltage reduction was carried out 

after anodisation using equation (4-5) and setting requal to 1740 s '. The branching of the 

pores as a result of the voltage reduction can clearly be seen at the base of the pores. The 

inconsistencies and straightness in the single anodised pores similar to Figure 4-3C can 

also be observed.

Figure 4-9 SEM images of a side profile of AAO single anodised once at 100 V before a voltage reduction 

was carried cut with a t of 1740 s-1. Image taken by Giovanni Fois. Scale bar is 200 nm

FIB and Image taken by Giovanni Fois, CRANN, TCD
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4.5 Summary

The area of anodic aluminium oxide has been introduced. The unique structure that forms 

when aluminium metal is anodised in certain dilute acids was discussed. A summary of 

many of the important publications and landmark breakthroughs in the history of the AAO 

field: namely the self-organisation of pores, the double anodisation step and the voltage 

reduction process was included. AAO is used as a substrate / template for polymers in this 

research and the anodisation process has been described and explained. SEM analysis was 

performed on the empty AAOs grown and the difference in quality between singly and 

doubly anodised AAO was discussed. In addition, comparisons are made between our 

home-grown AAO and the commercially available Whatman Anodise filter membranes. 

The barrier layer is a hindrance in the use of AAO and we have developed a computer 

program to reduce the thickness of the layer. The mechanics of the program were 

explained and some of the result presented.
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Chapter 5: Polypyrrole - Preparation and Characterisation

5.1 Introduction

In this chapter the preparation of Polypyrrole by electrodeposition methods onto a range of 

substrates is discussed. Both thin films and nanowires of the polymer are prepared. The 

polymer samples are analysed using a range of different techniques, as described in Section 

3.2 including Raman spectroscopy, scanning electron microscopy and UV-Vis absorption 

spectroscopy.

5.2 Experimental Details

As discussed in Section 3.1.1, one of the main ways of preparing polypyrrole is by 

electropolymerisation of the pyrrole monomer. This is the method used in this thesis

In these investigations, polypyrrole (PPy) is polymerised electrochemically in a two 

electrode cell using an aqueous electrolytic solution containing 0.18 M (= 12 g/L) pyrrole 

monomer (98+%, FCC grade, Aldrich) and either 0.17 M (=22 g/L) oxalic acid' 

(C2H2O4.2H2O, Mereck) or 0.18 M (=1.75 g/L) lithium perchlorate^"^ (LiC104 99.99%, 

Aldrich). The pyrrole is vacuum distilled prior to use and all other chemicals are used as 

received. In all cases deionised water is used to make up the electrolytes. In the 

electrolytic cell, the substrate upon which the polymer is deposited is always the anode and 

a platinum or graphite counter electrode is used as the cathode. Three different types of 

substrates are used as substrates for electrodeposition: Indium tin oxide (ITO), anodic 

aluminium oxide (AAO) and Whatman Anodise filter membranes.

5.2.1 ITO substrates

Thin film layers of PPy are deposited using indium-tin oxide (ITO) as the working 

electrode. ITO is often used as an electrode for electrodeposition of materials as it 
possesses excellent electrical conductivity and yet is optically transparent^. The ITO 

substrates used were 12 mm by 12 mm by 1 mm ITO coated glass slides (UQG Optics) 

with a surface resistivity of 15-25 Q/D.
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5.2.2 Anodise and AAO substrates

PPy nanowires are grown in either commercial Anodise filter membranes from Whatman 

or in-house prepared AAO (as described in 0). Anodise membranes as the name suggests 

are designed for filtering and come with three nominal pore sizes: 20 nm, 100 nm and 

200 nm. It should however be noted that in the case of the 20 nm pore size, pores typically 

have diameters of 200 nm for the majority of their lengths and only achieve 20 nm pore 
diameters at one end^. Figure 5-1 shows a schematic of a pore in such a filter membrane. 

While this has little effect on using these membranes for their intended use, it limits their 

effectiveness as a template for nanowire growth. In addition, when Anodise membranes are 

used, it is necessary to attach a conductive base to the template. This is done by thermally 

evaporating either aluminium or gold (using an Edwards Auto 306 thermal evaporator) at a 

pressure of ~10“^ mBar on the base of the membrane.

200nm

I\
S 20nm
Figure 5-1 Schematic of pores in 20 nm Anodise filter membrane^

AAO grown by anodising aluminium offers better control over the size of the pores (and 

hence the diameters of the PPy nanowires). In addition, as discussed in 0, there is better 

control of the pore size and distribution when anodising AAO inhouse. Furthermore, when 

a barrier layer reduction is carried out, there is no need to evaporate a metallic contact onto 

the rear of the membrane for electrodeposition. In these studies, a range of aluminium 

foils (Goodfellow, 99% purity unless otherwise stated) are used to grow AAO with pore 

sizes ranging from 20 nm to 100 nm (anodising voltages between 18 V and 100 V). In 

most cases a voltage reduction is carried out to reduce the barrier layer and the PPy is then
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electrodeposited using the aluminium back of the AAO as the anode. In some cases, the 

aluminium and barrier layer are chemically removed as described in Chapter 4 and an 

aluminium or gold back contact thermally evaporated onto the reverse of the AAO similar 

to the Anodise membranes.

5.2.3 Electrolytic Cell

Depending on the substrates used for deposition, the electrolytic cell differs slightly in 

terms of shape and dimensions. When depositing on ITO, the substrate is attached to a 

graphite plate electrode using Teflon tape and a similar graphite plate is used as the counter 

electrode. When electrodepositing into the pores of AAO (or Anodise membranes), the 

AAO template, supported from below by a piece of glass is clamped to the base of a funnel 

from a filter setup using an o-ring to ensure a good seal. A platinum foil or wire is 

generally used as a counter electrode but on occasion a high purity graphite rod is also used. 

Figure 5-2 shows schematics of the two electrolytic cells.

To Pofentiostat
B

Graphite
Electrodes

Membrane

Figure 5-2 Apparatuses used for electrodeposition. A onto ITO on glass & B into the pores of Anodise filter 

membranes or AAO grown in the lab

In both cases a potentiostat (Princeton Applied Research 263A) is used to

electropolymerise the pyrrole monomer at the working electrode to form PPy. The

working electrode always acts as the anode in the electrical circuit. At the anode the Py

monomer loses an electron and becomes oxidised. The polymerisation reaction then takes

place as described in Section 3.1.1.3. Constant potentials between 1 and 7 volts are
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applied using the potentiostat to electropolymerise the Py. Table 5-1 summarises the 

electrodeposition conditions for the three substrates used. In all cases the electrolytic cells 

are open to the air and all depositions are carried out at room temperature.

Electrolyte
Substrate C2H2O4 LiCI04 Deposition Voltage Deposition time
ITO Y Y 1.0 V-1.5 V 10 min - 1 hr
Anodise Y Y 1.0 V-2.0 V 1 hr - 4 hr
AAO Y N 1.0 V-5.0 V 1 hr - 8 hr
Table 5-1 Suirmary of polypyrrole deposition conditions. Y and N denote whether the deposition was 

successful or not

From the above table it should be noted that it is not possible to electrodeposit PPy into the 

pores of AAO using lithium perchlorate as an electrolyte. This is probably as a result of 

the size of the main dopant counter ion, CIO^ compared to the size of the pores and its 

interaction with the polymer chain.

Figure 5-3 shows typical current-time plots for electropolymerisation onto the three 

substrates used. For both the ITO and Anodise substrates, the deposition voltage was 

1.0 V and for the AAO substrate, it was 1.8 V. In all cases, the current initially drops at a 

fast rate before slowly reaching a minimum and slowly rising. In the case of the deposition 

on ITO, the minimum does not appear to be reached over the timescale of the deposition. 

Due to the high conductivity of the substrate, the PPy is deposited at a fast rate thereon and 

the deposition is stopped before the current starts to rise. For deposition onto Anodise 

membranes and AAO, the minimum is reached quickly and the current starts to rise again. 

Rates of up to 0.3 pA sec ' have been observed for deposition into AAO. For longer 

deposition tines, this increase in current reaches a plateau before starting to decrease again. 

This plateau is believed to be the stage at which the pores of the AAO are filled and from 

this point on, PPy is being deposited onto the surface of the PAM. No further 

investigations have been carried out into this.
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•AAO Substrate 
■Anodise Substrate 
■ ITO substrate
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Elapsed Time (sec)

Figure 5-3 Typical measured current-time plots for potentiostatic PPy polymerisation onto various substrates. 

The left-hand current axis refers to the AAO deposition only while the top time axis refers to the deposition 

on ITO only

5.3 Characterisation

5.3.1 Raman Spectroscopy

Raman spectroscopy is the main tool employed to characterise the polypyrrole deposition. 

As discussed in Section 3.2.1, Raman spectroscopy is a non-destructive form of vibrational 

spectroscopy and has been used to aid in the characterisation of many different types of 

materials, including conductive polymers. Polypyrrole has been well investigated by 

Raman spectroscopy; however the spectra obtained differ greatly as the active bands and 

their intensities are strongly dependent on factors including the electrodeposition time, 

current and potential^. The electrolyte composition also affects the Raman spectrum as the 

main dopants in the polymer arise from the electrolyte. In addition, the intensities of the 

observed peaks are greatly affected by sample roughness. Liu et al. noted that rougher 

samples have a lower Raman intensity as a result of greater scattering of the exciting 
radiation and hence lower intensities being detected*. Raman spectra are taken of various 

samples using a Horiba Jobin Yvon Lam Ram HR as described in Section 3.2.1.
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Figure 5-4 shows a typical Raman spectrum of PPy electrodeposited into the pores of AAO, 

in this case using oxalic acid to provide charge carriers to the electrolyte solution. Several 
characteristic peaks for PPy can be identified*'" and it is confirmed that PPy is 

successfully produced. The bands at 1550 and 1605 cm"' are assigned to the C=C 

backbone stretching skeletal modes for reduced and oxidised PPy respectively. The peak 

at 1410 cm" is assigned to antisymmetrical C-N stretching and the peaks at 1325 and 

1370 cm ' to ring stretching modes. The shoulder to these peaks at 1240 cm ' is associated 

with antisymmetric C-H in plane deformation arising from bipolaron dopants. The peak at 

1040 cm ' is assigned to symmetric C-H in plane bending and the peaks at 960 and 

980 cm ' assigned to ring deformation associated with bipolaron and polaron dopants 

respectively. The peak at 915 cm ' can be assigned to the C-H out of plane deformation 

band". The shoulder on the high frequency side of the C=C backbone stretching peak 

results from C=0 bonds and its presence is usually taken to be an indication that the 

polypyrrole is slightly over oxidised^.

As discussed previously in Section 3.1.1, the bipolarons and polarons in PPy arise from the 

interaction of a positive hole and a dopant anion and are the main charge carriers in PPy . 

The other unassigned peaks in the Raman structure particularly those in the 900 - 
1000 cm ' frequency range are usually associated with the anionic dopant molecules'^ The 

main dopants might be expected to arise from the electrolytes used to electrodeposit the 

PPy, in the course of this research, namely oxalate and chlorate anions. However, one of 

the main dopants in doped PPy is oxygen which reacts with electrons in the valence band 
of the polymer creating defects'"'’ '^.

■ C-H out of plane deformation 
A Bi-polaron ring deformation 
▼ Polaron ring deformation mode
# Symmetric C-H in-plane bending
41 Antisymmetric C-H in-plane deformation 

arising from bipolaron dopants 
^ Ring stretching Mode
# Ring stretching Mode
# Antisymmetric C-N stretching
# Skeletal mode
X C=C backbone stretching (Reduced PPy) 
X C=C backbor>e stretching (Oxidised PPy)
# C=0

Figure 5-4 Typical Raman spectrum of electrodeposited polypyrrole showing some of the characteristic 

peaks
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The spectra measured are very similar to those in literature for PPy prepared by

electropolymerisation techniques8, 11, 13 and also for PPy prepared by chemical methods’^.

While many changes in relative peak intensities are observed between different spectra, the 

changes are due to changes in dopants and surface morphology rather than differences in 

the preparation methods.

5.3.1.1 ITO and Anodise substrates

In Figure 5-4, no peaks assigned to polaron bands in PPy are observed. This is not the case 

for many of the electrodeposited PPy films and nanowires. Figure 5-5 shows some typical 

overlaid spectra for PPy films deposited onto ITO and PPy nanowires (NWs) grown in 

Anodise filter membranes (nominal pore diameter of 20nm) using the two electrolytic 

solutions discussed previously. All spectra are normalised to the height of the peak 

assigned to C=C backbone stretching for the oxidised form of PPy at ~1600 cm *. From 

this, it is clear that while the spectra have the same overall shape, there are still major 

differences between the four spectra in terms of the different peaks and relative intensities. 

In addition, the spectra measured for PPy deposited into the pores of an Anodise AAO is 

not as well defined as the others although several peaks can still be observed and assigned 

to various bands and transitions.
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ITO Substrate C^H^O^electrolyte 

ITO Substrate LiCIO^eiectrolyte

■Anodise Substrate C^H^O^electrolyte 

■Anodise Substrate LiCIO^eleetrolyte

Raman Shift (cm'^)

Figure 5-5 Raman spectra of polypyrrole electrodeposited onto ITO and Anodise filter membranes using 

aqueous elecirolytes containing Oxalic acid (C2H2O4) or Lithium perchlorate (LiC104)

Graphing the four spectra on separate axes, as shown in Figure 5-6, it is easier to identify 

the relativ; peaks and assign them to different bands and atom-atom interactions. We 

observe one (or in the case of spectrum A) two peaks at ~930 cm"’ that we previously 

assigned to C-H out-of-plane deformations. However, in the case of the samples that are 

likely to contain chlorate dopant anions arising from the lithium perchlorate electrolyte, 

this peak can also be assigned to a symmetric stretching mode of CIO4 It can be noted

that in the cases of samples electrodeposited using oxalic acid, the oxalate Raman peaks 

will occur at similar frequencies to some of the PPy peaks as bonds in the oxalate anion 

consist of C-C, C-0 and C=0 interactions'*. In samples A-C we observe a second higher 

frequency peak at ~1080 cm"' that is assigned to symmetric C-H in-plane bending along 

with the 1340 cm"' peak observed in Figure 5-4. This peak is only usually observed for 

oxidised (ue. doped) PPy and is not normally observed in Raman spectra of neutral or 

reduced P?y'*. Furukawa et al. suggest that the peak is due to bipolaron dopants as they 

noticed that its intensity increased at a similar rate to various other peaks assigned to 

bipolaron dopants'*’. It is not fiilly understood what the peak at ~I3I0 cm"' observed in 

spectra electrodeposited using oxalic acid can be assigned to but it has been suggested that 

it could be due to NO3 dopant ions*. A second peak at -1050 cm"' has also been ascribed
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to NO3 dopants but this occurs at similar frequencies as those assigned for symmetric C-H

bending which may explain why no distinct peak is observed. It can also be noted that 

peaks assigned to C-N stretching are only seen in the oxalic acid electrodeposited samples. 

Finally, in a difference from the spectmm in Figure 5-4, we do not observe a peak for 

reduced (neutral) PPy C=C backbone stretching in any of the spectra in Figure 5-6; only a 

peak for the oxidised band. This could suggest that the samples on ITO or Anodise 

membranes are more oxidised than that in Figure 5-4 although we do not observe a peak 

for C=0 vibrations for any of the samples which is also an indication of the oxidation state 

of the polymer.

600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000

■ C>H Out of plane deformation / LiCIO^ symmetric dopant mode A Bipolaron ring deformation
^ Polaron ring defonnation mode ^ Symmetric OH in-piane bending (dopant related)
^ Anti-symmetric C-H in-plane bending arising from bipolaron dopants ^ NO3 dopant?
^ Ring stretching mode 0 Ring stretching mode
ii Anti-symmetric C-N stretching # Skeketal mode
X C=C backbone stretching (Reduced PPy) 3K C=C backbone stretching (Oxidised PPy)
• C=0

Figure 5-6 A-D Raman spectra of polypyrrole electrodeposited onto ITO and Anodise filter membranes 

using aqueous electrolytes containing Oxalic acid (C2H2O4) or Lithium perchlorate (LiC104)

The spectra in Figure 5-6 are not unique for depositions on ITO and Anodise membranes 

using C2H2O4 and LiC104 electrolytes. It is not possible to tell if any differences are 

observed from differences in morphology between the films and NWs due to the 

aforementioned changes in surface roughness and dopant concentrations. We do observe 

some differences in the Raman spectra of samples prepared using the same conditions and 

also some differences when the preparation conditions are altered. Figure 5-7 shows the
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Raman spectra for PPy electrodeposited onto ITO and Anodise membranes using C2H2O4 

and LiC104 aqueous electrolytes respectively with the same concentrations as in Figure 5-6 

A and D but with different electrodeposition voltages.

■ C-H Out of plane deformation /
LiCIO^ symmetric dopant mode 

A Bipolaron ring deformation 
^ Polaron ring deformation mode 
A Symmetric C-H in-plane bending (dopant related) 
^ Anti-symmetric C-H in-plane bending arising 

from bipolaron dopants 
+ NO3 dopant?
^ Ring stretching mode 
A Ring stretching mode
★ Anti-symmetric C-N stretching
# Skeketal mode
X C=C backbone stretching (Reduced PPy)
X C=C backbone stretching (Oxidised PPy)
O C=0

Raman Shift (cm )

Figure 5-7 A & B Additional Raman spectra of polypyrrole eleetrodeposited onto ITO and Anodise 

substrates using oxalie acid and lithium perchlorate aqueous electrolytes respectively.

It is clear that some different peaks and differing relative peak intensities are observed. In 

order to clearly observe the differences between the spectra, the spectra from Figure 5-6 A 

and Figure 5-7 A and also the spectra from Figure 5-6 D and Figure 5-7 B are graphed on 

common axes in Figure 5-8 A and B. Looking first at the deposition using oxalic acid on 

ITO, several changes can be observed between the polymer electrodeposited with a voltage 

of 1.2 V compared to 1.0 V. Firstly, large enhancements of the C-H out-of-plane 

deformation peaks at 920 cm ' and 935 cm ' approx, are observed for the higher voltage 

deposition along with an increase in relative intensity for the higher energy band assigned 

to symmetric C-H in plane bending at 1080 cm ' which as has been previously discussed is 

believed to be related to the presence of polaron and bipolaron dopants. Small 

enhancements of all peaks in the 1200-1500 cm ' region of the spectra are also observed. 

A peak for NO3 dopants is observed for both spectra and while a peak for the ring

stretching mode at ~1340 cm ' is not specifically marked for the higher voltage deposition 

in Figure 5-6A, it is probable that it is masked by the strong dopant peak. We also only
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observe a peak assigned to C-N stretching in the higher voltage deposition along with a 

peak assigned to C=0. Looking at the spectra in Figure 5-8A, it is apparent that 

electropolymerisation of PPy at higher voltages increases the oxidation level and hence 

dopant level of the polymer.

E
bz

1000- A ' ’ ’
ITO substrate 1

900. electrolyte » f •

800. Deposition voltage 1.2 V I
“““Depositon voltage 1.0 V / ■

700. 111 •

600. /111
500- 1 Vo ■

400. k If ^
300.

200.

100. mJI
0.

800 1000 1200 1400 1600 1800 2000

Raman Shift (cm’’)

Figure 5-8 Raman spectra of polypyrrole films and NWs electrodeposited on A: ITO using oxalic acid 

electrolyte and B: Anodise membranes using lithium perchlorate electrolyte

In contrast, not as much information can be drawn by comparing the two Raman spectra in 

Figure 5-8 B (of polypyrrole electropolymerised on Anodise membranes using lithium 

perchlorate solution as an electrolyte). Similar to the spectra in Figure 5-8 A, 
enhancements to the C-H ring deformation modes are noticed although only the higher 

energy peak is observed for the higher voltage polymerisation while the lower energy peak 

is only observed for the 1.0 V deposition. It is more difficult to comment on changes 

between the spectra in the higher frequencies, mainly due to the poor definition of peaks in 

the 1.0 V electropolymerised spectrum. While a ring stretching mode peak at 1380 cm"', 

the C-N peak at ~1415 cm"' and a skeletal mode peak at 1500 cm ' can all be identified in 

the spectrum of the sample electropolymerised at 1.5 V; it is probable that these bands are 

also present in the 1.0 V spectrum. This poor definition of peaks in the 1.0 V spectrum 

could also be the reason for the observance of the C=0 peak in that spectrum only. It can 

also be observed that the C=C backbone peak in the lower voltage spectrum is red-shifted 

compared to that for the sample electropolymerised at 1.5V. It is likely that the lower 

voltage sample is not as oxidised as the higher voltage sample and therefore, the C=C peak 

includes a lower energy peak assigned to the reduced C=C band as well as the peak 

assigned to the oxidised C=C band similar to the spectrum in Figure 5-4.
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5.3.1.2 AAO substrates

As has been mentioned in Section 5.2.3, it was only possible to electropolymerise PPy into 

the pores of AAO using oxalic acid electrolytes. Using the same electrolyte concentrations 

as for deposition onto ITO and Anodise membranes, PPy was electrodeposited into the 

pores of 40 V AAO’s using a range of deposition voltages (By 40 V, it is understood that 

the AAO’s are anodised at a voltage of 40 V for a period of time as described in 0). The 

AAO which had PPy electrodeposited at 1.0 V had the A1 back and barrier layer removed 

and a new gold base thermally evaporated onto the back while all other substrates had 

voltage reduction performed as described in Section 4.4. Both single and double anodised 

AAO’s were used for the electrodeposition of PPy; this only affects the physical quality of 

the PPy nanowires formed and not the Raman spectra obtained.

The Raman spectra for the PPy deposited at various voltages are shown in Figure 5-9 and 

graphed on separate axes in Figure 5-10 A-D in order to clearly identify the individual 

peaks. All spectra have been normalised based on the C=C peak for reduced PPy at 

1560 cm''. Similar spectra to those observed for deposition on ITO and Anodise are 

observed although there are some differences; in particular the PPy appears to be less 

oxidised, particularly for the lower electropolymerisation voltages. As mentioned above, 

the peaks for the C=C transition indicate that the polypyrrole is predominantly in its 

reduced form; however as the voltage is increased, the PPy becomes more oxidised and the 
C=C peak for oxidised PPy at 1610 cm ' becomes more dominant than the reduced peak at 

1560cm/'. The higher frequency peak for symmetric C-H in-plane bending at 1080 cm ' 

which is related to dopants is only observed in Figure 5-10 C. The C-H out-of-plane 

deformation peak at ~920 cm ' is also greatly enhanced with higher deposition voltages, as 

was the case for deposition on ITO and Anodise membranes in Figure 5-8. A large 

increase in relative intensity is also observed in the 1200 - 1450 cm ' region, in particular, 

the peak assigned to NOj dopants is strongly enhanced by increasing electrodeposition

voltage as is the peak assigned to asymmetric C-N stretching at -1410 cm '. Small blue- 

shifts are also observed with increasing voltage are also observed for the symmetric and 

antisymmetric C-H in-plane bending modes at 1040 and 1250 cm ' respectively as well as 

the asymmetric C-N stretching mode at 1410 cm '. Shifts in Raman spectra of conductive

polymers are often an indication of weakening of inter-chain interactions 19, 20 The

increases in peak intensity and peak frequency as the deposition voltage is increased are 

plotted in Figure 5-10 E and F.
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Figure 5-9 Raman spectra of polypyrrole electrodeposited into the pores of 40 V AAO using different 

electropolymerisation voltages and oxalic acid electrolytes

■ C-H Out of plane deformabon 
^ Polaron ring deformabon mode
4 Anb-symmetric C-H in-piane bending ansing from bipotaron dopants 

k Rng stretching mode 
* Anb-symmetric C-N stretching 
X C=C backbone stretching (Reduced PPy)
9 C=0

A Bipolaron ring deform^on 
4 Symmetric C-H in-plane bending (dopant related) 

+ NOj dopant

# Ring stretchng mode
# Skeketal mode
X C^C backbone stretching (Oxidised PPy)

Figure 5-10 A-D Raman spectra from Figure 5-9 graphed on separate axes; E & F Peak intensity and peak 

frequency for certain peaks identified in A-D, graphed against electropolymerisation voltage
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The effect of the pore size of the AAO on the Raman spectrum of PPy has also been 

investigated. As shall be discussed in Section 5.3.2, PPy nanowires formed using AAO as 

templates have diameters comparable to the pore diameter. Figure 5-11A and B show the 

Raman spectra from PPy electrodeposited into the pores of 20 V and 40 V AAOs 

respectively. Both samples of PPy were polymerised using C2H2O4 aqueous electrolyte at 

a voltage of 1.5V. The spectra are quite different from each other. The spectrum for PPy 

deposited on the 40 V AAO (Figure 5-1 IB) is similar to the spectrum in Figure 5-1 OB (3V 

deposition), while the spectrum for the deposition in the 20 V AAO shows signs of being 

less oxidised and is similar to the 1 V deposition spectrum in Figure 5-lOA. The larger 

diameter PPy has a strongly enhanced NO3 dopant peak at 1330 cm ' as well as a larger

peak at 1605 cm ' which is assigned to C=C backbone stretching of oxidised PPy. The 

intensities of the ring stretching and ring deformation modes at ~1360 and ~970 cm"' 

respectively are very reduced in the spectrum corresponding to the larger pore size, no ring 

deformation modes can be observed at all. While the presence of well-defined ring 

stretching peaks which are assigned to polaron and bipolaron modes could indicate that the 

oxidation state of the PPy electrodeposited into the smaller pores is high, it is also probable 

that the size of these pores and hence size of the PPy nanowires contributes to the presence 

of these dopant bands in the spectra.

Figure 5-11 A & B Raman spectra of polypyrrole electropolymerised in the pores of AAO. A: AAO 

anodised in sulfuric acid electrolyte at 20 V; B: AAO anodised in oxalic acid electrolyte at 40 V. In both 

cases, the PPy was electropolymerised from oxalic acid electrolyte at a deposition voltage of 1.5 V. The 

legend for the various peaks in the spectra is the same as for Figure 5-6, Figure 5-7 & Figure 5-10

It has been shown that the Raman spectrum of polypyrrole depends greatly on the 

preparation conditions and choice of deposition substrate. The number of dopants and
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hence charge carriers is strongly dependent on the electropolymerisation voltage but even 

for low voltages, the Raman spectrum indicates the presence of both bipolaron and polaron 

defects.

5.3.2 Polypyrrole morphology - Scanning Electron Microscopy

5.3.2.1 SEM images of PPy thin films

Scanning electron microscopy (SEM) has been used to help characterise the PPy 

depositions. Figure 5-12 shows SEM images for typical depositions of PPy thin film on 

ITO using oxalic acid (A & B) and lithium perchlorate (C & D) electrolytes. At first 

glance the depositions look very different but on closer examination, similarities can be 

observed. Both depositions are quite uneven with multiple ridges visible on the polymer 

surfaces. The perchlorate doped PPy in particular is very uneven. Higher magnification 

images show that the ridges are in fact bends and folds in the polymer film. In between the 

folds a thick polymer layer is still visible and no signs of the ITO substrate can be seen. 

Figure 5-12B shows the edge of the polymer layer with the brighter region of the image the 

ITO substrate

Figure 5-12 SEMs of PPy films deposited onto ITO. A and B. Low magnification and high magnification of 

PPy deposited with C2H2O4 electrolyte. C and D. Low and high magnification of PPy deposited with LiC104 

electrolyte. SEMs taken with Zeiss Ultra using SE2 detector for A and B and InLens detector for C and D. 

Scale bar is 100 pm for A and C and 2 |im for B and D.
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The images confirm previously held beliefs about the structure and mechanical properties 

about the films as observed during the depositions. From attempts to remove the films 

deposited using oxalic acid from the ITO, they appear to have very weak mechanical 

strengths but show good adherence to the ITO substrate. It is not possible to make free 

standing PPy films using oxalic acid. In addition, when measuring the height of the films 

(Section 5.3.3), the needle of the profilometer was often observed to break off the ridges of 

these samples when moving over them. In comparison, the perchlorate doped films show 

poor adherence to the ITO but have much better mechanical properties and it is possible to 

remove the polymer films from the substrate without them falling apart. Thinner films 

appear to adhere quite well but for longer deposition times (>20 min), the film often 

detaches from the substrate. Ko et al. have researched the mechanical properties of PPy 

electrodeposited using aqueous and non-aqueous electrolytes and found that the properties 

are greatly dependent on the nature of the electrolyte with organic solutions yielding better 

quality films^'. Salmon et al. also noted major change in the morphology of PPy films 

depending on the electrolyte used^^ as is observed in this research.

5.3.2.2 SEM images of PPy nanowires

SEM images were also taken of PPy nanowires electrodeposited into the pores of Anodise 
filter membranes and AAO. Figure 5-13 shows PPy nanowires protruding from the edge 

of a break in an Anodise filter membrane. The alumina template was partially etched using 

2M NaOH solution before imaging and the sample was coated with 10 nm of gold / 

palladium in order to reduce charging effects. The Anodise template has a reported pore 

size of 20 nm, yet the measured PPy nanowire diameter was measured to be 170±30 nm. 

From this the disadvantage in using Anodise filter membranes as a template is made clear 

as described previously in 5.2.2.
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Figure 5-13 SEM of polypyrrole nanowires electrodeposited using oxalic acid aqueous electrolyte protruding 

from the edge of a gold backed Anodise filter membrane with a nominal pore size of 20 nm. The size of the 

scale bar is 400 nm

Polypyrrole nanowires have also been successfully imaged protruding from the pores of 

anodic aluminium oxide (AAO) as shown in Figure 5-14. In these images, all AAO 

templates were anodised at a potential of 40 V for differing periods of time. The AAO 

samples in A - C were only anodised once while the AAO from D was doubly anodised to 

improve the straightness of the pores. In all images, it is clear that the nanowires have a 

similar diameter to that of the pores in which they are grown. While the pore filling ratio 

(ratio of pores filled to total number of pores) appears low from these images, it should be 

noted that in the cases of Figure 5-14 A-C, the surface of the AAO is imaged and the 

visible nanowires are only those that have grown through the full porous structure to reach 

the surface of the AAO. In Figure 5-14 D, the porous structure was partially etched using 

NaOH solution to expose the nanowires.
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Figure 5-14 A-D SEM images of PPy nanowires protruding from the pores of anodic aluminium oxide. 

Scale bar in each image equates to 200 nm. The sample in image A was coated with 10 nm gold/palladium to 

reduce charging effects while images B-D were uncoated

In each of the images, it can be seen that the nanowires grow from the pores and have 

diameters comparable to those of the pores themselves. In addition, it is clear from the 

images that both the pores and nanowire sizes are relatively homogenous in size, in 

particular the pores and nanowires that were partially exposed in Figure 5-14 D. The sizes 

of the pores and nanowires for each of the four images were measured using Uthscsa 

Image Tool and the average values of at least 10 wires and pores are given in Table 5-2. 

While there is quite a large variance in measured pore diameters between the four samples 

despite the fact they were all anodised at the same voltage, it should be noted that the 

samples imaged in Figure 5-14 A-C were all singly anodised AAO’s. As the pores grow 

from the base of the pores, it is expected that the initial pore growth at the AAO surface, 

being the onset of the pore growth during AAO anodisation would be disordered both in 

size and layout.

Figure 5-14 A B C D
Pore Diameter 40±8 nm

40±6 nm
41±7 nm
36±6 nm

29±6 nm
24±6 nm

62±9 nm
50±10 nmNW diameter

Table 5-2 Measured pore and nanowire diameters from Figure 5-14. The full set of measured diameters for 

these samples is given in Appendix B
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As mentioned previously, all of the SEM images in Figure 5-14 appear to show that the 

pore filling ratio of the AAO with PPy is poor. However, in Figure 5-15 it is shown that 

this is not the case. The AAO imaged was anodised twice at 40 V before a voltage 

reduction was carried out to reduce the barrier thickness. Since, the anodising voltage was 

reduced down to a voltage of only 10 V, the barrier layer was still large and an 

electropolymerisation voltage of 7 V was required to polymerise the pyrrole monomer in 

the pores. As a result of this high deposition voltage, the AAO structure detached from the 

aluminium back of the AAO and as thus it was possible to image the base of the 

electrodeposited nanowires as well as the surface. The images in Figure 5-15 show that the 

pore filling ratio is much larger than implied in previous images. While the AAO template 

is not visible in either of the images it is clear that close to 100% of the pores are filled 

with PPy. The diameters of the PPy nanowires are also comparable to those given in Table 

5-2. Again using Uthscsa Image Tool, the diameters of the nanowires were measured to be 

40±10 nm in Image A and 48±9 nm in Image B. The full sets of measured diameters are 

listed in Appendix B. The measured Raman spectrum of the nanowires is very similar to 

that previously measured and shown in Figure 5-lOD for PPy electrodeposition at 7 V.

• • % • •

Figure 5-15 A & B SEM images of the top and base of PPy nanowires in an AAO template respectively. 

Image B was taken after the porous structure detached from the A1 base after PPy deposition. Scale bar 

measures 200 nm for both images

One other piece of information that can be taken from the SEM image in Figure 5-15 B is 

the apparent narrowing of the nanowire tips at the base. This is due to the narrowing of the 

porous template as a result of the barrier layer voltage reduction.

5.3.3 Polypyrrole Optical Absorption, Film Thicknesses and Optical bandgap

In the case of the PPy films deposited on ITO, it is possible to measure the UV-Vis 

absorbance characteristic of the PPy. This could also have been done for the PPy
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nanowires in AAO as the alumina is transparent in the UV but as this would have required 

removal of the metal back of the AAO, this was not undertaken. From the spectra and by 

measuring the thickness of the deposited polymer film, the optical band gap can be 

calculated using the Tauc Equation. The Tauc equation relates the absorption coefficient, 

a of the optical absorption edge to the energy band gap. Eg and is given by:

ahv = B{hv-E^y (5-1)

hv\s the photon energy, 5 is a constant factor determined by the transition probability and 

« is a number that depends on the type of transition process^^. For allowed direct, allowed 

indirect, forbidden direct and forbidden indirect electronic transitions, n = Vi, 2, 3/2, and 3 

respectively. As the transition in PPy is an allowed direct process, n is equal to 1/2. A plot

of against hv should give a straight line for the optical absorption edge and the

interception of the line with the x axis gives the band gap energy.

Figure 5-16 shows typical UV-Vis absorption spectra for polypyrrole electrodeposited on 

ITO substrates using oxalic acid and lithium perchlorate aqueous electrolytic solutions. 

The spectra were taken using a Varian Cary 6000i UV-Vis-IR Absorbance 

spectrophotometer set up in double beam mode and with a similar ITO substrate acting as 

the baseline. In all cases the main absorption peak was observed at ~455 nm. In the 

spectra in Figure 5-16, the LiC104 spectrum has an absorption maximum at 451 nm while 

the C2H2O4 spectrum’s maximum is at 461 nm. These correspond to 2.75 eV and 2.69 eV 

respectively and compare well to similar literature results for oxidised (doped) forms of 

The peak centred at 2.7 eV is a well-established peak for PPy and has shown to 

be red-shifted down to about 2.1 eV for less oxidised forms^^. In addition to this peak, 

peaks in the UV-Vis spectra of PPy may also contain bands at 0.7 - 1.0 eV and 3.2 - 

3.6 eV depending on the level of oxidation . Figure 5-17 shows the typical absorption 

spectrum of PPy electrodeposited with oxalic acid measured into the infra-red. Typical 

spectra were also observed for perchlorate doped PPy. A large absorption band is 

observed between ~600 and 1400 nm. In terms of photon energy this equates to 0.9-2.1 eV. 

The band arises from electronic transitions in the polymer with energies less than the band 

gap Similar to the Raman spectra, discussed in Section 5.3.1, this indicates that the 

polymer is oxidised showing the presence of polarons and bipolaron dopants as discussed 

in (Section 3.1.1.2).
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Figure 5-16 Typical UV-Vis absorption spectra of polypyrrole electropolymerised on ITO substrates using 

Oxalic acid and Lithium perchlorate electrolytes respectively. Inset is the same data graphed against photon 

energy rather than against photon wavelength

Photon Energy (eV)
6 4

Figure 5-17 Typical UV-Vis-NlR absorption spectrum of PPy measured between 300 and 1600 nm
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From the UV-Vis data, a, the absorption coefficient can be estimated using Equation 

(5-2)^^ where A is the absorbance and d is the film thickness.

a = {1307, A) Id (5-2)

This is a rearrangement of the Beer-Lambert law as discussed in Section 3.2.4.1 where the 

2.303 is the conversion factor for converting between log form and In form.

The film thickness of the electrodeposited PPy film was measured using via profilometry 

using a Dektak 6M Stylus Profiler from Veeco Instruments Inc. with a stylus tip radius of 

12.5 pm and a tip - sample interaction force of either 29.4 pN or 58.8 pN. In order to 

accurately measure the film thickness either scratches were made in the films with a razor 

blade and their depths measured, or else the height of the edge of the film was measured. 

Figure 5-18 shows some typical line scans of the PPy films on ITO. In both cases, the 

edge of the film was scanned with the probe. The scans graphed are quite typical of the 

films obtained by electrodeposition using the two electrolytes although the oxalate doped 

films often had a similar roughness to the perchlorate doped films. Thicker perchlorate 

doped PPy films (similar to the film imaged in Figure 5-12C) are believed to be rougher 

than thinner perchlorate doped PPy films (like the one whose profile is shown in Figure 

5-18) as thicker films were observed to detach easier from the ITO substrate. Several line 

scans were taken for each of the films in order to estimate an average film thickness. In 

general, the oxalate doped films had a thickness of between 100 and 200 nm, while the 

perchlorate doped films had a thickness of between 1.5 and 2.5 pm. For example, for the 

films plotted in Figure 5-18, the film thicknesses were measured as 160±20nm and 

1.9±0.5 pm for the oxalate and perchlorate doped film respectively. In the case of the 

samples whose UV-Vis spectra are plotted in Figure 5-16, the measured film thicknesses 

were calculated as 160±10 nm and 1.6±0.3 pm for the oxalate and perchlorate doped films 

respectively.
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Figure 5-18 Typical line profiles of the edge of polypyrrole films electrodeposited onto ITO substrates using 

oxalic acid and Lithium perchlorate electrolytes

Using the measured UV-Vis spectra and film thickness and Equation (5-2), the absorption 

coefficient, a can be calculated. By using Equation (5-1), the optical band gap can be 

calculated by plotting (ahv)^ versus the photon energy (hv) as shown in Figure 5-19. 

Fitting the optieal absorption edge to a straight line fit yields the optical band gap. From 

Figure 5-19, the band gap was calculated to be 1.762 and 1.695 eV for the oxalate and 

perchlorate doped PPy respectively.
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Figure 5-19 (ahv)^ vs the photon energy (hv) calculated from the UV-Vis spectra in Figure 5-16. The dotted 

lines are the straight line fit to the optical absorption edge and the intercept of these fits with the x axis gives 

the optical band gap energy according to Equation (5-1)

Overall, from measuring the UV-Vis spectra and film thickness from several PPy thin 

films electrodeposited onto ITO substrates as given in Appendix B, the optical bandgaps 

for polypyrrole electropolymerised using oxalic acid and lithium perchlorate aqueous 

electrolytic solutions was estimated to be 1.78±0.03eV and i.72±0.03 eV respectively. 
These values compare excellently with literature values^^.

5.4 Summary

Different types of PPy nanostructures were prepared using electrodeposition techniques. 

Thin films were deposited on ITO substrates and PPy nanowires were formed using anodic 

aluminium oxide and Whatman Anodise membranes. Raman spectroscopy confirmed the 

deposition of the polymer and also confirmed changes in the oxidation state and dopant 

states of the polymer depending on the substrate type and also the electrodeposition 

conditions. The morphology of the nanostructures was observed using SEM and changes 

arising from the use of differing electrolytes were noted. The formation of PPy nanowires 

with diameters comparable to the pore diameters of AAO were observed with a range of 

differing diameters dependant on the size of the pores. UV-Vis absorption spectra were
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taken of the PPy films on ITO and from the spectra, the optical band-gap calculated. The 

values obtained agreed excellently with literature values.
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Chapter 6: Polypyrrole - Electrical Characterisation
As discussed previously, the electrical characteristics of metal-polypyrrole junctions have 

been investigated and the results have been greatly affected by the choice of metal and also 

the nature and preparation conditions of the PPy. In general it has been found that 

junctions between PPy and a low work function metal lead to the formation of a Schottky 

junction. In this chapter we discuss the room temperature electrical characteristics of both 

aluminium-PPy and gold-PPy junctions where the PPy is electropolymerised onto all three 

substrates discussed in 0. Simple two probe current-voltage measurements are carried out 

on the samples along with capacitance-voltage and impedance spectroscopy where possible.

6.1 ITO substrates

Polypyrrole is electrodeposited on ITO as described in Section 5.2 using either oxalic acid 

or lithium perchlorate aqueous electrolytic solutions. A metal top contact is thermally 

evaporated onto the top of the PPy using an Edwards Auto 306 thermal evaporator. 50 nm 

of metal is considered significantly thick to form a good metal contact when the 

evaporation is carried out at a pressure of ~10‘^ mbar. In general up to 6 individual metal 

contacts (up to 8 mm^ each) are evaporated onto the surface of the PPy film. Figure 6-1 

shows a schematic of the device structure. . Electrical measurements are made both in air 
and also in a reduced pressure of ~3 mbar by evacuating the chamber in which the 

electrical measurements were made. It should be mentioned that even for the 

measurements made in this vacuum, the samples are still exposed to air after the top 

contacts have been evaporated. This causes issues with metal contacts that readily oxidise 

in air as will be discussed further on.

B
Metal cathode

I
ITO anode

Figure 6-1 A & B Schematic of the constructed metal-PPy-ITO sandwich device (Not to scale)
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6.1.1 Current-Voltage Measurements

Room temperature IV measurements are made between the metal top contact and the ITO 

substrate using a Keithley 2400 sourcemeter by means of gold hemispherical probe 

connections to the metal and ITO electrodes as shown in Figure 6-IB.

Figure 6-2 shows the room temperature IV characteristics measured for Gold-PPy-ITO 

junctions in air for PPy electropolymerised using oxalic acid and lithium perchlorate 

aqueous electrolytes. The data is plotted in semi log form as well as on a linear scale in 

order to clearly show the measured curves in both directions. In IV curves where 

rectification is observed, a semi log plot allows both the forward and reverse curves to be 

clearly visualised at the same time. In the plot, the forward bias (positive potential bias) is 

when the top gold contact acts as the cathode and the ITO as the anode. This is the case 

for all the IV curves shown and discussed in this chapter; the ITO or alternatively the 

aluminium or gold base of the Anodise membranes or AAO are the anodes for forward 

bias. The IV curves in Figure 6-2 are both nearly linear and symmetric although the 

lithium perchlorate PPy is slightly more conductive.

-------Oxalic acid electrolyte
-------Lithium perchlorate electrolyte

Potential (Volts)

Figure 6-2 Room temperature I-V charaeteristics of Au-PPy-ITO sandwich devices measured in air. PPy 

electrodeposited in air using oxalic acid or lithium perchlorate electrolyte. Inset is the semi-log plot of the 

same data. The gold contact is the cathode for the forward bias
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It is clear that no Schottky junction is formed between gold and PPy. This is as expected 

and can be described by discussing the work functions of gold and PPy. Generally a 

Schottky junction is only formed between polypyrrole and a metal with a lower work 

function than that of the polymer''^. If the metal’s work function is higher than that of the 

polymer, then an Ohmic contact is formed as is the case in Figure 6-2. Literature values of 

the work function of PPy measured by both Schottky barriers measurements'* and also by 

x-ray photoelectron spectroscopy^ range between 4.8 and 5.1 eV. However, the work 

function of gold is approximately 5.3 eV^ and as such, an Ohmic junction is expected 

between gold and PPy as is observed by both the oxalate and perchlorate doped PPy IV 

curves in Figure 6-2. It should also be noted that the work function of ITO is believed to 

be 4.3-5.1 eV ’ and for Schottky barriers where ITO forms a non-rectifying barrier with 

the polymer, the work function of the ITO is usually believed to be close to 5.1 eV.

Similar sandwich device structures have been prepared using thermally evaporated 

aluminium electrodes as cathodes instead of gold. Aluminium has a work function of 

4.3 eV approx.'’^ and as such is expected to form a Schottky barrier with PPy. Typical IV 

curves for Al-PPy-ITO are plotted in Figure 6-3 for three different samples; a) PPy 

electropolymerised using oxalic acid and measured in air; b) PPy electropolymerised using 

lithium perchlorate and measured in air and c) PPy electropolymerised using lithium 

perchlorate and measured in a reduced pressure of ~3 mbar. It is clear that the shapes of 

the three IV curves are very different. Each of the curves will be discussed separately.

6.1.1.1 Sample A: Oxalic acid electrolyte measured in air

While, previously it had been expected that rectification would be observed in Al-PPy 

junctions; little or none was observed for oxalate doped PPy. The average rectification 

ratio (ratio of the measured current at a particular applied voltage under forward bias (V) to 

the measured current at the equivalent applied voltage in the reverse bias (-V) of the IV 

curve was calculated to be 1.2±0.2. IV measurements on other similar AI-PPy-ITO 

sandwich devices, yielded rectification ratios (RR) of up to 10 although some devices did 

have average values of less than 1; in other words, the reverse bias was more conductive 

than the forward bias. It is probable that this lack of rectification is as a result of the 

oxidation state of the oxalate doped PPy as previously noted in Raman spectra (Section 

5.3.1). Singh and Narula have noted that the rectifying nature of Al-PPy Schottky barriers 

are greatly affected by the polymer dopant concentration with polymers with higher dopant
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concentrations showing poorer rectification behaviour'*^. In addition, the unevenness of the 

PPy films as observed from SEM in Section 5.3.2 is likely to play a part.

•A: Oxalic acid B: LiCIO, - air
4

C: LiCIO, - vac
4

Potential (Volts)

Figure 6-3 Room temperature current-voltage plots of three different Al-PPy-ITO sandwich junctions. The 

green curve is for PPy doped with oxalate anions and was measured in air while the red and blue plots are 
samples containing chlorate doped PPy measured in air and in a reduced pressure of ~3 mbar respectively. 

Inset is a semi-log plot of the same data curves

Nevertheless, the model of thermionic emission was used to calculate the diode 

charaeteristics of the Al-PPy junction. Using the model, the forward bias current-voltage 

characteristics can be related according to equation (6-1)

^ eV ^J = Jq exp
nkT

(6-1)2, II

J is the current density (equal to the measured current divided by the junction area. A), Jo is 

the saturation reverse current density, n is the ideality factor or quality factor, k is 

Boltzmaim’s constant and T is the absolute temperature. The barrier height, can be 

calculated from Jo using the Riehardson equation (6-2)

Jq = A*T^ exp
kT

(6-2)
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/i* is the effective Richardson constant taken as 120 Acm'^K'^, which is the Richardson 

constant for a free electron which is the value usually assumed for Schottky diodes with p-
12type organic semiconductor in the calculation of barrier height .

In order to calculate n and Jo, In versus V is normally plotted for low values of V. n can

be calculated from the slope of the linear region of the graph and the intersection of the 

graph with the y-axis yields Jq. The calculated values are given in Table 6-2. The diode 

quality factor, n was calculated to be 8 ± 1. This value is within the range of values 

commonly found for metal-conducting polymer junctions. The value of « is 1 for an ideal 

diode while values of between 2 and 11 have been reported for metal-conducting polymer 

Schottky junctions^’ The lowest value calculated for n for oxalate doped PPy

measured in air was 1.03 and the average value was 6 ± 2.

The reverse saturation current density is calculated as being (4.5 ± 0.7) x 10“^ A cm'^. This 

is very much lower than the actual measured current density at the minimum voltage 

plotted in Figure 6-3 which is the order of 0.1 A cm'^. This is not unexpected as it was 

previously noted that the rectification ratio, RR, was low and the measured reverse current 

is much higher than would be expected for Schottky diodes. The value of the calculated 

reverse current density is strongly dependent on the overall conductivity of the Al-PPy 

junction which is dependent on the thickness of the PPy film as well as other variances in 
the film preparation. Calculated values of Jo range from 10'^-10'^ A cm'^ but in general 

were smaller than the measured reverse currents.

The barrier height, is calculated to be 0.6 ± 0.4 eV. In general, the calculated value of 

<pb did not change greatly for various samples. The average value calculated for Al-PPy - 

ITO junctions where the PPy was electropolymerised using oxalic acid aqueous 

electrolytes is 0.63 ± 0.06 eV. This value compares well with literature values for other 

metal-PPy calculated barrier heights'.
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The Chot function, as discussed in Section 2.3.1.5 can also be used to confirm that the 

junction controls the IV characteristics. The Chot function is given in equation (6-3) and 

can be used to plot Fch versus the applied forward potential as is shown in Figure 6-4A. 

When the Chot function is decreasing, this shows that the junction controls the IV 

behaviour; when the Chot function is increasing, the IV behaviour is current limited and 

controlled by the bulk characteristics of the PPy film"^’From the observed plot in 

Figure 6-4A, it is clear that the function only decreases below 0.5 V applied potential and 

for higher voltages, the PPy characteristics control the IV curve behaviour. This agrees 

well with the voltage range used in calculating n with equation (6-1).

( eV \ ,( I ^ -In
InkT Br (6-3)

n is the diode ideality factor and 5 is a unit constant equal to 1 A K'

In the calculations of the diode characteristics, it is noticed that the plot of In/ vs V (similar 

in shape to the right-hand side of the inset plot in Figure 6-3) are only linear for a small 

voltage range (similar to the voltage range the Chot function is decreasing over). In order 

to more accurately calculate the diode characteristics, the device is modelled using a 

modified Shockley equation. The Shockley equation (equation (6-4)) is used to describe 

the IV behaviour of ideal diodes and is very similar to equations (2-16) and (2-19) where / 

and V denote the current passing through and voltage drop across the diode and lo, the 

reverse bias saturation current

I = In exp eV
nkT

-1 (6-4)

Equation (6-4) can be modified to take account of both a series resistance, Rs, which 

accounts for the resistance of the bulk polymer'^’ and a shunt resistance, Rsh, which 

allows for current leaking through the barrier’^’Taking Rs and Rsh into account, the IV 

characteristics can be described using equation (6-5)^'.

I = L exp
e(V-RJ)

nkT
-1 -I--

V-RJ
R.

(6-5)
sh

The junction resistance, Ro, is given by equation (6-6) where /] = qjnkT . At high applied 

biases, this can be approximated hy R^ = R^+ and for low biases hy R^ = R^+ R^f^
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(6-6)
sh ,

Using these assumptions, values can be calculated for the series and shunt resistances. By 

using these values and by plotting In(7-7/i?^^) against Y where Y is equal to V-IR^,

more accurate values for n, Iq (and hence Jg) can be calculated. From the calculated value 

of Jo, the barrier height can be estimated using the Richardson equation (equation (6-2)). 

The calculated diode characteristics for the perchlorate doped PPy junction with A1 are 

shown in Table 6-1 and do show improvements on the characteristics calculated using the 

thermionic emission model.

As mentioned previously, the higher voltage behaviour of the Al-PPy junction appears to 

be controlled by the bulk properties of the PPy film. In order to further investigate this, the 

higher voltage IV characteristic are plotted as In-ln plots in the forward and reverse 

direction as shown in Figure 6-4B. The slope of the forward bias plot at high voltages is 

approximately equal to 1.8 while the reverse bias slope is 1.5. Therefore, it can be said 

that the forward bias IV characteristics are governed by space-charge-limited conduction 

mechanism while the reverse bias characteristics are harder to explain. They cannot be 

explained in terms of Fowler-Nordheim tunnelling (Section 2.3.1.3). It is possible that the 

high reverse bias currents are due to a leaky Schottky junction as a result of charge carrier 

tunnelling through a narrow depletion region'Bulk-limited Poole-Frenkel emission is 

the probable reverse bias conduction mechanism as a plot according to equation (2-26) is 

linear with a slope of ~0.5.
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It should be noted that the choice of dopant ion strongly affects the IV characteristics 

observed. Bantikassegn and Inganas studied junctions between aluminium and PPy doped 

with PSS' and CIO4 anions and found rectifying junctions were obtained for the

CIO4 doped junctions but symmetric non-Ohmic, non-rectifying junctions were obtained

for the PSS' doped junctions similar to that observed for our Al-PPy (C2H2O4) junctions^^. 

They suggested that reactions were occurring between the A1 and the sulphur containing 

dopant groups creating a metal-insulator-metal structure with a very narrow depletion layer 

through which charge carriers can easily tunnel. In a separate publication, they also 

observed reactions between trapped oxygen dopant ions in PSS doped PPy and the A1 

cathode causing the A1 to oxidise overnight even when stored in a vacuum^”^. When thicker 

layers of A1 were used, only the A1 nearest the PPy oxidised, again causing an interfacial 

barrier layer leading to the non-linear IVs without rectification. It is believed that 

something similar is happening with the oxalate doped PPy.

Model of Thermionic Emission Modified Shockley equation
n 8.1 ±0.8 Rsi^) 560 ± 20
Jo (A cm'^) (4.5 ± 0.1) X 10''' Rsh (^) 1300±100
<ib(eV) 0.60 ± 0.01 n 3.9 ±0.2
RR 1.2 ±0.2 /o(A) (2.04 ± 0.05) X 10'®
Slope of Lnd versus 
LnV- forward bias

1.82 ±0.02 Jo (A cm'^) (2.55 ±0.08) X 10 ®

Slope of LnJ versus 
LnV- reverse bias

1.48 ±0.02 (4(eV) 0.68 ± 0.02

Table 6-1 Calculated diode characteristics using the model of thermionic emission and modified Shockley 

equation for the A1 junetion with oxalate doped PPy whose IV curve is plotted in Figure 6-3. Also given are 

the measured slopes for LnF versus LnF for the oxalate doped PPy device at higher potentials in forward and 

reverse bias as plotted in Figure 6-4 B

6.1.1.2 Samples B & C: Lithium perchlorate electrolyte measured in air and a 

vacuum

Also in Figure 6-3, the IV plots of Al-PPy-ITO junctions where the PPy was 

electrodeposited using LiClOa as an electrolyte are shown when measured in air and a 

reduced pressure of 3 mbar (vacuum). The shapes of these curves are very different to that 

measured for the oxalate doped PPy junction. There is a distinct asymmetry between the 

forward and reverse bias of the two curves although the average rectification is still low: 

3 ± 3 and 2 ± 1 measured in air and vacuum respectively. There is a larger error associated 

with the calculated diode characteristics as a voltage of greater than 1.8 V in the forward
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direction is required before “diode switch-on” occurs. This switch on is larger in the 

sample measured in air than in the sample measured in vacuum and also, the current 

increase in the sample increases in steps.

Using equations (6-1) and (6-2), the diode characteristics of the two curves are calculated 

and the results are shown in Table 6-2. The calculated results are consistent between the 

two curves, n, the diode ideality factor was calculated as being 3.6 - 5.0 which is lower 

and better than the thermionic emission model for oxalate doped PPy. The reverse 

saturation current density was calculated as being between 2.1 and 4.8 x 10'^ A cm'^ which 

while still lower than the actual reverse current density is closer to the measured reverse 

current density. The barrier height, ^ is also consistent with other measurements for Al- 

PPy junctions and is not affected by measurements in air or in a vacuum.

Similar to the measurements for the oxalate doped PPy devices, the In/ vs V curves are 

only linear for a small voltage range, hence leading to a larger error in the caleulated 

values and the modified Shockley equation is used to more accurately determine the diode 

characteristics. The calculated values are given in Table 6-2. The calculated values for n 

are similar to those previously calculated for the same devices although the associated 

error is decreased. As a result of the increased voltage range used to calculate the diode 

characteristics, the values of Iq and hence Jo are greatly reduced and while they are still 

smaller than the measured values for Jo compare well with literature measurements for 

organie Schottky devices . The calculated barrier heights are comparable for the two 

measurements and although the values are high, the use of the Richardson constant for free 

electrons instead of a modified version to take aecount of holes being the charge carrier 

and also to aceount for carrier trapping affects the barrier height calculation. As mentioned 

in Section 2.3.1.1, the Richardson constant is related to the carrier mass. In general, the 

effective mass of a hole is larger than that of an electron (hence the hole mobility is less 

than electron mobility) meaning that the real value of the Richardson constant for the Al- 

PPy deviees differs from the value used, affecting the calculated barrier heights for 

thermionic emission.

Figure 6-4A shows the calculated Chot plots for the 2 curves using equation (6-3). 

Similarly to the oxalate doped Chot function curve, the Chot curves initially drop before 

increasing again. It should also be noted that the curves start increasing at a lower applied 

potential than was observed for the oxalate doped PPy curve (less than 0.4 V).
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The higher voltage I-V characteristics of the two curves have also been investigated; In-ln 

plots are shown in Figure 6-4B for forward and reverse bias and the calculated slopes are 

given in Table 6-2. The forward bias slopes were measured to be 2.4 and 2 for 

measurements in air and in a vacuum respectively and therefore can be assigned to space- 

charge limited conduction mechanisms just as in the case for the oxalic acid electrolyte 

polymer. For the sample measured in an air atmosphere it is likely that there are some 

traps in the polymer affecting the conduction and as explained in Section 2.3.2.1, if the IV 

characteristics had been measured for higher biases it is likely that the In-ln slope would 

have decreased back to 2 when all the traps were filled. The reverse bias curve has a linear 

slope indicating a linear reverse bias dependence.

Model of Thermionic Emission Modified Shockley equation
LiCIO4 - air

n 3.6 ± 0.6 Rsi^) 192 ±8
Jo (A cm'^) (4.8 ±0.1) X 10 ® (^) 4000 ±100
<ih(eV) 0.66 ± 0.02 n 4.0 ±0.2
RR 3±3 /o(A) (1.26 ±0.03) X 10 "
Slope of LnJ versus 
LnV-forward bias

2.21 ± 0.03 Jo (A cm'^) (1.58 ±0.04) X 10"°

Slope of Lnd versus 
LnV - reverse bias

1.02 ±0.01 <Pb (eV) 0.98 ± 0.02

LiCI04 - vacuum
n 5.0 ±0.6 R. (f2) 320 ± 40
Jo (A cm'^) (2.1 ±0.2) X 10 ® f^sh (^2) 6700 ± 200
<^b(eV) 0.68 ±0.01 n 4.5 ±0.3
RR 3±3 /o(A) (3.4 ±0.1) X 10"°
Slope of LnJ versus 
LnV-forward bias

1.97 ± 0.04 Jo (A cm'^) (4.3 ±0.1) X 10 ®

Slope of LnJ versus 
LnV - reverse bias

2.11 ± 0.02 (ib(eV) 0.90 ± 0.02

Table 6-2 Calculated diode characteristics using the model of thermionic emission and modified Shockley 

equation for the A1 junctions with perchlorate doped PPy whose IV curves are plotted in Figure 6-3. Also 

given are the measured slopes for LnF versus LnVfor the perchlorate doped PPy devices at higher potentials 

in forward and reverse bias as plotted in Figure 6-4 B
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-A: Oxalic acid - B: LiCIO, - air 
-C: LiCIO. - vac

Figure 6-4 A Chot plot for the three IV eurves plotted in Figure 6-3 using equation (6-3) and the calculated 

values of n from Table 6-2. B LnJ versus InV for the three IV curves plotted for higher voltages (>1V) in 

forward (solid points) and reverse (open points) bias. The curves from the 3 samples are offset vertically for 

clarity

The IV characteristics from the perchlorate doped PPy-Al junction measured in a vacuum 

are harder to characterise. It should be noted that apart from the steps observed in the 

forward direction, the IV curve (Figure 6-3) is very symmetric with a calculated 

rectification ratio of 1.01 ±0.03 for applied biases of less than 1.8 V. The higher bias 

characteristics are also very similar, apart from the steps with a In-ln slope of 2 in both 

directions. Neither FN tunnelling or Poole-Frenkel emission is a suitable mechanism for 

the conduction in forward or reverse bias and SCLC is assigned as the suitable conduction 

mechanism in both directions similar to the measurement in air in the forward direction. In 

addition, the sharp changes in conductivity are believed to arise from changes in the 

polymer as a result of the applied potential, most likely structural rearrangements.

6.1.1.3 IV measurements on a different Al-PPy(C104)-IT0 junction

The two perchlorate doped PPy-Al IV curves discussed in Figure 6-3 and Figure 6-4 are 

from different samples and even though they were electrodeposited under similar 

conditions and while their polymer thicknesses are relatively similar (380 nm and 230 nm 

for the sample measured in air and in vacuum respectively), it is difficult to directly 

compare the results. The data plotted in Figure 6-5 relates to current-voltage 

measurements made on the same sample in air and in a reduced pressure of ~3 mbar. The 

calculated diode parameters using the modified Shockley equation are given in Table 6-3. 

The average film thickness in this sample was measured by means of a Dektak 6M Stylus
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Profiler as described in Section 5.3.3 as being 2± 1 jam, in other words an order of 

magnitude thicker than the samples measured in Figure 6-3. As a result of this increased 

thickness, the resistance of the Al-PPy-ITO junctions is much larger than that observed in 

Figure 6-3. This impacts on the diode characteristics calculated using equations (6-1) and 

(6-2) and shown in Table 6-3. The forward bias FV curves are quite similar in shape to 

each other; the measurement in air has a slightly lower tum-on voltage and is slightly more 

conductive than the measurement in vacuum. This is shown in the difference in calculated 

shunt resistances, Rsh for the two measurements as given in Table 6-3 and indicates that the 

conductivities (and hence dopant concentrations) are not drastically altered by changing 

the medium in which the IV measurements are carried out and hence any dopants in the 

polymer are not easily removed from the system. As has been discussed previously in 

Sections 5.3.1 and 6.1.1.1, oxygen is one of the main dopants in electrodeposited PPy and 

it might have been expected that any free or radical oxygen would be removed when the 

sample chamber was evacuated prior to IV measurements in a vacuum or indeed in the 

thermal evaporation chamber used to deposit the A1 cathodes. However, the IV curves 

observed indicate that any charge carriers arising from dopant oxygen are not affected by 

the choice of measurement medium. The oxygen dopants induce structural dopants on the 
film and as such are considered to be trapped in the polymer matrix^^. Repeated 

measurements on the films do not show any changes arising from annealing of samples by 
heating ifrom repeated IVs and similar IV measurements are observed in air before and 

after the measurements in vacuum are made.
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measured in air 
measured in vacuum

Potential (Volts)

- measured in air 
~ measured in vacuum

Ln(V)

Figure 6-5 A Room temperature Current-Voltage plots an Al-PPy-ITO sandwich junctions measured in air 

(red curve) and in a reduced pressure of ~3 mbar (blue curve). Inset is a semi-log plot of the same data 

curves. B A Chot plot for the two IV curves calculated using equation (6-3) and the calculated values of n 

from Table 6-2. C LnJ versus InF for the two curves plotted for higher voltages (>1V) in forward (solid 

points) and reverse (open points) bias. The curves from the 2 measurements are offset vertically for clarity

Similar values for n are calculated for measurements in air and vacuum and are similar to 

those for the perchlorate doped PPy devices plotted in Figure 6-3. The values for lo and Jo 

are greatly reduced compared to the previous samples as a result of the increased bulk 

resistances {Rs) but are also comparable for the measurements in air and vacuum. Hence, 

the estimates for the junction barrier height using the free electron Richardson’s constant 

are also large than for the previous samples. The calculated Chot functions both initially

decrease before increasing as the applied voltage is applied indicating that the junction is
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again responsible for the IV characteristics The forward bias IV characteristics are similar 

in both air and vacuum for higher applied potentials. The Ln-Ln plots for high applied 

potentials have slopes ~2.4 indicating a trap limited SCLC mechanism, similar to the 

samples discussed in Figure 6-3 although the large slopes indicate a higher concentration 

of traps. FN tunnelling and Poole-Frenkel conduction mechanisms have both been ruled 

out.

In the reverse bias, very different behaviour is observed for the measurement in air and in a 

vacuum. The measurement in air shows a much lower reverse bias current, therefore the 

rectification ratio of the IV measurement in air is larger than that in vacuum (11 ± 5 

compared to 2 ± 1). The higher voltage reverse bias characteristics are quite different with 

a Ln-Ln slope of 2.4 in air compared to 1.9 in a vacuum. FN tunnelling has not been ruled 

out for either measurement, nor has Poole-Frenkel emission for the measurement made in a 

vacuum although both are very unlikely as a result of the polymer thickness. Instead, a 

bulk limited SCLC mechanism is again the most likely conduction limiting factor.

Measured in air Measured in vacuum
Rsin) (1.7 ±0.3) X 10® (1.5 ±0.3) X 10®

Rsh (^) (6.0 ±0.6) X 10^ (1.3 ±0.8) X 10®
n 4.0 ± 0.2 4.1 ± 0.4
lo{^) (4.6 ± 0.1) X 10'^® (1.03 ±0.03) X 10'^®
Jo (A cm'^) (5.8 ± 0.1) X 10'^® (1.29 ±0.08) X 10'^®
<^b(eV) 1.06 ± 0.10 1.10 ±0.08
RR 11 ±5 2± 1
Slope of LnJ versus LnV - 2.71 ± 0.02 2.51 ± 0.04
forward bias
Slope of LnJ versus LnV - 2.5 ±0.03 1.87 ± 0.01
reverse bias
Table 6-3 Calculated diode eharacteristies for the two IV curves plotted in Figure 6-5 A using the modified 

Shockley equation. Also given are the measured slopes for LnV versus LnV for the 2 curves at higher 

potentials in forward and reverse bias as plotted in Figure 6-5 C

6.1.2 Capacitance-Voltage measurements

Reverse bias capacitance voltage measurements have also been made on Al-PPy-ITO 

junctions to help characterise the junctions. Measurements were made using a Stanford 

Research Instruments LCR SR720 capacitance bridge meter running in parallel mode 

interfaced with a Keithley 2400 sourcemeter to provide an external dc bias. 1mm diameter 

aluminium wires were attaehed to the ITO and A1 cathode using eonductive silver paint 

and then the entire sample was enelosed in Araldite® epoxy resin to provide structural

6-14



stability to the contacts when contacting to the LCR meter. Figure 6-6 shows a photograph 

of the device mounted in resin. The capacitance was measured as the dc voltage was swept 

in the reverse bias (forward and reverse bias are the same as for the IV measurements) for 

voltages of less than 1.5 V. When a higher voltage was applied, heating of the sample 

started to affect the measured capacitance values. The frequency of the capacitance 

measurement is also an important parameter when making C-V measurements. In general 

it is preferable to make the measurements at the lowest frequency possible in order to 

allow all charge carriers contribute to the measured capacitances; however in these 

measurements it was found that only the measurement at 100 kHz frequency gave 

repeatable results.

Anode

- Cathode

Figure 6-6 Photograph of Al-PPy-ITO device embedded in resin for C-V measurements. Stainless steel 

wires are attached to the ITO anode and A1 cathode as shown for attaching to the capacitance bridge

Capacitance-Voltage measurements are made at room temperature on Al-PPy-ITO samples 
in the reverse bias where the PPy is electrodeposited using an aqueous oxalic acid 

electrolyte and a typical C-V curve is shown in Figure 6-7. The linear region of the curve 

is fitted according to the Mott-Schottky equation, (6-7). Er, the dielectric constant, is taken

to be 10 14, 15

_l_
c'

^ y (6-7)
qe,e,A^NA

The values of the charge carrier concentration, Na and the built-in potential, y/bt are 

calculated to be (4.7 ± 0.7) x 10^^ m'^ and 2.4 ± 0.7 V respectively. From these values, the 

zero bias depletion width is calculated to be 70 ± 30 nm using equation (6-8) which is 

adapted from equation (2-12). The dielectric constant of PPy was taken to be 10, as is the

case for many publications 14, 15

(1i ¥bi------- (6-8)
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C-V measurements are made on several different Al-PPy^CjO^ j-ITO junctions and in

general it is found that the charge carrier concentration is of the order of 10 -10 m' . 

Abthagir and Saraswathi have summarised several recent publications on metal-PPy 

junctions and values of between 10^*^ and 10^^ m'^ have been measured so these calculated 

values agree well with similar junctions'. Somewhat surprisingly, the carrier concentration 

is not found to vary with the polymer electropolymerisation voltage. The same cannot be 

said of the calculated built-in potentials. Values ranged between 1 and 5 V with metal-PPy 

junctions where the PPy was electropolymerised at a higher potential having a higher y/bi. 

These values are substantially higher than reported literature values where in general y/bi 

was calculated as -0.5 V. The calculated depletion width, Wd is also found to vary with 

the electrodeposition potential. Systems where the PPy is electropolymerised at 1.5 V 

have calculated depletion widths of the order of 200-300 nm while systems with a 1 V 

electropolymerisation potential have calculated depletion widths of the order of 40-80 nm. 

Again, these values agree well with literature values'.

1.8x10

<D
O
C
03

03
Q.
03
O

Figure 6-7 Typical reverse bias capacitance-voltage curve for an Al-PPy-ITO junction using oxalic acid 

electrolyte. The red points are the measured data and the blue line is a linear fit according to (6-7). Inset is 

the C-V data as measured

The samples electrodeposited at 1 V bias are similar to the oxalate doped samples 

discussed in section 6.1.1.1 above. The samples have thicknesses of the order of 150-
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180 nm and as such, the depletion region will occupy up to half the total polymer thickness. 

As the measured depletion region is relatively thin, it is possible that this thin barrier is the 

cause of the high reverse bias current observed in Figure 6-2 even though tunnelling is not 

thought to be a valid reverse bias conduction mechanism based on the IV data.

Capacitance-Voltage measurements are also made on Al-PPy(C104)-ITO junctions

although the data measured is not as easy to analyse. The measured capacitance values are 

one order of magnitude less than the same values for the oxalate doped PPy junctions and 

the resulting C-V curves are noisy and harder to measure, even at 100 kHz, hence leading 

to larger errors in the calculated values. It is probable that a higher frequency is required to 

accurately measure the C-V characteristics, but this was not possible using the apparatus 

available. Figure 6-8 shows the measured C-V curves for the same 

Al-PPy^ClO^^-ITO sample whose IV characteristics are discussed in section 6.1.1.3. Just

as before, the frequency of the capacitance measurements is 100 kHz. The 3 different 

curves are measurements from different A1 contacts on the same sample and it can be 

clearly seen that a large variance is present between the different contacts. This is 

confirmed by the variance between calculated diode characteristies calculated in Table 6-4. 

The measured charge carrier concentration is lower than the values calculated for the 

oxalate doped curves and the depletion region is estimated to be much larger in comparison. 

In fact, as mentioned in 6.1.1.3, the measured thickness of the polymer layer was measured 

using a needle profilometer to be 2 ± 1 pm which is similar to the estimated depletion 

region width and therefore, this appears to indicate the complete polymer is depleted of 

charge carriers when a junction is made between it and aluminium. There is a large 

variance in the calculated values for the built-in potential and as such it is difficult to 

comment on them except that they are lower than the equivalent values calculated for the 

oxalate doped PPy junctions with aluminium.
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Figure 6-8 Reverse bias C-V measurements for the Al-PPy^C10^)-IT0 system whose IV measurements

are shown in Figure 6-5. The 3 sets of data are for different A1 cathodes on the same sample. The data 
points are the measured data and the blue line is a linear fit according to equation (6-7). Inset is the data as 
measured

A B C
Na (m ') (5± 1) X 10^°

3± 1
3± 1

(1.4 ±0.3) X 10^®
0.06 ± 0.03
2± 1

(7 ±2) X 10^®
0.4 ±0.2
3±2

¥bi (V)
Wd (urn)
Table 6-4 Calculated diode properties from the C-V spectra shown in Figure 6-8 calculated using equations 

(6-7) and (6-8)

6.2 Metal Junctions with PPy in Anodise templates

The electrical characteristics are also been investigated of arrays of PPy nanowires 

electrodeposited into the pores of metal backed Anodise filter membranes as discussed in 

Section 5.2.3. Figure 6-9 shows a schematic of the device structure. Thermally evaporated 

gold is used as the back contact for PPy electropolymerisation and as an anode while 

aluminium contacts are thermally evaporated onto the filter membrane surface after PPy 

deposition to act as the cathode.
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Themnally evaporated Metal 
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mimimi
Anodise filter 

Electrodeposited mennPrane 
Polypyrrole

Thermally evaporated 
Back Contact

Figure 6-9 Schematic of device based on PPy nanowires in the pores of an Anodise filter membrane showing 

the device bias and the thermally evaporated anode and cathode. (Not to scale)

6.2.1 Current-Voltage measurements

Current-Voltage measurements are made on the Al-PPy-Au junctions in air. Only PPy 

deposited using LiClOa as an electrolyte is tested. Figure 6-lOA shows a typical IV plot as 

the potential is swept from -4 V to 4 V. Similar to the IV data measured for Al-PPy-ITO 

devices, a non-linear response is observed with the device appearing to be more conductive 

in the forward direction (i.e. aluminium cathode). It should also be noted that the current 

minimum is not centred on 0 V; instead it is shifted towards a positive bias of 1.1 V. This 

is commonly seen in metal-conductive polymer junctions particularly when the potential is 

swept from a reverse bias to a forward bias. This offset in the curve towards a higher bias 

can be assigned to the presence of the barrier and induced built-in potential. This can be 

explained as the barrier trapping charge carriers. The speed at which the measurements are 

taken is important as is the mobility of the charge carriers. If the current measurement is 

taken immediately after the potential is increased, the system may not have time to respond 

to the change and hence the measured current may not be correct. This can also lead to 

shifts in IV plots in either the positive or negative direction. Karg et al. observed shifts to 

the left in Au-PPV-Al and (ZnO:Al)-PPV-Al devices and suggested that either of these two 

reasons might be responsible for the shiftsSmertenko et al. observed shifts towards 

positive biases in ITO-PANI-Al devices and also suggested that it was related to the 

trapping of charge at the barrier^^. In addition they discovered that the shift was increased 

by repeating IV sweeps from negative to positive voltages. The shift could be decreased 

again by reversing the direction of the sweep. Gomes and Taylor observed shifts in the 

minima of the IV spectra of Al-poly(3-methylthiophene-Au devices that only appeared
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when the potential was swept in one direction'^. They discovered that the presence of the 

shift was dependent on the length of time the sample was kept under vacuum before the 

contacts were thermally evaporated onto the polymer with the shifts only appearing when 

the contacts were quickly evaporated on at a higher pressure. When the polymer was 

degassed for a number of hours before the evaporation was carried out and as a result the 

pressure of the evaporation chamber was lower, no shifts were observed. Similar to PPy, 

one of the main dopants in polythiophene is oxygen and by degassing for longer, more 

oxygen is removed from the polymer reducing the size of the barrier at the interface.
A B

Potential (Volts)

Figure 6-10 A: Measured IV data of an Al-PPy-Au device as the potential is swept from -4 V to +4 V. The 

PPy consists of arrays of nanowires supported in an Anodise filter membrane template. Inset is the semi-log 

plot of the same data. B: The calculated Chot function plotted versus forward potential. C: La/ versus LnV 

plotted for higher applied potentials in the forward (solid points) and reverse directions (open points). D: 

Fitting of higher forward bias IV data (red points) for Fowler-Nordheim tunnelling using equation (6-9) (blue 

line)

Just as for the Al-PPy-ITO devices, the diode characteristics of the sample are been 

calculated assuming the model of thermionic emission. In order to take account of the 

surface area of the alumina and pores, the surface porosity of empty Anodise filter 

membranes is estimated from SEM images of Anodise surfaces similar to Figure 4-4B to 

be consist of 62% pores. This is similar to the value for Anodise filter membranes given 

by the manufacturers of 25-50% porosity for the total filter membrane^^ although the value
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given does not differ between different pore sizes. It is assumed that 100% of the pores are 

filled with PPy and as such, in order to calculate the actual area of the contacts in contact 

with PPy, the area of the evaporated contacts is multiplied by 0.62.

Using the model of thermionic emission, the following diode characteristics are calculated 

and are shown in Table 6-5. The diode ideality factor is calculated to be 8.6, the reverse 
bias saturation current density to be 4.3 x 10 * cm'^ and the barrier height to be 0.84. These 

are similar to the data calculated for the thicker Al-PPy-ITO junction given in Table 6-3. 

The rectification ratio is calculated by the forward and reverse bias IV curves by first 

subtracting the built-in voltage of 1.1. V as observed from Figure 6-10 so that the current 

minimum was centred at 0 V. RR was then calculated just as before to be 4 ± 1. Using the 

modified Shockley equation, the diodes characteristics are also calculated with a higher 

degree of certainty. The diode ideality factor, n, calculated over a larger voltage range 

(0.8 V compared to 0.6 V) is lower than that calculated using the thermionic emission 

model. The calculated value of Jq is larger using the modified Shockley equation although 

is still larger than the measured reverse bias current density.

Model of Thermionic Emission Modified Shockley eguation
n 8.6 ±0.9 Rs (ii) (7.8 ±0.3) X 10®
Jo (A cm'^) (4.3 ±0.2) X 10 ® R.h (Q) (4.7 ± 0.2) X 10®

<Pb(ey) 0.84 ± 0.4 n 7.47 ± 0.3
RR 4± 1 loW (1.06 ±0.04) X 10 ''®
Slope of LnJ versus Ln\/ 
- forward bias

4.02 ± 0.06 Jo (A cm'^) (6.5 ±0.2) X 10'^

Slope of LnJ versus LnF 
- reverse bias

1.82 ±0.05 <^(eV) 0.77 ± 0.02

ipb (eV) (from FN 
tunnelling fitting)

0.24 ± 0.05

Table 6-5 Calculated diode characteristics of an Al-PPy NWs-Au device calculated using equations (6-1) and 

(6-2) for the data plotted in Figure 6-10

The Chot function is calculated for the forward bias IV characteristics and is found to be 

initially decreasing before increasing sharply as shown in Figure 6-1 OB. The rate of 

decrease is observed to be much steeper than compared to measurements on Al-PPy-ITO

junctions. Plots of ln(//F) versus Vf are observed to be non-linear ruling out Poole-

Frenkel emission as a conduction mechanism. InJ versus InF are plotted in Figure 6-IOC 

for higher applied biases in the forward and reverse directions and the slopes of the right- 

hand linear parts of the curves given in Table 6-5. The calculated slopes are 4.0 and 1.8
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for the forward and reverse biases respectively. From these values it would appear that the 

higher biases can be assigned to a space-charge limited conduction. However, as can be 

seen in Figure 6-lOD, the forward bias characteristics are well described in terms of 

Fowler-Nordheim tunnelling by fitting equation (6-9) to the data as shown in the graph. 

From the fitted parameters, the barrier height is calculated using equation (6-10) as 

0.241 eV. While this is quite different to the calculated barrier height calculated using the 

model of thermionic emission, the two barriers do not necessarily have the same heights 

and, the lower tunnelling barrier height indicates that it would be the dominant conduction 

mechanism as we have found. To conclude, we can say that the higher bias IV 

characteristics can be described by means of tunnelling in the forward direction and by a 

bulk limited space charge conduction in the reverse direction.

In
{I ^ "Pi"

-In
y y=----- -bln sinW) V

[P ) 1 [pj)
(6-9)

(l>g = —nkT
(6-10)

6.2.2 Capacitance-Voltage measurements

Similar to the sandwich devices on ITO, capacitance-voltage measurements have been 

carried out on Al-PPy-Au devices. Measurements are made using a Hewlett Packard 4384 

LCR meter and measurements were made at a frequency of 1 MHz as lower frequency 

measurements were noisy. “ Figure 6-11 shows a typical C-V curve measured. The 

measured capacitances are low, about 1 order of magnitude smaller than those measured 

for perchlorate doped PPy sandwich devices as graphed in Figure 6-8. Using the Mott- 

Schottky equation as given in equation (6-7) and also using equation (6-8), various diode 

parameters are calculated as shown in Table 6-6.

“ Measurements made by Dr. Nandu Chaure in Sheffield Hallam University

6-22



Figure 6-11 Reverse bias C-V measurements for an Al-PPy-Au system. The data points are the measured 
data and the blue line is a linear fit according to equation (6-7). Inset is the data as measured

The charge carrier concentration, Na is been calculated to be 8 x 10^' m"^. This is larger 

than the related values for Al-PPy^ClO^j-lTO given in Table 6-4 although as a result of

the different experimental setup and frequency values it is difficult to directly compare the 

values. The calculated value for the built-in potential is 170 V; this is clearly much larger 

than the actual value is likely to be and would appear to suggest a possible deviance in the 

diode behaviour from ideal Mott-Schottky behaviour. The depletion width is estimated 

using the calculated values of Na and y/bi and equation (6-8) to be 4.95 |im although this 

value has to be considered somewhat suspect as a result of the calculation of y/bi. 

According to the given parameters for Anodise membranes , the thickness of the 

membrane, and hence the length of the PPy nanowires is of the order of 80 pm and as such, 

it would not be unexpected to have depletion regions with widths of a few microns.

Ha (m'^) (8± 1)x 10^^
!/t./(V) 170 ±50
IVd (urn) 5±2
Table 6-6 Calculated diode properties fi’om the C-V data plotted in Figure 6-11, calculated using equations 

(6-7) and (6-8)
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It has been previously found that the intrinsic properties including conductivity, surface 

area and diffusion resistance of polymers are enhanced when confined in one dimension 
compared to the bulk^*. Thin films of PPy made up of PPy fibres also show increased 

charge transport properties compared to conventional thin films^^. In our samples we do 

not really notice many enhancements in the nanowire devices compared to the films doped 

with perchlorates. While the charge carrier concentrations are larger, the measurement 

parameters differ as already mentioned so it is difficult to directly compare them. 

Different characteristics have also been assigned for the forward and reverse bias for both 

types of samples.

6.3 Metal Junctions with PPy in AAO

As a result of the inherent problems with using Anodise filter membranes as templates for 

electrochemical nanowire growth as discussed in 0, the decision was made to use AAOs 

anodised by ourselves as templates for PPy growth. As was previously discussed 

inChapter 5, only PPy deposited using oxalic acid as an electrolyte is deposited in the pores. 

PPy is electrodeposited into the pores of 40 V double anodised AAO’s which has a voltage 

reduction performed on it to reduce the size of the barrier layer at the base of the pores as 

described in Section 4.4. Both A1 and Au are thermally evaporated onto the surface of the 

AAO to create Al-(alumina barrier layer)-PPy-(metal cathode) devices. A schematic of the 

device is shown in Figure 6-12. Similar to the measurements using Anodise membranes, 

the actual area of the cathode is calculated by measuring the surface porosity of the empty 

AAO (=53.4%) and assuming a 100% pore filling factor.

Metal cathode Polymer NWs

AAO
‘ Barrier layer

Al back of AAO AAO
Figure 6-12 Schematic of electrical device consisting of Al-(alumina barrier layer)-PPy-(metal cathode).
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6.3.1 Current-Voltage measurements

IV measurements are made for thermally evaporated A1 and Au contacts in both air and a 

reduced pressure of ~3 mbar (vacuum) and the measured IV curves are shown in Figure 

6-13. The measurements using an aluminium cathode are on the same sample measured in 

air and vacuum. The gold cathode measurements are also measurements on the same 

sample measured in both atmospheres (Au-PPy-Al and Al-PPy-Al are different samples). 

The two samples are both double anodised at 40 V for a similar length of time and a 

similar voltage reduction is carried out on both. Just as was the case for the sandwich 

devices on ITO and the nano wire devices in Anodise templates, the A1 / Au top contact is 

the cathode for forward bias. As can be seen in Figure 6-13, the shapes of the IV curves 

are very different to those observed for sandwich devices on ITO or those using Anodise 

templates. While non-linear IV curves are observed for all the measurements, the reverse 

bias current is much higher than expected. In addition, the current minima are centred at 

zero applied bias for all measurements. The average rectification ratios, RR, calculated as 

before are given in Table 6-7 and in three out of the four cases, the calculated ratio is less 

than 1, i.e. the system is more conductive in the reverse direction. In general RR values 

were calculated between 0.7 and 1.4 depending on the choice of cathode and measurement 

environment. As has been previously mentioned, it would normally be expected that an 

Au-PPy junction is Ohmic and an Al-PPy junction is rectifying but as we have previously 

shown in sections 6.1 and 6.2, this is not necessarily the case. In addition, the presence of 

the alumina barrier layer at the base of the pores could also affect the IV characteristics.

6.3.1.1 A1 cathode measured in air and a vacuum 

This device has a structure consisting of Al-(Al203 barrier Iayer)-PPy-Al and in addition, 

the presence of another oxide interfacial layer can possibly be expected between the PPy 

and the A1 cathode, as previously mentioned even though the measurements are made 

immediately after the cathode was thermally evaporated. All of these can lead to complex 

conduction characteristics. The shape of the IV curve in vacuum is similar to that 

measured in air but the measured current values are approximately halved. The average 

rectification ratios, RR are calculated to be the same for both measurements and equal to 

0.8. Similar to the Al-PPy nanowire junction using an Anodise filter membrane, the 

system is more conductive in the reverse direction. The calculated diode properties are 

also calculated using equations (6-5) and (6-6) which is the modified Shockley equation as 

previously discussed. The ideality factor is measured to be approximately 9 for
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measurements in air and vacuum. While this are higher than similar values for sandwich 

devices calculated, it is not too surprising as these systems are more complex than the 

simple sandwich devices discussed in 6.1.1. Jo and ^ are also calculated and their values 

are given in Table 6-7. It is quite apparent however that the Shockley equation does not 

fully explain the conduction in the devices as the high reverse bias current values appears 

to indicate. Just as for previous measurements, the Chot plot is shown in Figure 6-14A and 

is decreasing for lower forward biases which indicates that the junction is involved in the 

conduction mechanism. In fact, if the oxide layers are neglected, the structure can be 

simplified as a symmetric Al-PPy-Al device which could be expected to form a double 

Schottky barrier. Similar symmetric non-linear IV curves have been observed for
-J A

asymmetric double Schottky barrier based on inorganic oxides . There is not much 

mention of double Schottky barriers involving conductive polymers in literature and two
31 32papers that discuss it using light-emitting polymers do not show similar characteristics ’ 

to the ones observed in this research.

The measured current values are shown in Figure 6-14B as LnJ versus LnV and the 

measured slopes given in Table 6-7. The values for A1 cathodes measured in both 

directions in air and a vacuum are 2.1-2.2 which would appear to indicate a space charge 

limited conduction mechanism with possibly a limited presence of traps is responsible for 

the conduction mechanism.
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Al Cathode, Air 
Al Cathode, Vacuum

Au Cathode, Air 
Au Cathode, Vacuum

Figure 6-13 measured IV curves for Al-PPy-Al and Au-PPy-Al devices measured in air and in a reduced 

pressure of 3 mbar (vacuum) plotted in semi-log form and. Al / Au is the cathode for forward bias. Inset is 

the IV data plotted on linear axes. No current data scale is shown apart from the origin as all plots were 

plotted on different current scales
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Al cathode
Air

Al cathode Vacuum Au cathode
Air

Au cathode
Vacuum

RR 0.8 ±0.2 0.8 ±0.1 0.7 ±0.2 1.06 ±0.04
Rs(il) (1.8 ± 0.4) X 10® (1.7 ±0.4) X 10® 1430 ±30 (6.6 ± 0.2) X 10'*

Rst, (n) (7.1 ±0.6)x 10® (1.5 ±0.4) X 10^ 6900 ± 700 (3.5 ± 0.4) X 10®
n 8.6 ±0.1 9.2 ±0.4 5.1 ±0.1 4.9 ±0.1
lo{A) (2.1 ±0.1) X 10'® (1.69±0.02)x 10’® (9.19 ± 0.07) X 10'^ (1.52±0.01)x 10®
Jo (A cm'^) (2.4 ± 0.2) X 10 ® (2.0 ±0.1) X 10 ® (1.07±0.08)x 10'® (1.77±0.09)x 10'^

0.85 ±0.07 0.91 ±0.05 0.70 ± 0.05 0.80 ± 0.04
Slope of LnJ 
versus LnV 

forward
bias

2.08 ± 0.05 2.17 ±0.01 3.48 ± 0.01 1.89 ± 0.01

Slope of LnJ 
versus Lnl/

reverse
bias

2.13 ± 0.02 2.10 ±0.01 2.10 ±0.01 (rising to 
12 at higher bias)

2.39 ± 0.08

0b (eV) (from 
FN
tunnelling)
-forward
bias

0.08 ±0.01 0.07 ±0.01 0.22 ±0.01 0.163 ±0.008

0b (eV) (from 
FN
tunnelling)
-reverse
bias

0.102 ±0.002 0.059 ± 0.002 0.191 ±0.003 0.133 ±0.004

Table 6-7 Calculated diode characteristics from the IV measurements plotted in Figure 6-13 using the 

modified Shockley equation

Poole Frenkel emission is investigated as a possible conduction mechanism; however plots 

of In (//F) versus Vf are non-linear, ruling out that possibility. More success was had

investigating transport via tunnelling, and in particular Fowler-Nordheim tunnelling. 

Figure 6-15 shows the fitted data for A1 cathodes measured in air and in a vacuum for 

forward and reverse biases. The data is fitted according to equation (6-9). From the data, 

it is clear that FN tunnelling is a possible conduction mechanism although in terms of the 

measurements in air, this appears at higher applied biases than from measurements in 

vacuum. Using the calculated parameters from equation (6-9), the tunnelling barrier 

heights were calculated using equation (6-10) and are given in Table 6-7. The important 

thing to note about these values is that they are very low. The thermal activation energy 

{ = kT!q ~0.025 eV) is not much smaller than these calculated values and as such it appears 

that the charge carriers readily tunnel between the two electrodes through the PPy layer. It 

is difficult to see any trends in the numbers - the measured forward bias values are very 

similar but there is a larger difference in the reverse bias values.
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- Al cathode, Air
- Al cathode. Vacuum

- Au cathode. Air
- Au cathode, Vacuum

Figure 6-14 A Calculated forward bias Chot functions for the IV curves plotted in Figure 6-13 using 

equation (6-3). B La/ versus LnK for the IV curves plotted for biases greater than ±1 V in forward (solid 

points) and reverse (open points) bias. The curves are offset for clarity and it should be noted that La/ is 
calculated for J in units of mA cm'^

—Forward bias, air 
—o— Reverse bias, air

Foward bias, vacuum 
Reverse bias, vacuum

0.25

Figure 6-15 Fitting of high bias Al cathode IV’s for Fowler-Nordheim tunnelling. The data points are the 

measured data and the lines are the fits according to equation (6-9)
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6.3.1.2 Au cathode measured in air and a vacuum 

In its simplest form, again neglecting oxide barrier layers and interfacial layers, the basic 

structure of the diodes are Al-PPy-Au and as such could be expected to be rectifying in 

what we have designated to be the reverse direction. However, as can be seen from the 

measured IV data in Figure 6-13, there is little sign of this, although the measurement in air 

does show a slightly larger reverse bias current with RR equal to 0.7 ± 0.2. In comparison, 

the equivalent measurement in a vacuum yields a rectification ratio of 1.06 ± 0.04. The IV 

curves measured in both air and a vacuum are more conductive than the equivalent 

measurements with A1 cathodes. Forward bias ideality factors are calculated to be ~5 for 

measurements in air and in a vacuum using the modified Shockley equation. Values for 

the reverse saturation current density and barrier height were calculated and are given in 

Table 6-7. While these values are only given for the forward bias (which is considered to 

be the reverse bias (or Ohmic junction) for ideal Al-PPy-ITO devices), the IV curves are 

very symmetric at low biases and in fact very similar values can be calculated for the 

reverse bias junction. Similar to the A1 cathodes, it is very unlikely that this does not fully 

explain these junctions even though the calculated Chot plots shown in Figure 6-14A 

decrease for low applied bias.

Ln-Ln plots of the higher applied bias IV characteristics are shown in Figure 6-14B for 

forward and reverse directions and the high bias slopes are given in Table 6-7. Similar to 

the A1 cathode measurements, linear curves are obtained and the measured slopes all 

compare well with each other and to those discussed earlier with slopes between 2.1 and 

2.2 suggesting a space-charge limited conduction with the possibility of some shallow 

traps. One abnormality observed is the reverse bias IV behaviour of the Au-PPy junction 

in air which showed a strong increase in the current at high biases. Unfortunately, a larger 

potential was not applied and it was difficult to establish a clear picture on what might be 

the cause of this increase which was not observed at similar forward bias values. Poole- 

Frenkel emission is ruled out as a conduction mechanism but the same cannot be said 

about tunnelling as the conduction mechanism to explain the fV curves.

Figure 6-16 shows similar high bias FN tunnelling measurements for Au cathodes and the 

fitted curves according to (6-9) compared to Figure 6-15. As can been seen in the curves, a 

very good fit can be obtained from the measured data. From the fitted parameters, the 

tunnelling barrier height can be calculated using equation (6-10) and the calculated values 

are given in Table 6-7. Similar conclusions can be drawn from the measurements as was
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made from the same values measured for A1 cathodes. While the measured barrier heights 

are still small, they are larger than the equivalent values calculated from the data in Figure 

6-15. Again the barrier heights for the measurements made in air are larger than in a 

vacuum although for the Au cathodes the reverse barrier heights are calculated to be lower 

than the equivalent forward barrier heights.

—A- Forward bias, air —t— Foward bias, vacuum 
-A— Reverse bias, air —v— Reverse bias, vacuum

Figure 6-16 Fitting of high bias Au cathode IV’s for Fowler-Nordheim tunnelling. The data points are the 

measured data and the lines are the fits according to equation (6-9)

6.3.2 Capacitance-Voltage Measurements

Reverse bias capacitance-voltage measurements were made on several samples using the 

Stanford Instruments LCR meter as used for the sandwich devices on ITO substrates. 

However it was found that even at 100 kHz, the measured capacitance values were very 

noisy and no useful data was obtained. The HP LCR meter that was used for the Anodise 

samples was no longer available and it was not possible to make the measurements at a 

higher frequency. Instead Impedance Spectroscopy was used to help characterise the 

junctions
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6.3.3 Impedance Spectroscopy on Al-PPy junctions

In all cases, a 20 mV ac potential is applied between the A1 cathode and ITO anode and the 

impedance measured using a Zahner IM6e Impedance Spectrometer as the frequency is 

reduced from 1 MHz to at least 1 Hz. Measurements are made both in air and in a reduced 

pressure of ~3 mBar. The Impedance and Phase are measured as the frequency is reduced 

and from this data Nyquist and Bode plots plotted and discussed.

Figure 6-17 shows the measured Nyquist and Bode plots for each of the four devices 

discussed in Sections 6.3.1.1 and 6.3.1.2 with 0 V applied dc bias. As can be clearly be 

seen, each curve approximates a semicircle, which was previously discussed in Section 

2.4.2.2. The one curve deviating from this is the A1 cathode measured in air where what 

appears to be a step in the measured data is present on the higher frequency side of the 

Nyquist plot. From these, we might expect that the junctions can be modelled by a single 

barrier. The equivalent circuit for a single barrier is given in Figure 6-18A.

A B
- Al cathode.
- Al cathode.

10“ 10’

air -------Au cathode, air
vacuum -------Au cathode, vacuum

10* 10* 10' 10* 10*

Re(Z) (Ohm)

Figure 6-17 A Bode plots and B Nyquist plots of the impedanee of Al / Au -PPy-Al deviees measured both 

in air and a vaeuum with 0 V dc bias applied.

R R0 
-------- vAA- hrr

R)
-Wv-

htr

R]
-AV

R0
-vW- trr

RS
-WV-

Figure 6-18 Equivalent circuit diagrams for A single barrier and B double barrier
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6.3.3.1 Equivalent circuits

Figure 6-19 shows the fit of the data plotted in Figure 6-17B modelling the data as a single 

barrier as discussed in Section 2.4.2.3. The FIS Spectrum Analyser computer program 

developed by Bondarenko and Ragoisha was used in this analysis and the data fitted by 

means of least square fitting using either the Levenberg-Marquard algorithm or a modified 

Nelder-Mead Simplex algorithm. The solid points are the measured data and the lines are 

the fitted data. It is clear that a single barrier adequately describes the measured 

impedance data for all curves graphed except possibly the data for the A1 cathode 

measured in air.

Al cathode, air A
Al cathode, vacuum ▼

Au cathode, air 
Au cathode, vacuum

Re(Z) (Ohm)

Figure 6-19 A repetition of the Nyquist plots shown in Figure 6-17B along with the calculated curves based 

on modelling the data as a single barrier as discussed in Section 2.4.2.3 using the EIS Spectrum Analyser 

program. The measured data is shown in the form of solid points and the fitted curves as solid lines

Figure 6-20 shows the Nyquist plot for the device with an Al cathode measured in air. A 

step in the measured data is clearly visible in the data occurring at a frequency of ~ 100 kHz. 

The measured data above and below this frequency is fitted separately to equivalent 

circuits shown in Figure 6-18. It is clear that the double barrier equivalent circuit is a 

better fit to the experimental data at lower frequencies but at higher frequencies, a single 

barrier model is a better fit. While the observed fitted curves are similar for a single barrier
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and a double barrier, the derived parameters for the 2"^ barrier are erroneous and as such, a 

single barrier is found to be a better fit for the data at higher frequencies.

Measured Data 1 barrier modelling
2 barrier modelling

Re(Z) (Ohm)

Figure 6-20 Nyquist plot for the 0 V dc bias A1 cathode device in air and the one barrier and two barrier least 

squares fitting for the equivalent circuits shown in Figure 6-18

Table 6-8 shows the calculated circuit parameters for the four systems investigated along 

with percentage errors. The higher frequency measurement of the A1 cathode system in air 

is modelled as a single barrier system and as a double barrier system for frequencies lower 

than 100 kHz. The series resistance, Rq accounts for resistances arising from contacts in 

the system and also often, a resistance from the bulk polymer. A large variance and 

associated error in the calculated value is found; however, in all cases, it is much less than 

the overall resistance of the systems. The resistance part of the barrier characteristics, Ri is 

found to accurately follow the size of the semi circles observed in Figure 6-19 with an 

associated error of 1% or less apart from the single barrier fitting of the A1 cathode in air 

which has a larger error associated with it. Unlike Rj, the junction capacitance, Cj, is not 

found to vary by much with the changes in cathode metal and whether the measurement 

was carried out in air or vacuum apart from the Au cathode measurement in air whose 

equivalent circuit returned a larger capacitance value. In addition, one of the barriers in the 

low frequency measurement gave similar values for R/ and C/ to the other measurements.
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The values for the 2"^* barrier in the impedance spectrum of the A1 cathode measured in air 

are quite different. A small but significant resistance was coupled with a large estimated 

capacitance value. It should be noted that the errors associated with these values are also 

large (12 and 32% as shown in Table 6-8).

Ro
{^)

ARo
(%)

Ri(m ARi
(%)

Ci (F) AC,
(%)

R2
{^)

AR2
(%)

C2(F) AC2

(%)
Al - air 
(high
frequency)

~0 20156 16 4.47
10-^°

X 1.5

Al - air 
(low
frequency)

158 34 7718 1 4.64
10‘^°

X 2 808 12 1.98 X 
10®

32

Al - yac ~0 - 13153 0.7 4.77
10'’°

X 1

Au - air 207 26 24883 0.6 1.45
10®

X 1

Au - vac 27 124 34163 0.3 4.52
lO""*

X 0.4

Table 6-8 Calculated equivalent circuit parameters with percentage errors for the data plotted in Figure 6-19 

and Figure 6-20. The A1 cathode in air is fitted for higher and lower frequencies and the low frequency data 

fits a double barrier curve whereas all the other curves are well fitted with a single barrier

6.3.3.2 Applying a dc bias

In addition, the Impedance is also measured as a dc bias is applied to the systems in both a 

forward and reverse direction. The measured data is plotted in Figure 6-21 along with the 

fitted data to equivalent circuits as previously discussed for 0 V dc bias measurements. For 

the Au cathode measured in air and a vacuum as well as the A1 cathode measurement in a 

vacuum, a single barrier equivalent circuit gives the best fitting. For the A1 cathode 

measured in a vacuum, the fitting was more complicated. As previously discussed, the 0 V 

dc bias measurement was fitted to a single barrier equivalent circuit for measurements at 
frequencies above 100 kHz, but a 2"‘* barrier with a small but significant barrier resistance 

and relatively large capacitance was added to the system at lower frequencies. This barrier 

was not observed once a dc bias was applied to the system and the system was modelled 

using a single barrier system after this point similar to the other plots. It is not fiilly clear 
why this barrier disappears. However, it is believed that the 2"^* smaller barrier is reduced 

by the influence of the applied bias and becomes too small to alter the overall 

characteristics. Another possibility is the presence of current anomalies as a result of 

impurities in the polymer and / or electrode that get ‘burnt out’ during the first zero bias 

measurement. Such impurities have been seen in IV curves of PPV OLEDs and it has been
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suggested that the presence of oxygen is a possible contributor to these bumps in the IV 
curves^^’ In fact, similar bumps have been observed in some IV measurements 

previously discussed in this chapter, The IV’s shown in Figure 6-3 and Figure 6-5 both 

contain anomalies in the IV curves that could be as a result of impurities.

■ OVdc 
Y +0.5 V do 
• +1Vdc 
+ +3Vdc

^ -0.5 Vdc 
★ -IVdc 
X -3Vdc

• +0.25 Vdc 
+0.75 Vdc

• +2Vdc 
X +4 Vdc

A -0.25Vdc 
-0.75 V dc 

9 -2Vdc 
— -4 Vdc

Al cathode - air

1x10* 2x10*

Re{Z) (Ohm)

Figure 6-21 Nyquist plots for Al and Au cathodes measured in air and vacuum measured as a dc bias is 

applied to the system. A positive dc bias is applied in the forward direction as for previous cases and a 

negative bias is applied in the reverse direction. The data points are the measured data and the lines are the 

fitted data aecording to a 1 barrier equivalent eircuit apart from the low frequency 0 V bias curve for the Al 

eathode measured in air which is fitted to a 2 barrier system as previously discussed. The legend is the same 
for all plots although not all de biases are applied to all samples.

As expected, in all systems measured, the semicircle reduces in size as the magnitude of 

the dc bias increases. This is as expected as the overall resistance of the system is reduced 

as the external bias is increased. In general, the forward bias and reverse bias curves are 

similar in size for the majority of measurements, within a small experimental uncertainty. 

Again, this is not unexpected as the rectification ration of the fV curves for these samples 

is ~1. However, there are a few surprising measurements as can be seen more clearly in 

Figure 6-22 where the calculated junction resistances and capacitances are plotted against 

the applied dc bias. The contact resistance, Ro is not plotted and neither are the 0 V bias 

parameters for the Al cathode measured in air which has previously been discussed. The 

calculated values are given in Appendix C.
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Figure 6-22 Plots of the calculated junction parameters {Ri and C/) from Figure 6-21 against applied dc bias

As previously mentioned, the junction resistance decreases as the dc bias is increased. 

Both the measurements for the A1 cathode in a vacuum and the Au cathode in air clearly 

show this symmetric decrease. The measurements for the A1 cathode in air and the Au 

cathode in a vacuum are less clear although a general decrease is still observed. The A1 

cathode measurement shows similar values for the resistances at ± 0.5 and ± 0.75 V and as 

can be seen, a small increase is observed. In the case of the Au cathode in a vacuum, the 

resistances decrease until the final measurements at ±2 V where a sharp increase in the 

resistance is observed.

The fitted values for the capacitances are less clear although this is mainly due to the low 

capacitances values calculated. From the capacitance-voltage measurements and related 

discussion in sections 6.1.2 and 6.2.2 it is expected that the capacitance values should 

decrease with applied reverse bias voltage. This is observed in the measurements with A1 

cathode in vacuum and Au cathode in air but not in the other two sets of data. Again it 

should be noted that any changes in capacitance with applied bias are very small with 

changes of less than 20 pF changes over the complete voltage range for the A1 cathode 

measurements as well as the Au cathode measurement in vacuum and a change of less than 

60 pF for the Au cathode in air. Mott-Schottky plots are plotted of the two sets of data
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using equation (6-7) as shown in Figure 6-23 and the diode characteristics calculated using 

equations (6-7) and (6-8) and are shown in Table 6-9. Again the dielectric constant of PPy 

is taken to be 10.

♦ Al-vac 
A Au-air

-4.95x10

-4.90x10

5.00x10 17

17

17

1-4.85x10'' e.

-4.80x10

<u o c
17 03

O
TO
Q.

1-4.75x10" Q

-4.70x10

4.65x10'

Figure 6-23 Reverse bias capacitance-voltage curves for an Al-PPy-Al junction measured in a vacuum and 

an Au-PPy-Al junction measured in air. The capacitance values were obtained by equivalent circuit fitting of 

Impedance spectroscopy data

A! cathode - vacuum Au cathode - air
Na (m-^) (5± 1) 10^' 8±2 X 10^''
1/11/(V) 100 ±30 18±7
Wd (urn) 1.5 ±0.7 0.5 ±0.3
Table 6-9 Calculated diode parameters from the plots shown in Figure 6-23

The calculated parameters are similar to those measured for junctions between A1 and 

perchlorate doped junctions using Anodise membranes as a template as given in Table 6-6.

6.4 Summary

Full room temperature electrical characterisations have been made on metal cathode - PPy 

devices. The results obtained are summarised as follows.
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Sandwich devices were made between both Au and A1 contacts and PPy deposited on ITO. 

Au-PPy-ITO devices show Ohmic conduction mechanisms with no rectification observed. 

Al-PPy( 0204' )-ITO show non-linear IV curves in air but with a large reverse current 

yielding rectification ratios of close to 1. This large reverse current is believed to be as a 

result of the oxidised PPy with oxygen dopants trapped at the Al-PPy interface. While the 

diode characteristics of the device are calculated based on the model of thermionic 

emission, this is not thought to be a good model for the conduction mechanism due to large 

errors associated with the calculations. More accurate characteristics are calculated by 

using a modified Shockley equation which includes shunt and series resistances as part of 

the diode. Space-charge limited conduction is the assigned conduction mechanism for 

higher biases in the forward direction with bulk-limited Poole-Frenkel emission 

responsible for the reverse bias. Al-PPy( CIO4 )-lTO devices also are analysed in both air

and in a vacuum. Better diode-like curves are observed for these measurements although 

large reverse currents are still measured. The conduction mechanism in a vacuum is 

assigned to space-charge limited conduction for higher biases, while the measurement in 

air shows trap-limited space-charge limited conduction in the forward direction with an 

Ohmic reverse current observed. The traps are believed to be of a result of A1 oxidation in 

air. Similar devices are prepared, but with a thicker PPy layer. In this case, trap-limited 

space-charge limited conduction is the assigned conduction mechanism in air and in 

vacuum.

Capacitance-voltage measurements on Al-PPy-ITO indicate the presence of a barrier for 

both oxalic acid and lithium perchlorate doped PPy although the measured capacitances for 

the perchlorate doped devices are about an order of magnitude smaller than the equivalent 
values for the oxalate doped polymer. Carrier concentrations between lO’^ and 10^^ m'^ 

are calculated with lower values calculated for the perchlorate doped PPy. The 

concentration is not found to vary with electrodeposition voltage. Depletion widths are 

measured for both types of devices and widths of lO’s to lOO’s of nanometres calculated 

for oxalate doped PPy devices and of the order of microns for perchlorate doped PPy 

devices. The depletion width is larger for higher electrodeposition voltages.

Al-PPy( CIO4 )-Au devices were prepared with the PPy in the form of nanowires held in an

Anodise template. Current-Voltage measurements in air are non-linear and show a degree 

of rectification. The conduction mechanisms are Fowler-Nordheim tunnelling in the
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forward direction with a calculated tunnelling barrier height of 0.24 eV and bulk-limited 

space-charge limited conduction in the reverse direction. Capacitance-Voltage 

measurements were made on the device although the measured capacitance values were of 

the order of 10 pF. Using the Mott-Schottky equation, the charge carrier concentration is 

calculated to be ~10^^ m'^ and the depletion width to be ~5 |im.

A1 and Au -PPy( CjO^' )-Al devices were prepared using a double anodised AAO anodised

at 40 V and a barrier layer reduction to 4 V. Non-linear, non-rectifying IV curves were 

measured and it was determined that Fowler-Nordheim tunnelling is the relevant 

conduction mechanism for both cathode metals in both air and in vacuum with low barrier 

heights measured, in particular for the A1 cathode device. Electrochemical Impedance 

Spectroscopy measurements on the device indicate a single barrier junction for all devices 

except for the A1 cathode device measured in air for 0 V applied dc bias where the 

presence of a second barrier as a result of A1 oxidation is observed for low frequencies. 

The barrier is not observed once a dc bias is applied. The measurements are fitted to a 

single barrier equivalent circuit and in most cases, as a dc bias is applied, the junction 
resistances decrease. In the case of the junction capacitances, the calculated values are 

-0.4 nF, apart from the Au cathode device measured in air with values -1 nF. For the Au 
cathode device in air and A1 cathode device in vacuum where the capacitance decrease 

with reverse bias voltage, the Mott-Schottky is used to estimate the charge carrier 

concentration -10 m' and the depletion width to be 0.5 and 1.5 (xm respectively.

6-40



6.5 References

1. P.S. Abthagir and R. Saraswathi, Junction properties of metal/polypyrrole Schottky 
barriers. Journal of Applied Polymer Science, 2001. 81(9): p. 2127-2135.

2. R.K. Gupta and R.A. Singh, Junction properties of Schottky diode based on 
composite organic semiconductors. Journal of Materials Science-Materials in 
Electronics, 2005.16(5): p. 253-256.

3. M. Campos and B. Bello, Properties of Metal Poly(P-Phenylene) Schottky Barriers. 
Journal of Physics D-Applied Physics, 1993. 26(8): p. 1274-1277.

4. O. Inganas, T. Skotheim, and I. Lundstrom, Polypyrrole-semiconductor Schottky 
barriers. Journal of Applied Physics, 1983. 54(6): p. 3636-3639.

5. W.R. Salaneck, et al.. X-ray photoelectron spectroscopy of boron fluoride doped 
polypyrrole. Synthetic Metals, 1983. 5(2): p. 125-139.

6. Electron Work Function of the Elements, in CRC handbook of chemistry and 
physics, D.R. Lide, Editor. 2008, CRC Press / Tayor and Francis: London, p. 12- 
114.

7. S.H. Kim, et al.. Relationship between work function of indium tin oxide and device 
performances of C60 modified organic light-emitting diodes. Current Applied 
Physics, 2008. 8(3-4): p. 475-478.

8. E. Centurioni and D. lencinella. Role offront contact work function on amorphous 
silicon/crystalline silicon heterojunction solar cell performance. Electron Device 
Letters, IEEE, 2003. 24(3): p. 177-179.

9. R.M. Metzger. Electrical rectification by a monolayer of hexadecylquinolinium 
tricyanoquinodimethanide sandwiched between gold electrodes, in Organic 
Electronic and Photonic Materials and Devices. Symposium, 27-30 Nov. 2000.
2001. Warrendale, PA, USA: Mater. Res. Soc.

10. R. Singh and A.K. Narula, Junction properties of aluminum/polypyrrole 
(polypyrrole derivatives) Schottky diodes. Applied Physics Letters, 1997. 71(19): p. 
2845-2847.

11. V. Saxena and K.S.V. Santhanam, Junction properties of Schottky diode with 
chemically prepared copolymer having hexylthiophene and cyclohexylthiophene 
units. Current Applied Physics, 2003. 3(2-3): p. 227-233.

12. S. Angappane, et al., PAni-PMMA blend/metal Schottky barriers. Thin Solid Films,
2002. 417(1-2): p. 202-205.

13. H.L. Gomes and D.M. Taylor, Schottky barrier diodes from semiconducting 
polymers. lEE Proceedings - Circuits, Devices and Systems, 1997. 144(2): p. 117- 
122.

14. W.J. Hamer, L. Koene, and J.H.W.d. Wit, Formation and electrochemical 
behaviour of poly(pyrrole) coatings on steel substrates. Materials and Corrosion, 
2004. 55(9): p. 653-658.

15. U. Rammelt, et al.. Semiconducting properties of polypyrrole films in aqueous 
solution. Journal of Solid State Electrochemistry, 1999. 3(7 - 8): p. 406-411.

16. A. Kaur and R. Singh, Indium/Polypyrrole(Polypyrrole Derivatives) Schottky 
Junctions. Journal of Macromolecular Science, Part A: Pure and Applied Chemistry, 
2001. 38(12): p. 1329- 1336.

17. S. Karg, M. Meier, and W. Riess, Light-emitting diodes based on poly-p-phenylene- 
vinylene: I. Charge-carrier injection and transport. Journal of Applied Physics, 
1997. 82(4): p. 1951.

18. W. Briitting, et al.. Doping in PPV light-emitting devices fabricated on different 
substrates. Chemical Physics, 1998. 227(1-2): p. 243-252.

6-41



19. G.D. Sharma, M. Roy, and M.S. Roy, Charge conduction mechanism and 
photovoltaic properties of 1,2-diazoamino diphenyl ethane (DDE) based schottky 
device. Materials Science and Engineering B, 2003. 104(1-2): p. 15-25.

20. P. Chattopadhyay, The effect of shunt resistance on the electrical characteristics of 
Schottky barrier diodes. Journal of Physics D: Applied Physics, 1996. 29(3): p. 823.

21. S. Antohe, Electronic and Optoelectronic Devices Based on Organic Thin Films, in 
Handbook of Organic Electronics and Photonics, H.S. Nalwa, Editor. 2006, 
American Scientific Publishers.

22. J.W. Gardner and T.T. Tan, Properties of metal/poly(N-methylpyrrole) Schottky 
barriers. Journal of Physics: Condensed Matter, 1989(SB): p. SB133.

23. W. Bantikassegn and O. Inganas, Electrical properties of junctions between 
aluminium and doped polypyrrole. Journal of Physics D: Applied Physics, 1996. 
29(12): p. 2971-2975.

24. W. Bantikassegn, et al.. Absence of Schottky barrier formation in junctions of Al 
and polypyrrole-polyelectrolyte polymer complexes. Thin Solid Films, 1993. 
224(2): p. 232-236.

25. S.H. Cho, K.T. Song, and J.Y. Lee, Recent Advances in Polypyrrole, in Handbook 
of conducting polymers: Conjugated Polymers: Theory, Synthesis, Properties and 
Characterization, T.A. Skotheim and J.R. Reynolds, Editors. 2007, CRC: Florida.

26. P.S. Smertenko, et al.. Doping of polyaniline by transition metal salts: current- 
voltage characteristics of the ITO/polymer film/metal heterostructures. Synthetic 
Metals, 2004. 146(2): p. 187-196.

27. Anopore Inorganic Membranes (Anodise). 2010
http://www.whatman.com/PRODAnoporeInorganicMembranes.aspx

28. R.M. Penner and C.R. Martin, Controlling the Morphology of Electronically 
Conductive Polymers. Journal of the Electrochemical Society, 1986. 133(10): p. 
2206-2207.

29. L.S. Van Dyke and C.R. Martin, Electrochemical investigations of electronically 
conductive polymers. 4. Controlling the supermolecular structure allows charge 
transport rates to be enhanced. Langmuir, 1990. 6(6): p. 1118-1123.

30. P. Han, et al.. Effect of Schottky barrier on the transport property in perovskite 
oxide heterostructures. Physica B: Condensed Matter, 2009. 404(8-11): p. 1332- 
1335.

31. P. Kumar, et al., A model for the J-V characteristics of P3HT:PCBM solar cells. 
Journal of Applied Physics, 2009. 105(10): p. 104507-6.

32. F. Rahman, N.P. Johnson, and T. Slight, Electrical conduction in light-emitting 
organic polymer Schottky diodes. Journal of Applied Physics, 2005. 98(12): p. 
124504-5.

33. P. Brdms, et al.. Calcium electrodes in polymer LEDs. Synthetic Metals, 1995. 
74(2): p. 179-181.

34. J. Manca, et al.. Effect of oxygen on the electrical characteristics of PPV-LEDs. 
Optical Materials, 1998. 9(1-4): p. 134-137.

6-42



Chapter 7: PPV

In this chapter poly(;?-phenylene vinylene) is prepared by thermal annealing of a soluble 

precursor. A range of different substrates are used including ITO, AAO and Anodise filter 

membranes. Specialising in the ITO substrates, the resulting light emitting polymer is 

characterised by means of Raman spectroscopy, SEM, UV-Vis absorption spectroscopy, 

photoluminescence spectroscopy and electroluminescence spectroscopy. Electrical devices 

are prepared by thermal evaporation of metal contacts and the IV characteristics of the 

device analysed.

7.1 Preparation

PPy is prepared using the commercially purchased poly(p-xylene tetrahydrothiophenium 

chloride) solution (Aldrich, 0.25 wt% in water) which is a commonly used precursor for 

the preparation of poly(phenylene vinylene) using the Wessling process as described in 

3.1.2.1.1. The precursor is used as received and is deposited on several different substrates 

including ITO, glass slides. Anodise filter membranes and AAO before being heated to 

temperatures between 150°C and 400°C for between 1 and 6 hours. Initially spin coating 

was attempted as the method to deposit the precursor but this was not successful as a result 

of the high boiling point of water and also the wettability of the aqueous precursor solution. 

Contact angle measurements are made on a range of different substrates using a First Ten 

Angstroms ETA 125 contact angle analyser in order to determine the best substrate for 

deposition and the average values shown in Figure 7-1. Typical photographs of the 

droplets on various substrates are shown in Figure 7-2. From the measurements, it is clear 

that for many of the substrates, the precursor does not “wet” the sample particularly well 

and as such it can explain why spin coating may not be a particularly good deposition 

method.
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Figure 7-1 Contact angle values measured for deposition of PPV precursor onto various substrates

D

Figure 7-2 Photos of the contact angle droplets on various substrates. A Glass; B ITO; C Anodise 

membrane; D AAO

Dropcasting is instead chosen to deposit the precursor solution onto the substrates. 

Between 50 and 200 pi of the solution is dropped onto the substrates using a micropipette
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and allowed to dry in air over night before the thermal annealing is carried out. The 

annealing is carried out using a home-built CVD apparatus consisting of a single-stage 

Linberg tube furnace fitted with a quartz reaction tube. The furnace is connected to an 

Edwards RV 12 rotary vane vacuum pump to evacuate the furnace tube to pressures of 

10'^ mbar. When the samples are annealed without allowing time for the precursor 

dispersion to dry, the water evaporates too quickly when the furnace is pumped down, 

causing the resulting PPV to form a patchy uneven film.

The precursor is annealed at temperatures between 100 and 400°C for up to 6 hours at a 

reduced pressure of ~2 x 10' mbar. In general it is found that unless a large amount of 

precursor was deposited on the substrates, 2 hours is ample time to anneal the precursor 

particularly at higher temperatures. Samples are also annealed in an argon atmosphere, 

following on from research done by Herold et al. who found that annealing of PPV in 

Argon at 160°C was equivalent to annealing at 320°C in a vacuum'. The exact reasons for 

this are not fully understood but it is believed that Ar interacts with the 

tetrahydrothiophenium ion and increases the rate at which it leaves the precursor. It is also 

hypothesised that the Ar interacts with the Cf counter ion in the precursor as energy 

dispersive X-ray analysis (EDX) showed a fast decrease in the amount of sulphur present 

in the polymer and a slower decrease in the amount of chlorine present when annealing in 

Ar compared to in a vacuum. In our research, the precursor is annealed in Ar (flow rate of 

0.5 slm) at a temperature of 150°C for similar time periods as used when annealing in a 

vacuum.

7.2 Characterisation

7.2.1 Morphology of polymers

7.2.1.1 Microscope Images

Before annealing, the precursor is a light blue-green colour but after annealing, the 

resulting PPV is a strong yellow-orange in colour. Images are made of the PPV on various 

substrates after annealing using a length calibrated optical microscope (Zeiss Discovery 

V20 SteREO Optical stereo microscope with Axiocam MR3 digital camera) and some 

typical images are shown in Figure 7-3 where A is deposition from a contact angle 

measurement on an AAO substrate and B is deposition onto an ITO slide. Figure 7-3 C and
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D are higher magnification images of the centre of PPV depositions on ITO annealing in a 

vacuum for 1 hour at 300°C and in Ar at 150°C for 2 hours respectively.

Figure 7-3 Images of PPV deposited onto A AAO and B ITO. C and D higher magnification images of the 

centre region of films deposited on ITO

In Figure 7-3A and B, several different phases can be observed in the deposited films. 

Firstly a thick ring can be observed around the edge of the deposition. Further in and over 

the majority of the film, the film appears to be smooth with few impurities visible at low 

magnification. Finally, in a circular area near the centre of the film, the film gets darker 

again in colour with interference fringes clearly visible. Looking more closely at the 

centre region on two different films in Figure 7-3C and D, rod-like or fem-like structures 

are visible. These structures are very similar to those observed by Herold et al. who 

identified the crystals using energy-dispersive X-ray analysis (EDX) as dendrites of InCla 

crystals in contact with water. It is believed that the InCla is formed in a reaction between 

the ITO and the Cl leaving group during the annealing of the precursor and reacts with 

water vapour to form the crystals. This build-up of Cl during the annealing was found to 

lead to unstable formation of PPV and PPV diodes based on ITO are found to be less stable 

than similar devices on Fluorine-Tin-Oxide (FTO) substrates.
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7.2.1.2 Profilometry

Just as in the case of PPy, the polymer film thickness and roughness are measured by 

means of profileometry. Figure 7-4 shows two typical side profiles for PPV deposited on 

ITO and annealed at 300°C.

Ec
O)

'O)

X

It is clear from the curves that the visible ring around the edge of the samples in Figure 7-3 
A and B arise from a ‘coffee-ring’ drying effect^ more than likely caused by the drying of 

the precursor solution. However, it is also apparent that a large proportion of PPV is still 

deposited on across the whole substrate with an average thickness of 420 ± 20 nm. Curve 

B is measured across the centre region discussed previously and it is clear from the profile 

curve that this region containing the InCla rods / ferns observed in Figure 7-3C and D is 

very different to the rest of the film.

7.2.1.3 SEM

The PPV samples are also characterised using SEM. Just as for the PPy samples, the 

Hitachi S-4300, Zeiss Ultra and Zeiss Supra are used. Figure 7-5 shows SEMs of PPV

deposited on ITO and also an Anodise filter membrane. Figure 7-5A and B are taken using
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the secondary electron detector and show the rod-like InCb structures in the centre of the 

film as observed in Figure 7-3C and D and a higher magnification image of the film away 

from the centre. The large white regions in Figure 7-5A are A1 electrodes. From the 

images it is apparent that the film is quite featureless apart from the centre region. The 

white patches visible in Figure 7-5B are also believed to be InCb crystals caused by 

reactions between ITO and the Cl leaving group from the precursor.

Figure 7-5 A-C SEMs of PPV deposited on ITO. D SEM of PPV deposited on an Anodise filter membrane. 

Scales bars are 200 gm, 3 gm, 10 gm and 5 gm for images A-D respectively

Figure 7-5C shows the edge of the film taken using the In-lens detector. The bright region 

in the top left is the ITO substrate and the dark region, the coffee stain rim of the polymer 

deposition. The In-lens detector is more sensitive to surface states than the secondary 

electron detector and the difference in contrast between the rim and the main region of the 

film is due to the change in thickness and conductivity of the two regions.

Figure 7-5D shows PPV deposited onto the surface of an Anodise filter membrane and 

annealed at 300°C in a vacuum for 1 hour. It is clear that the structure of the PPV on the 

membrane is very different to that on ITO. The film is very patchy and fibres of PPV are 

clearly visible in the patches. Where thicker layers of PPV are deposited, the polymer 

appears much flatter and similar to the deposits on ITO.
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Figure 7-6 SEM of PPV removed from Anodise substrate and deposited on Si. A taken using In-lens 

detector; B taken with Secondary electron detector. Scale bar is 10 |im

In Figure 7-6, PPV deposited on an Anodise substrate is removed by dissolving the 

alumina with 0.5 M NaOH solution and depositing the PPV on silieon. Figure 7-6A and B 

images the PPV using the in-lens and secondary electron (SE2) detectors respectively. The 

in-lens detector image is more sensitive to the surface of the sample and while a fem-like 

structure is observed, the in-lens image appears more flattened with what appears to be a 

flat film between the fingers of the fern. In the SE2 detector, this film is not observed and 

the ferns are more structured. It is believed that the ferns are due to the PPV partially 

entering into the pores of the Anodise membrane and the flat film being the reverse of the 

polymer film imaged on the surface of the membrane in Figure 7-5D. Further 

investigations into this have not been carried out as further investigations were only made 

using ITO and other conductive substrates for electrical and optical characterisation of 

PPV.

7.2.2 Spectroscopy

7.2.2.1 Raman Spectroscopy

Similar to PPy, Raman spectroscopy is used to help identify and characterise PPV as it has 

a strong Raman signal which is well identified. The Raman spectrum of the precursor 

polymer is also quite well understood and differs considerably from that of PPV. Typical 

PPV and precursor spectra are plotted in Figure 7-7. Both spectra are normalised with 

respect to the large peak at 1590 cm ’. It should be noted that the Raman spectra of the 
precursor is much weaker than that of PPV with the intensity of the peak at 1590 cm ' 

approximately 60 times less than the equivalent precursor peak before normalising was 

carried out.
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- PPV Precursor spectrum 
-Typical PPV spectrum

X In-phase C-H out of plane wag of Vinyl group 
A C-C stretching & C-H bending of Phenyl ring 
^ C=C stretching & C-H bending of Vinyl group 
A not attributed to fundamental vibrations 
★ C=C stretching of Phenyl ring 
^ C-C stretching of Phenyl ring 

C=C stretching of Vinyl group

+ C=C asymmetric stretching in Thiophenes 
CH symmetric rock in THT

Figure 7-7 Normalised Raman spectra of the PPV precursor and of PPV using 633 nm laser excitation. 

Curves are offset for clarity

As can be seen from Figure 7-7 the majority of the peaks in the PPV spectrum have been 

identified and are assigned to specific vibrations / transitions. The large peak at 1170 cm ' 

is assigned to C-C stretching and C-H bending in the phenyl ring and the peak at 1330 cm ' 

to C=C and C-H bending of the phenyl ring. The two peaks at 1550 and 1625 cm ' are 

assigned to C=C stretching of the phenyl ring and vinyl group respectively and the large 
peak already mentioned at 1590 cm ' is assigned to C-C stretching of the phenyl ring'’. The 

small peak at 966 cm ' in the spectra is assigned to an in-phase C-H out of plane wag in the 

vinyl group. This transition is normally a Raman forbidden vibration and should only be 

observed in the IR spectrum but is often observed as a Raman active band in PPV spectra 

as a result of the non-planarity of the vinyl group^'^. The distinct peak at 1420 cm ' has not 

been identified as resulting from any fundamental vibration^. The final peak observed in 

the spectrum is a small peak (on the shoulder of the 1330 cm ' peak) at 1300 cm ' which is 

assigned to C-H in-plane bending on the vinyl group^. The Raman spectrum of PPV was 

not altered by the preparation conditions of the polymer apart from the overall intensities 

of the peaks. The relative intensities and peak positions in the spectrum were not altered 

by the annealing temperature or annealing time and also were not affected by whether the 

polymer was annealed in a vacuum or in argon.

As can be seen from the precursor spectrum in Figure 7-7, several differenees are apparent 

between it and the PPV spectrum. The peaks present at similar frequencies to those 

observed in the PPV spectrum are assigned to the same vibrational bands. The main
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difference in the relative peak intensities (compared to the 1590 cm" band) is that the 

intensity of the C=C vinyl ring stretching is enhanced and the C=C phenyl ring stretching 

is diminished. A small red shift is also observed in the C-C phenyl ring stretching at 

1590 cm"'. Two additional peaks are observed in the precursor spectrum that are not 

present in PPV and both are related to the tetrahydrothiophenium (THT) leaving group. 

The peaks at 880 and 1510 cm" have been assigned to CH2 asymmetric rocking in THT 
and C=C asymmetric stretching in thiophenes^’which the THT molecule is based on.

As mentioned already, no apparent trends or changes were observed in the Raman 

spectrum of PPV as the annealing conditions were altered. The only exception to this is an 

overall increase in peak intensities observed as the annealing temperature was increased as 

shown in Figure 7-8. A small red shift is also observed in the spectra of the 400°C 

spectrum but this is not replicated in other spectra. It is possible that the increase in overall 

intensity is related to the surface roughness of the polymer although no measurements on 

the surface roughness were made and observed profilometry curves do not show any 

visible differences in surface roughnesses for the different annealing conditions.

^50’C

Figure 7-8 Raman spectra of PPV annealed in vacuum at four different temperatures. Note, the peaks 

between 1200 and 1500 cm ' have been omitted for clarity.
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Figure 7-9A and B shows similar spectra to those in Figure 7-7 and Figure 7-8 comparing 

annealing conditions in vacuum and in an Ar atmosphere. In Figure 7-9A, again it is clear 

that the PPV spectra are not greatly altered by the annealing conditions. In comparison to 

the precursor spectrum, the peaks at 1174, 1550, 1586 and 1625 cm"' are all slightly 

redshifted. Similar changes in the C=C bands between the precursor and PPV are observed 

as in Figure 7-7. Quite a wide variance in the overall Raman intensities are visible in 

Figure 7-9B with the samples annealed in vacuum at 150°C and in Ar at 300°C showing 

the highest intensities. The peaks from these samples are also slightly red shifted 

compared to the samples annealed in Ar at 150°C and in vacuum at 300°C. Similar to the 

measured Raman spectra observed for PPy in Section 5.3.1 it is likely that these shifts are 

as a result of changes in the oxidation state of the polymer due to the different annealing 

conditions.

- Precursor
- ISO^C vac 
-150°C Ar

“ SOO^C vac 
" 300°C At

Figure 7-9 Raman spectra of PPV annealed in vacuum and in air. A Normalised spectra offset for clarity. B 

Abbreviated spectra showing absolute intensities

7.2.2.2 UV-Vis Absorption Spectroscopy

The PPV that is annealed on optically transparent substrates are also characterised by 

means of UV-Vis absorption spectroscopy. The absorption spectra are measured using a 

Varian Cary 6000i spectrophotometer in double beam mode with a similar substrate used 

for background subtraction. Figure 7-10 shows typical spectra for PPV annealed in 

vacuum and also in an Ar atmosphere on ITO. PPV absorbs strongly in the UV-violet-blue 

region and a maximum absorption is found between 400 and 410 nm. Also plotted is the 

absorption spectrum of the precursor, deposited onto ITO and allowed to dry. The
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precursor has a weaker absorption spectrum with its main peak in the UV at 330 nm and as 

such is more transparent in colour. In all the spectra plotted in Figure 7-10, the samples 

are deposited on ITO / glass which absorbs strongly in the UV and as such it is difficult to 

measure the absorption of the PPV at wavelengths less than 300 nm. PPV is also dropped 

onto quartz and Pyrex substrates and annealed at 150°C in Ar. The absorption spectra are 

shown in Figure 7-11. Smaller amounts of precursor are deposited on these substrates and 

as a result the absorbance is less. In addition, it is possible to measure the absorbance of 

wavelengths down to 200 nm. Just as for the absorption spectra on ITO and glass, an 

absorption maximum is observed at -400 nm.

■ Precursor
Annealed in vac, 300‘C

■Annealed in Ar, ISO'C 
•Annealed in vac, 400*0

3.5
Photon Energy (eV)

3 2.5

Figure 7-10 UV-Vis absorption spectra of PPV on ITO substrates annealed with differing conditions. Also 

plotted is the spectrum for the PPV precursor
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Figure 7-11 UV-Vis absorption spectra of PPV annealed on quartz and Pyrex substrates at 150°C in Ar

Similar to the measurements made with PPy, it is possible to measure the optical band gap 

of PPV using the UV-Vis absorption measurements and the PPV film thicknesses as 

measured in 7.2.1.2. Similar to PPy, PPV is a direct bandgap semiconductor and therefore 

equations (5-1) and (5-2) can be used to calculate the band gap. Figure 7-12 shows the plot 

of (ahv)^ versus the photon energy (hv) for the UV data of the sample annealed in Ar from 

Figure 7-10. The band gap energy in this case is calculated to be 2.60 eV. As the UV 

spectra do not vary greatly (apart from overall absorbance values), as expected, the band 

gap energy is not greatly altered by changes in the PPV production conditions; which 

include annealing temperature, annealing time, annealing atmosphere and choice of 

substrate. The average value for Eg was calculated to be 2.52 ± 0.04 eV. This value 

compares well with literature values for the optical band gap of PPV which are between 

2.5 and 2.7 eV"’ and also compare well with calculated values of the electronic band gap 

of PPV which are between 2.5 and 3.6 eV"’

7-12



500
Wavelength (nm)
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Photon Energy (eV)

Figure 7-12 (ochv)^ versus the photon energy (hv) calculated from the UV-Vis spectrum of the sample 

annealed in Ar from Figure 7-10. The dotted line is the straight line fit to the optical absorption edge and the 

intercept of the fit with the x axis gives the optical band gap energy according to Equation (5-1)

The absorption spectrum of PPV is measured into the infra-red and a typical spectrum is 

shown in Figure 7-13. In a difference to the absorption spectrum of PPy as discussed in 

Section 5.3.3, no absorption peaks are observed at higher wavelengths than the initial band 

resulting from transitions between the valence and conduction bands of the PPV. This is as 

expected as the PPV formed via the Wesseling Precursor process is expected to be 

undoped and as such, should not have mid bandgap states arising from dopants and the 

associated transitions at lower energies
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Figure 7-13 Typical UV-Vis-NIR absorption spectrum of PPV measured between 300 and 1600 nm 

7.2.2.3 Photoluminescence Spectroscopy

PL spectroscopy has also been used to characterise the PPV. The luminescence of PPV is 
well known and much research has been done on it since the 1980s, generally led by the 

groups of Bradley and Friend in the University of Cambridge'^ ’’. PL emission 

spectroscopy is measured on a range of samples annealed with varying conditions similar 

to those discussed in earlier sections using a Perkin-Elmer LS55 spectrometer. In all cases, 

the sample is excited with light with a wavelength corresponding to an absorption 

maximum. Excitation wavelengths between 360 and 440 nm are used as shown in Figure 

7-14 where the strongest PL emission is found for an excitation wavelength of 400 nm.

7-14



■X =400nmex

■X =360nmex

■X =420nm
■X =380nmex

■X =440nm

=)<
V)c
(U

Wavelength (nm)

Figure 7-14 PL emission spectra of PPV excited at different wavelengths. Inset is the measured peak 

intensities plotted versus the excitation wavelength

The PL of PPV prepared with a range of different annealing conditions is shown in Figure 

7-15. In all cases, the excitation wavelength was 400 nm. Also shown is the PL arising 
from the precursor. The precursor absorption maximum was shown in section 1.2.2.2 to be 

at 330 nm rather than at 400 nm, but the PL spectra of the precursor is not found to differ 

between exciting at either of these wavelengths. The precursor emits strongly with a peak 

maximum at 476 nm. In the measurement of the emission spectrum in Figure 7-15, a 50% 

neutral density filter is used meaning that the actual emission of the precursor is 

approximately 3 times that of the PPV also graphed in Figure 7-15.
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150°C vac 
150°C Ar

300°C vac 
300°C Ar
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Figure 7-15 PL emission spectra of PPV prepared with four different annealing conditions. Also shown is 

the PL from the precursor plotted on a different intensity scale. Note, a 50% neutral density filter is placed in 

the emission beam path of the precursor only

The measured emission spectra of PPV shown are different to that of the precursor. The 

shapes and peak positions for the different annealing conditions are similar, just the overall 

intensity differs. A peak maximum is observed at 543 nm approx, with what appears to be 

a shoulder either side of the peak. The main peak of the PPV sample annealed in Ar at 

150°C is slightly blue shifted with a maximum peak wavelength of 534 nm. This PPV 

sample was found to have the highest PL emission of the samples graphed in Figure 7-15 

with the sample annealed in vacuum at 300°C measuring the second highest emission. 

This is the opposite of the Raman intensities measured on the same samples and shown in 

Figure 7-9B. In general it was found that a larger emission was obtained from samples 

annealed in Ar at 150°C than in vacuum at 300°C.

7.2.2.4 Electroluminescence Spectroscopy

Since the discovery of EL in PPV by Burroughes et al. in 1990, much research has been 

carried out into the electroluminescence properties of PPV and other related structures . 

The samples already discussed in previous sections of this chapter that are deposited on 

ITO substrates have Al electrodes thermally evaporated onto the top surface of the PPV
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films to form Al-PPV-ITO devices similar to the Al-PPy-lTO devices discussed in 0. A 

potential is applied between the A1 and the ITO substrate using the same experimental 

setup as those used for the PPy devices. Just as for the PPy devices, A1 acts as the cathode 

for all measurements. The IV characteristics will be discussed in a later section as in this 

section we are more interested in any light that is emitted from the polymer. The emitted 

light that is emitted through the rear of the ITO anode is collected using an Andor Solis 

intensified CCD camera coupled with an Oriel spectrometer with a diffraction grating 

containing 400 lines mm '. The spectrometer is cooled to -60°C before measurements 

were taken and a slit width of 25 pm used to collect the light to improve the resolution of 

the collected spectra. Measurements are taken both in air and in a reduced pressure of 

~3 mbar (vacuum). In all cases, the eollected luminescence spectra are corrected for 

background light.

Figure 7-16 Measured luminance spectra as the voltage is ramped between 0 and 20 V and between 0 and 

30 V in air. A shows the IV characteristics and B shows the measured EL spectra

Figure 7-16B shows the measured luminance spectra measured as a potential was ramped 

from 0-20 and 0-30 V in air across an Al-PPV-lTO device with the A1 acting as the 

cathode. The measured IV characteristics are shown in Figure 7-16B. In this measurement, 

light emission is observed after a potential of about 15 V is applied with a peak emission 

wavelength measured at 600 nm. In general the EL emission varies with the different 

annealing conditions with peak wavelengths between 540 and 600 nm observed. The IV 

characteristics of the device are discussed in a later section and all further measurements of 

EL involve the application of constant potentials to the devices to measure the EL spectra.

Figure 7-17A shows the measured EL speetra obtained by applying constant potentials in 

air to Al-PPV-ITO devices where the PPV is either annealed in vacuum at 300°C or in Ar
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at 150°C. All spectra are obtained by applying the potential for 57 s. As expected, the 

peak intensities increase with applied potential with the sample annealed in Ar showing 

much higher light output than the sample annealed in vacuum. The maximum peak 

wavelengths were measured to be between 560 and 590 nm. Inset in Figure 7-17A is a 

photo of the light emission from the sample annealed in Ar through the ITO layer. The 

size of the emitting area is approximately the size of the A1 cathode which is 2 mm by 

4 mm. Several dark regions are visible in the emitting area where no light is being emitted. 

This is common in OLEDs and is usually explained as being a result of impurities in the 

polymer, possibly as a result of oxidation arising from the A1 electrode or else from 

reactions occurring between the ITO substrate and the PPV as previously mentioned.

-150T: Ar 
-SOOC vac

-10V 
-15V 
-20 V

- Peak Wavelength 300*0 vac
- Peak Wavelength 1501C Ar

-Peak Intensity 300*0 vac 
-Peak Intensity 150*0 Ar

Figure 7-17 A measured luminance spectra as constant potentials are applied to Al-PPV-ITO devices where 

the PPV is annealed in two different sets of conditions. B Variance of peak intensities (solid data points) and 

wavelengths (open data points) with applied potential. Inset in A is a photo of the emitted light. The 

dimensions of the emission are 2 mm by 4 mm approx.

Figure 7-17B shows the variance of the emitted peak wavelengths and intensities with 

applied potential. As was already seen in Figure 7-17A, the peak intensity increases with 

applied potential. This was seen for both samples plotted but the rate of increase in 

intensity for the PPV annealed in Ar is greater. More surprising is the change in peak 

wavelength for the two samples as the applied potential is varied. While the peak position 

varies by less than 10 nm for the sample annealed in vacuum at 300°C, a much larger blue 

shift of up to 30 nm is observed as the applied potential varies from 10 to 20 V. This shift 

is explained in more detail in the next section.

Looking again at the change in peak intensity with varying applied potentials. Figure

7-18A shows the data obtained for 5 different Al-PPV-ITO devices where the PPV is

annealed in Ar at 150°C. Most of the devices were measured in air but the one device
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measured in vacuum (red data points) showed similar characteristics. Similar increases in 

intensity with applied potential were observed to the curves previously shown in Figure 

7-17B.

4.0x10'® S.OxlO*® 1.2x10“* 
Measured Current (Amps)

l.exiO'^

Figure 7-18 Peak Intensity plotted against A Applied Potential and B Current for 5 different samples 

measured in air and in one case in vacuum

The average current passing through the devices for each applied potential was measured 

and the intensities are plotted against these in Figure 7-17B. The curves are approximately 

linear and as the amount of charge transferred and hence the number of charge carriers is 

related to the current, this indicates that that a linear relationship exists between the 

number of charge carriers and the measured light output. This is commonly seen in OLED 

devices and is an indication that the efficiency of the device is constant with changing 
applied potentials'^’^®. Often non-linear relationships are observed as a result of exciton- 

exciton and exciton-polaron annihilation.

1.22.5 Comparing Photoluminescence and Electroluminescence

Plotting the measured PL and EL for the same sample, as for example shown in Figure 

7-19 shows that a large shift in peak positions are observed between the two luminescence 

types. The PL and EL peak maximums are observed at 544 and 580 nm respectively. 

While the PL and EL spectra are measured from different sides of the PPV film (with the 

EL emission measured through the ITO substrate), this is not the reason for the shift. PL 

emission from PPV is not shifted in wavelength when measured through the ITO substrate. 

Typical measured spectra are given in Appendix D. Generally, the PL and EL for PPV and 
PPV based OLEDs have similar peak positions^but on occasion, the EL peak is red- 

shifted with respect to the PL peak^"*’ as is the case for the PPV prepared during the
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course of this research and shown in the data in Figure 7-19. In fact, plotting the same data 

in terms of emission energy rather than in terms of wavelength as shown in Figure 7-20 a 

gap of 0.15 eV is observed between the two emission spectra. A similar energy gap is 

observed for OLEDs based on polyO^-pyridine) based OLEDs but in this case, the PL is 

red-shifted with respect to the EL. In general OLEDs based on PPV based derivatives 

show red-shifts in the EL with respect to the PL if any shift is observed while OLEDs 

based on other conducting polymers show blue-shifts. When discussing OLEDs based on 
conjugated small molecules (SMOLEDs), both blue-shifts^^ and red-shifts^^ have been 

observed.

Photoluminescence = 400nm) 
Electroluminescence

c3o
(J

V)c
0)c
_l
LU

Wavelength (nm)

Figure 7-19 Measured EL and PL spectra for an Al-PPV-ITO device measured in air. The PPV is annealed 

at 150°C in Ar
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Figure 7-20 Same data plotted in Figure 7-19 plotted in terms of emission energy instead of emission 

wavelength

Luminance in OLEDs is a result of electrons and holes recombining where the energy 

released is in the form of light. The electron and hole pair can be treated as being attracted 

to each other forming a bound state that is known as an exciton. Two main types of 

excitons exist, Wannier-Mott excitons and Frenkel excitons. Wannier-Mott excitons are 

mainly found in semiconductors where the electron and hole are only loosely bound and as 

such can easily become delocalised and free to move through the material. Frenkel 

excitons on the other hand are generally found in insulators and molecular crystals and the 

electron and hole are much tighter bound, are highly localised and move through the 

material by hopping from one atom site to another. The binding energies of the two types 
of excitons have binding energies of ~0.01 eV and 0.1-1 eV respectively^*. Excitons in 

conducting polymers are not as well understood. Estimates on the binding energies of such 

excitons have been estimated between 0.1 and 1 eV from various experimental methods 
including photoconductivity, charge injection methods and STM^^’ In fact it is now 

understood that in chains of conducting polymers which can be loosely considered 

1-dimensional semiconductors, both Wannier-Mott and Frenkel excitons are found to be

present. These are known collectively as intra-chain excitons as both the electron and hole
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are present on the same polymer chain. For emission from polymer thin films, often 

electrons and holes from neighbouring chains can become bound by Coulombic attractions 

to form inter-chain excitons . This happens as a result of the entanglement of polymer 

chains in bulk films.

Based on this, it is expected that luminance measured from PPV devices, for example as 

shown in Figure 7-20 is comprised of recombinations of excitons with a range of binding 

energies. As shown in Figure 7-21, both the PL and EL data can be broken up into 2 

separate Gaussian peaks centred on 2.15 and 2.30 eV approximately. These peaks are 

assigned as arising from inter-chain exciton recombination and intra-chain exciton 

recombination respectively and can be explained as follows.

Both the PL and EL arise from a recombination of intra- and inter-band excitons. In 

addition, a small contribution can be assigned to band-to-band electron-hole recombination 

with energy of ~2.4 eV ’ which is not observed in the data plotted in Figure 7-21. In the 

photoluminescence case, intra-chain excitons can either recombine giving rise to 

photoluminescence or else can dissociate into free electrons and holes. These electrons 

and holes can diffuse throughout the polymer, jumping between different polymer chain, 

forming inter-chain excitons that also recombine to give out light. For steady state PL 

measurements, it is expected that the intra- and inter-chain contributions to the overall PL 

should be comparable which is the case in Figure 7-21A where the ratio between the two 

fitted peaks is 0.92. In the EL spectrum, free electrons and holes are injected at opposite 

electrodes of the device. They diffuse through the polymer and eventually meet and 

combine giving out light. In this case however, the overwhelming majority of the 

luminescence should result from inter-chain exciton recombination and in the EL data in
■7 1

Figure 7-2IB, the inter- / intra-chain ratio is measured to be 2.65 .
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Figure 7-21 A PL and B EL data fitted for intra-chain and inter-chain excitons. Symbols represent the 

measured data and the green and magenta curves are the inter-chain and intra-chain luminescence curves 

respectively

Photoluminescence Electroluminescence
Inter-chain Intra-chain Inter-chain Intra-chain

Peak position 2.145 2.306 2.159 2.298
_____ (eV)_____

Peak area 18.33 19.87 2024.33 764.71
Inter / Intra 

ratio
0.92 2.65

Table 7-1 Calculated parameters for the inter-chain and intra-chain fitting of the PL and EL curves from 

Figure 7-21

Measurements are made on a similar device as already discussed but with a measured 

polymer film thickness of 1.1 pm compared to 1.3 pm. Figure 7-22 shows the PL and EL 

measurements and the associated curve fitting. In this device, the PL spectrum is fitted to 

three peaks; arising from inter-chain exciton recombination, intra-chain exciton 

recombination and band-to-band transitions. The band-to-band peak is observed at an 
energy of 2.44 eV which compares well to the established bandgap value for PPV^^’ 

The EL spectrum is only assigned to inter-chain exciton recombination and no peak is 

observed at an energy of ~2.3 eV for intra-chain recombination. The inter-chain peak 

position is also blue-shifted by about 0.05 eV for both the EL and PL spectra compared to 

the previous device. This value is small (equivalent to 13 nm wavelength shift) compared 

to the overall peak energy and as such does not suggest any significant differences between 

the two samples. The calculated parameters for the PL and EL curve fitting are shown in 

Table 7-2 and again the amount of luminescence from inter-chain and intra-chain excitons 

are similar.
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Photoluminescence Electroluminescence

Inter-chain Intra-chain Band-to-
Band Inter-chain Intra-chain

Peak
position 2.204 2.331 2.443 2.201 0

JeV)________
Peak area 44.086 38.482 15.635 2897 0
Inter / Intra 
ratio 1.15 -

Table 7-2 Calculated parameters for the inter-chain and intra-chain fitting of the PL and EL curves from 
Figure 7-22

X Photoluminescence = 400 nm) X Electroluminescence

Wavelength (nm)
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Figure 7-22 Measured PL and EL emission curves and the associated curve fitting for inter-chain, intra-chain 

and band-to-band transitions

Similar EL and PL spectra have been observed in other Al-PPV-ITO devices with the EL 

measured both in air and in vacuum. In many cases, an additional peak is observed at a 

lower energy (-2.05 eV) usually as a shoulder to the inter-chain emission peak. This peak 
is identified in many publications measuring emission in PPV, for example Brabec et al.^"* 

but is often not discussed. In our devices, the size of the peak is always smaller than the 

peak assigned to inter-chain and intra-chain exciton recombination. It is possible that this 

curve arises from dopants / impurities in the PPV or else is simply a tail in the emission 

spectra as both the EL and PL spectra are always measured from low wavelength to higher 

wavelength. However Bakueva et al. explains the band as arising from a transition from 
the singlet excited n=0 energy state to the n=2 ground state energy^^. Surprisingly, the
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ratios of inter-chain to intra-chain luminescences are similar in both the PL and EL 

measurements with the emission arising mainly from intra-chain exciton emission. Figure 

7-23 shows typical PL and EL spectra with the fitted peak parameters given in Table 7-3.

700 650
Wavelength (nm) 

600 550 500 700 650
Wavelength (nm) 

600 550 500

Figure 7-23 Measured PL (blue) and EL (red) emission curves and the associated curve fitting for inter-chain, 
intra-chain and a low energy peak centred at ~2.05 eV

Photoluminescence Electroluminescence
Inter-chain Intra-chain Inter-chain Intra-chain

Peak position 2.08 2.22 2.34 2.08 2.22 2.34
(eV)

Peak area 113.4 160.2 240.1 5.46 10.2 14.8
Inter / Intra ratio 0.666 0.688

Table 7-3 Calculated parameters for the inter-chain and intra-chain fitting of the PL and EL curves from 

Figure 7-23

The inter-chain / intra-chain ratios are calculated for the PL spectra plotted in Figure 7-15 

where the annealing conditions are altered and the calculated values are given in Table 7-4. 

Very different values are obtained for the four spectra with the PPV annealed in vacuum 

showing a larger component arising from intra-chain exciton recombination while the 

polymer annealing in Ar shows a larger component arising from inter-chain recombination. 

In addition, the samples annealed in vacuum also contain a low energy peak at about 

2.05 eV, similar to that observed in Figure 7-23. This peak is not observed in the spectra 

from Ar annealed spectra but instead a significant band is observed at 2.45 eV which is 

assigned to band-to-band transitions.
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Annealing Conditions Inter- / Intra- ratio
15053 vacuum 0.51
30053 vacuum 0.24
15053 Ar 1.16
30053 Ar 1.34
Table 7-4 Calculated inter-chain / intra-chain PL emission ratios for the four PL spectra plotted in Figure 

7-15

Similar peak fitting has been made on the EL spectra plotted in Figure 7-17A and the 

calculated values given in Table 7-5. In most cases, a peak is observed at low energies 

(~2 eV) similar to previous EL and PL spectra. A small band-to-band peak is also 

observed in one measurement also. Several differences are observed in the ratio of inter

chain exciton recombination to intra-chain exciton recombination. In the devices where 

the PPV is annealed in vacuum at 300°C, initially no intra-chain recombination peak is 

observed until 20 V is applied across the device to obtain emission. In the case of the PPV 

annealed at I50°C in Ar, very different behaviour is obtained. For low applied potentials, 

only a small intra-chain exciton peak is observed and most of the emission is assigned to 

inter-chain exciton recombination as expected. As the applied potential is increased, the 

relative size of the intra-chain exciton recombination peak increases and the inter-chain / 

intra-chain ratio decreases until the size of the two peaks are almost equal for the measured 

spectrum for 20 V applied potential. This is the reason for the large blue shift observed for 

the overall emitted peak intensity as previously observed in Figure 7-17B.

Annealing Conditions Applied Potential Inter- / Intra- Ratio Other Peaks
30053 vacuum 15 V No intra- peak Large

peak
low energy

Small band-to-band
peak

30053 vacuum 20 V 11.6 Large
peak

low energy

15053 Ar 10 V 19.8 -

15053 Ar 15 V 4.65 Large
peak

low energy

15053 Ar 20 V 1.10 Large
peak

low energy

Table 7-5 Calculated inter-chain / intra-chain EL emission ratios for the spectra plotted in Figure 7-17A

7.2.3 Electrical Characteristics of Al-PPV-ITO Junctions

As well as applying potentials across Al-PPV-ITO devices to measure the emitted light, the 

IV characteristics of the devices are also characterised similar to the Al-PPy-ITO devices 

previously discussed. Figure 7-24 shows typieal IV measurements for two devices
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measured in air where the annealing conditions of the PPV are altered. Just as for the PPy 

junctions, ITO acts as the anode and A1 as the cathode for forward bias. Very non-linear 

IV characteristics are observed for both devices with calculated rectification ratios, (RR) of 

up to 5 measured for the device annealed in vacuum and up to 60 for the device annealed 

in Ar. The average values calculated are 3 ± 1 and 30± 10 respectively. The device 

annealed in air shows higher conductivity but also a much larger reverse bias current. An 

interesting feature is observed for the device annealed in Ar where a current anomaly is 

observed at about 2 V in the forward direction. A similar ‘bump’ is observed in the reverse 

bias curve for the device annealed in vacuum. These anomalies, or areas of negative 

differential resistance (NDR) are observed in many metal-conductive polymer junctions^ ’̂
37 and for PPV based devices are usually related to the presence of oxygen dopants38,39 It

is often observed that devices do not emit light until potentials are applied greater than that 

at which the anomaly occurs.

•Annealed at 300°C in Vacuum

-8 -4-2 0 2
Potential (Volts)

Figure 7-24 Measured IV characteristics in air of Al-PPV-ITO devices where the PPV is annealed in vacuum 

at 300°C and in Ar at 150°C. Inset is the same data plotted in semi-log format

Similar to the Al-PPy-ITO devices, the forward bias characteristics are calculated for Al- 

PPV-ITO devices assuming the model of thermionic emission. Similar values were 

calculated for devices annealed both in Ar and in vacuum for the diode quality factor n, the
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reverse bias saturation current density Jo and the barrier height ^ and no significant 

difference in values were observed for measuring the IV characteristics in air or in vacuum. 

Table 7-6 shows the typical diode eharacteristics measured from the low applied bias in the 

forward direction. In general, samples where the PPV is annealed in Ar give better 

characteristics.

300'C vacuum 15013 Ar 150'C Ar (thicker PPV)

n 5-12 4-10 4-6
Jo (A cm'^) 10-^- 10'® 10-”- 10'^® 10'®- 10'^^
<^b(eV) 0.6-0.9 0.6- 1.2 0.6- 1.0
RR 1 -10 5-300 1-3
Table 7-6 Typical diode characteristics calculated for Al-PPV-lTO devices

The overall eonductivity of the devices is very dependent on the thickness of the PPV layer. 

The PPV thicknesses of the two devices plotted in Figure 7-24 are 350 ± 60 nm and 

440 ± 60 nm for the sample annealed in vacuum and in Ar respectively. Figure 7-25 shows 

the measured IV eharacteristics of a device similar to the one shown in Figure 7-24 

annealed in Ar but with a PPV thiekness of 3 ± 1 |im. The measured characteristics are 

very different to those observed previously. Firstly, from the inset plot it is clear that 

similar to some of the Al-PPy-ITO curves diseussed in 0, the current minimum is not 

centred at the potential minimum. This is observed for many of the IV curves with the 
minimum observed on both sides of the potential origin. As a result, no definitive 

eonclusion can be drawn from this except to assume that the low mobility’s of charge 

earriers are responsible for the phenomenon. The observed forward bias curve is lower in 

eonductivity by about one order of magnitude compared to the equivalent curve from 

Figure 7-24 (dashed line in inset data in Figure 7-25) and no current anomaly is observed. 

The reverse bias IV curve is also larger than the equivalent for the thinner device.

Similar forward bias IV characteristics are caleulated for the devices containing PPV layers 

of between 1 and 5 (xm thiekness, as are calculated for the thinner layers and typical values 

are given in Table 7-6. For example, the values of n, Jo and ^ calculated for the curve 

shown in Figure 7-25 are 5.7 ±0.5, (3.72 ± 0.07) x 10'^ A cm"^ and 0.78 ± 0.01 eV 

respectively which compare well with the previous values calculated. In general it was 

found that the thicker PPV diodes gave better quality factors but much poorer rectification 

ratios. For all devices, the calculated values of n are much larger than ideality. This is a 

result of the large tum-on potentials observed in the deviees with values of between 1 and
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5 V measured. In general, when no current anomaly is observed, the tum-on potentials are 

measured as being between 2 and 3.5 V and no distinctions can be made between devices 

containing different thicknesses of PPV.

Potential (Volts)

Figure 7-25 Measured IV eharacteristies of an Al-PPV-ITO device. Inset is the same data plotted in semi

log form. The dashed curve is the equivalent device IV from Figure 7-24

The higher potential IV characteristics of Al-PPV-ITO devices are harder to explain. 

Neither Fowler-Nordheim tunnelling or Poole-Frenkel emission can be used to describe the 

conduction mechanisms as equations (2-24) and (2-26) do not fit the fV data well. The 

forward bias conduction mechanisms are well fitted by space-charge limited conduction, 

both with and without the presence of traps as slopes of between 2 and 3.5 are measured 

for higher bias InJ - InV plots. In several cases, slopes of between 1.8 and 2.0 are 

measured. These can also be described in terms of SCLC-based conduction as described 

by Kumar et al."**^’ who take account of non-zero injection Schottky barriers in OLED 

based devices to explain such slopes in high bias In-ln plots. In this case, the free charge 

carrier concentration cannot be neglected as is the case for conduction obeying the Mott- 

Gumey law (Section 2.3.2.1). Including these carriers, the free charges will always act as 

to empty any traps present at the interface and it is predicted that the traps will never be 

completely filled. Then no matter the injected charge carrier density, the IV characteristics
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will always tend towards Ohm’s law at high applied potentials. This is a possible 

explanation for our measured devices where the In-ln slope is measured as being between 1 

and 2.

The reverse bias characteristics are easier to explain. In cases where a low reverse current 

density is observed (for example, thinner PPV layers annealed in Ar), Ohmic reverse bias 

characteristics are observed. Where a significant reverse bias current is observed, the 

current appears to be limited by SCLC.

One final set of fV measurements made on Al-PPV-ITO devices is shown in Figure 7-26 

where the IV characteristics of a device is measured in the dark and under illumination 

from two different LEDs that emit in the UV (490 and 502 nm). All measurements up to 

this point were made in the dark but as can clearly be seen when illuminating the device 

with UV-radiation, the forward bias conductivities are increased. In addition, the tum-on 

potential of the device is slightly reduced. Table 7-7 shows the calculated forward bias 

resistances and the tum-on potentials, (Fro), calculated from the linear forward bias regions 

of the curves. Both the resistance and Vjo are observed to decrease as the energy of the 

illumination increases. This result is an indication of a photodiode effect in the device 
similar to Karg et al.''^. Further investigations were not carried out in this due to time 

constraints.

7-30



Dark ■502 nm Illumination 
490 nm Illumination

Potential (Volts)

Figure 7-26 Measured IV characteristics of an Al-PPV-lTO device in the dark and under illumination from 

LEDs with peak wavelengths of 502 and 490 nm

R(MQ) Wo (V)
Dark 0.619 6.42
502 nm light 0.539 6.32
490 nm light 0.478 6.25
Table 7-7 Calculated resistances from the linear part of the forward bias curves and the calculated tum-on 

potential (l^ro) for Figure 7-26

7.3 Summary

PPV has successfully been deposited on a range of substrates including ITO, glass and 

AAO by thermal annealing of a water soluble precursor polymer. Annealing in different 

temperatures and also in a vacuum and in argon atmospheres was investigated. Raman 

spectroscopy showed no apparent changes in dopants states or oxidation states arising from 

the different preparation conditions. SEM and profilometry measurements showed a large 

coffee stain drying effect but the rest of the depositions were relatively flat (when 

deposited on flat substrates) apart from a small rippling effect and a large number of rod

like structures arranged in the middle of the polymer. All of these effects are assigned as 

being related to drying of the dropcast precursor solution before annealing. UV-Vis 

spectroscopy showed a strong absorption between 270 and 500 nm. The absorption spectra
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were used to calculate an optical bandgap value of 2.52 eV which compared well with 

literature values and did not vary with differing preparation conditions.

Light emission from the polymer was investigated by means of photoluminescence 

spectroscopy and electroluminescence spectroscopy and emission bands with maximums at 

~540 and -580 nm (= 2.28 and 2.14 eV) respectively. These bands are explained in terms 

of inter-band and intra-band exciton recombination with energies of 2.15 and 2.30 eV 

respectively. It is found that photoluminescence emission arises from both inter-chain and 

intra-chain exciton recombination whereas electroluminescence arises nearly completely 

from interchain exciton recombination. Electrical characterisation of Al-PPV-ITO devices 

show non-linear rectifying IV characteristics with better results obtained from PPV 

aimealed in Ar. Rectification ratios of up to 300 were obtained with diode ideality factors 

ranging between 4 and 12. The higher forward bias conduction is limited by space-charge 

limited conduction with a non-zero Schottky barrier for all cases. The reverse bias 

characteristics for devices with a low reverse current are Ohmic in nature whereas, when a 

larger current is measured, SCLC is the limiting factor.
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Chapter 8: Heterojunctions

A heterojunction is an interface between two different materials. Research is carried out 

into heterojunctions between polypyrrole (PPV) and poly(/>-phenylene vinylene) (poly(/?- 

phenylene vinylene)). Devices containing multiple layers are often found in OLED 

devices, to ensure that electron-hole recombination takes place in the emissive layer and to 
aid with electron and hole injection and blocking'. Materials such as Alq3® for example 

are often used to aid electron transport and also as an emitter in the green region of the 

electromagnetic spectrum . Alq3 is commonly used in PPV based OLEDs as PPV based 

materials are predominantly hole transport materials and Alq3 is an electron transport 
material^.

Both PPy and PPV are predominantly p-doped materials and as such are generally hole 

transporting materials. However, some investigations have been carried out into the use of 

PPy as active OLED devices. Park et al. used PPy as a hole transport layer in Alq3 based 

LEDs where is was found that the PPy reduced the tum-on voltage of the diodes'*. Gao et 
al. has used heavily doped PPy as a semi-transparent anode in MEH-PPV'’ based diodes 

with calcium cathodes and found similar characteristics to those using ITO as an anode^.

In this chapter, heterojunctions are prepared between PPV and PPy using ITO as the 

substrate. A full analysis and characterisation is carried out on the devices similar to that 

performed in Chapter 5 and Chapter 6.

8.1 Preparation of devices

Two different devices are prepared using PPy, PPV and ITO substrates. The same 

techniques are used as previously discussed to deposit the two polymer; namely 

electrodeposition for the PPy and thermal annealing from the THT precursor for the PPV. 

Initially, PPV is prepared on clean ITO and PPy electrodeposited onto the PPV surface. 

However, as shown in Figure 8-lA, it is clear that the PPy is only deposited on the centre 

region of the PPV film where the rod-like structures are observed. From this it is assumed 

that this region is more conductive than the bulk of the film. Figure 8-IB shows Raman 

spectra of the PPV film and also the black region where the PPy is deposited. Comparing

^ T ris(8-hydroxyquinolinato)aluminium

** Poly[2-methoxy,5-(2’-ethyl-hexyloxy)-l,4phenylene vinylene]
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the spectra to those already discussed in Sections 5.3.1 and 7.2.2.1 it can be confirmed that 

PPy is only present in the centre region. It is also noted that the PPV signal is much 

stronger than the PPy signal and as a result, the PPy signal is not as well defined.

-PPy
-PPV

Figure 8-1 A Optical microscope image of PPy-PPV deposited on ITO. Scale bar is 1 mm. B Raman 

spectra of the PPy and PPV regions of A.

Instead PPy is electrodeposited onto ITO as previously described before the PPV precursor 

is dropcast onto the PPy surface and the device annealed using similar conditions as for 

PPV thin films. In order to check that the PPy is not affected by heating to temperatures of 

between I50°C and 300°C, PPy films are also annealed without PPV precursor for similar 

periods of time. Raman spectroscopy, IV analysis and TGA data of Al-PPy-ITO junctions 

show no major differences between these devices and those previously discussed in 

Chapter 5 and Chapter 6. The Raman spectra of the films are similar to those measured in 

Section 5.3.1 and the measured IV curves show improvements compared to those 

measured in Section 6.1.1. The results relating to these devices are given in Appendix E.

8.2 Characterisation of Al-PPV-PPy-ITO devices

Figure 8-2A shows a schematic of the Al-PPV-PPy devices prepared using ITO as a 

substrate. As mentioned before, the heights of the films can be measured using a 

profilometer and a representative curve is shown in Figure 8-2B. The PPy film is observed 

to be very uneven with the folds and cracks very apparent in the film as were previously 

discussed in Section 5.3.2. A PPy film height of ~140 nm can be measured from the data. 

The PPV film is also clearly visible in the measured profile even with the PPy cracks and 

folds still very apparent. The sharp increase in film height caused by the coffee-ring
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drying effect is can be clearly seen between measured horizontal distances of between 2 

and 2.3 mm before the film appears to even out with a PPV film thickness of ~240 nm. A 

range of different film thicknesses for both PPy and PPV have been investigated depending 

on the PPy electropolymerisation voltage and time and the volume of PPV precursor 

deposited on the PPy.

Metal cathode

/
ITO anode

B

PPV layer

PPy layer

500 1000 1500 2000 2500 3000 3500 4000

Horizontal Distance (pm)

Figure 8-2 A Schematic of Al-PPV-PPy-ITO devices (not to scale), B Typical measured side profile of PPV- 

PPy-ITO using profilometer. The PPy is deposited using Oxalic acid electrolyte and the PPV annealed in Ar 

at 150°C

8.2.1 Morphology of PPV on PPy

8.2.1.1 Optical Microscope Images

Figure 8-3 shows images of two PPV-PPy depositions on ITO similar to PPV films imaged 

in Section 7.2.1.1. In Figure 8-3A, the PPV is clearly visible on the surface of the PPV. 

Also visible are 2 A1 electrodes used in electrically characterising the devices. The 

multitude of cracks and folds in the PPy can be clearly seen, even through the PPV in the 

centre of the structure. In Figure 8-3B, the PPy is deposited using LiClOa as an electrolyte 

and the PPy deposited is much thicker than the PPy layer in Figure 8-3 (~2 pm compared 

to ~300 nm). Again the cracking of the PPy is evident. The PPV in this sample is very 

different to the PPV in Figure 8-3A. It is a much duller colour and does not appear to 

fluoresce. In fact as shall be seen, PPV deposited on thick layers of PPy has very different 

properties compared to PPV deposited on thinner layers. Another thing, not visible fi'om 

the image is that the PPV (and underneath PPy) has started to detach from the ITO 

substrate. As was previously mentioned in 0, the adherence of PPy deposited using LiC104 

to ITO is poor and during the deposition of the PPV precursor and subsequent annealing, 

the polymer is usually observed to detach from the ITO.
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Figure 8-3 Optical microscope images of PPV deposited on PPy / ITO. A PPy deposited using Oxalic acid 

electrolyte; B PPy deposited using LiC104 electrolyte. Scale bar in both images is 1 mm

8.2.1.2 SEM

SEM is also used to help charaeterise the deposition of PPV on PPy / ITO. Figure 8-4 

shows SEMs of PPV deposited on PPy on ITO at several magnifications. Figure 8-4A and 

D show low magnification images of PPV (darker regions) deposited on oxalate doped PPy 

(Figure 8-4A) and perchlorate doped PPy (Figure 8-4D). Both PPV and PPy regions are 

visible and in addition, in Figure 8-4D, the detaching of the PPV / PPy from the ITO is also 

observed. Looking closer at the PPy and PPV in more detail (Figure 8-4B, C, E, F), very 

similar structures are observed for the PPy films as were previously seen for PPy films 

discussed in Chapter 5 with the folds and creases in the PPy very visible. The PPV appears 

to cover these folds with only the larger ones very apparent contributing to the surface 

structure of the heterofilm.
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Figure 8-4 SEMs of PPy and PPV deposited on ITO. PPy deposited using C2H2O4 electrolyte in A-C and 

using LiC104 in D-F. In all cases the PPV is annealed in Ar at 150°C. Images A & D show low resolution 

images of the PPy and PPy/PPV regions; B & E show higher magnification images of the PPy regions and C 

& F high magnification images of the PPV on PPy regions. Scale bars are 200 pm for A & D; 40 pm for B 

& C and 10 pm for E & F. All images taken using the Zeiss Ultra and SE2 detector

8.2.2 Spectroscopy

8.2.2.1 Raman Spectroscopy

Raman spectroscopy is used to help characterise the PPV-PPy-ITO devices. The Raman 

spectra of both PPy and PPV has been well characterised in previous chapters and as such
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it is expected that the Raman spectrum of heterojunction should consist of similar spectra 

(just as the PPy on PPV spectrum in Figure 8-IB showed). Figure 8-5 show typical 

measured spectra for PPy and PPV deposited on PPy for samples similar to those imaged 

in Figure 8-4. In both spectra, the PPV is annealed at 150°C in Ar and all spectra are 

normalised to the peak at -1590 cm '. By comparing the spectra back to similar spectra in 

Sections 5.3.1 and 7.2.2.1 it is possible to identify the majority of the observed peaks.

Electrolyte --------PPy

--------PPV

LiCIO^ Electrolyte --------PPy
--------PPV

Figure 8-5 Raman Spectra of PPy and PPV heterojunctions. A PPy electrodeposited using oxalic acid 

electrolyte. B PPy electrodeposited using lithium perchlorate electrolyte. The curves in each plot are offset 

for clarity

While neither PPy spectra are particularly well defined, both are still very characteristic of 

PPy. Both spectra show a large peak at 1566 - 1586 cm ' indicative of C=C backbone 

stretching although the doublet is not well defined. Also the doublet at 1330 and 

1370 cm"' for ring stretching modes are seen along with the peak at 1410 cm"' assigned to 

antisymmetric C-N stretching. The 1240 cm"' peak assigned to C-H bipolaron dopant 

modes is also present in the LiC104 doped sample as are the bipolaron and polaron ring 

deformation modes at 960 and 980 cm"'. Dopant modes are not well defined in the C2H2O4 

doped sample but the peak at 920 cm' can be assigned to C-H out of plane deformations. 

Peaks are also observed in both spectra at -1060 cm"' indicative of symmetric C-H in

plane bending and in the LiC104 doped spectrum a doublet is observed, again indicating 

the oxidised nature of the PPy. Another interesting point to note in relation to the LiC104 

doped PPy sample is the relative width of the 1570 cm"' peak and the presence of another 

sharp peak at 1175 cm"'. Both are characteristic of PPV and would appear to indicate that 

the PPV is present on the PPy surface even in areas where it is not visible using either 

profilometry or SEM and hence could suggest that the PPV precursor wets the surface of 

the perchlorate doped PPy better than that of oxalate doped PPy. Surprisingly, contact
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angle measurements of the dropping of the precursor onto both substrates does not confirm 

this with contact angles of 71 ±4° and 61 ± 4° measured for the LiC104 doped and C2H2O4 

doped PPy respectively.

The measured spectra of the PPV on top of PPy are quite different with the characteristic 

sharp peaks at 1170 and 1590 cm ' indicating C-C stretching and C-H bending in the 

phenyl ring dominating the spectra at high intensities. A broadening of the 1590 cm ' 

peak still signifies the presence of the C=C PPy backbone stretching although indications 

of the two smaller PPV bands at 1550 and 1630 cm ' assigned to C=C stretching in the 

phenyl ring and vinyl group are also visible. The rest of the visible peaks in the spectra of 

the PPV regions of the samples can all be assigned to the similar peaks visible in the PPy 

spectra although it is probable that the PPV vinyl group C=C stretching and C-H bending 

adds to the large signal observed in the 1300-1450 cm ' region.

As mentioned earlier, PPV deposited on thick PPy layers show poorer properties to those 

on thinner PPy substrates. Figure 8-6A shows the measured Raman spectrum for PPV 
deposited on a thick perchlorate doped PPy film. The measured Raman signal is very 

poorly defined and it is not possible to confirm either the presence of PPy or PPV based on 
the spectrum. In comparison, Figure 8-6B shows the Raman spectrum for a thin film of 

PPy electrodeposited on ITO using oxalic acid electrolyte and the PPV spectrum after the 

precursor was annealed in Ar at 150°C. It is clear initially that PPy is deposited onto the 

ITO. Peaks indicative of polaron and bipolaron dopants are clearly visible at low energy 

(~950 cm '). After the PPV deposition and annealing, the PPV peaks completely dominate 

the Raman spectrum and no recognisable peaks assigned to PPy can be observed.
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•PPy
■PPV

Figure 8-6 A Measured Raman spectrum for PPV on thick PPy film. B Measured Raman spectra for PPV 
deposited on thin PPy film. Spectra are offset for clarity. Both spectra annealed in Ar at 150°C

8.2.2.2 UV-Vis Absorption Spectroscopy

Both the PPy and PPV on PPy layers have been investigated using UV-Vis absorption 

spectroscopy. Figure 8-7 shows representative spectra for heterojunctions containing 

oxalate and perchlorate doped PPy. All spectra are corrected for the absorption from the 

ITO substrate.

Photon Energy (eV) 
3 2.5

-------LiCIO^ doped PPy

------ PPy
2

Photon Energy (eV)
3 2.5

-------LiClO^ doped PPy
-------doped PPy

* 2

Figure 8-7 Measured UV-Vis absorption spectra for heterojunctions prepared using oxalate and perchlorate 

doped PPy. A PPy spectra. B PPV / PPy spectra. All spectra are corrected for the absorption relating to the 

ITO substrate
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Figure 8-7A shows the measured absorption spectra for the PPy regions of polymer film 

only after annealing. These spectra compare excellently with the measured spectra of PPy 

on ITO where the polymer is not heated (Figure 5-16) although the maximum absorption 

peak shifts to lower wavelengths of 442 and 451 nm for the oxalate doped and perchlorate 

doped PPy (corresponding to 2.81 and 2.75 eV). The previous measured A^ax are 461 and 

451 nm respectively so little change is observed as a result of the aimealing step. Using the 

Tauc equation (equation (5-1)), the optical band gap of the PPy is calculated to be 

1.65 ± 0.03 and 1.78 ± 0.04 eV for the oxalate doped and perchlorate doped PPy. While 

there are some small shifts in bandgaps compared to the calculated bandgaps of the 

unheated polymer, the shifts are small and as such we can’t say that the polymer is too 

damaged electronically by the annealing.

Figure 8-7B shows the measured spectra from PPV annealed on the surface of the 

aforementioned PPy. The spectra show a much larger absorption compared to that of the 

PPy. Large absorptions peaks are observed between 350 and 520 nm approximately and 

the spectra for the sample on perchlorate doped PPy saturates the spectrometer between 

360 and 480 nm. This is not unexpected as in Section 7.2.2.2, the PPV was observed to 
strongly absorb strongly in this region and in addition, compared to the PPV spectra 

previously measured, a double polymer layer now exists in the system which would be 

expected to increase the absorption of the sample. As a result of the extremely large 

absorptions measured, no calculations are made for the optical bandgap of the PPV. While 

the spectrometer measures absorbances up to maximum values of 10, the accuracy is 

greatly reduced for higher absorbance values. This is clearly seen in previous absorption 

measurements of PPV (Figure 7-10 and Figure 7-11) where the spectra with lower 

absorption values show much greater definition in the spectra.

Looking at the absorption spectra of the heterostructure measured into the infra-red as 

shown in Figure 8-8, a weak absorption is measured between 600 and 1400 nm 

approximately. When comparing to the NIR absorption curves of PPy and PPV (Figure 

5-17 and Figure 7-13), absorption in a similar wavelength range was observed in PPy but 

not PPV and as such the presence of the PPy layer can be confirmed.
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Photon Energy (eV)

Figure 8-8 Typical UV-Vis-NIR Absorption spectrum of a PPV-PPy heterostructure measured between 300 

and 1600 nm. Inset is the data plotted over the full measured absorbance range

8.2.2.3 Photoluminescence Spectroscopy

Similar to the PPV films on ITO, PL spectroscopy has been performed to measure the 

extent of photoexcited emission from the heterojunctions using similar excitation energies 

as used for PPV devices. Figure 8-9 shows the measured PL spectra from the PPV regions 

of PPy-PPV-ITO devices where the PPy only deposited on the centre region of the PPV 

similar to Figure 8-1.
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Figure 8-9 Measured PL emission spectra from PPy-PPV-ITO devices excited at 440 nm

Very similar spectra are measured compared to the PL observed from the PPV devices 

discussed in Chapter 7. The maximum of the emission is observed at 530 nm which is a 

difference of 0.02 eV from the measured peak of PPV also annealed in Ar at 150°C at 

534 nm. The measured emission spectra in Figure 8-9 have been fitted according to the 

expected inter-chain and intra-chain exciton recombination energy peaks used in Section 

7.2.2.5 and it is found that both spectra are well explained in terms of inter-chain and intra

chain exciton recombination along with a smaller contribution from band-to-band 

transitions with an energy of ~2.45 eV. Inter-chain / Intra-chain exciton ratios of 1.33 and 

1.14 are calculated for the larger and smaller spectrum respectively plotted in Figure 8-9. 

These compare well with the values previously calculated for PPV PL emission along with 

literature which predicts similar emission from inter-chain and intra-chain exciton 

recombination^.

PL emission spectra are also measured from PPV-PPy-ITO polymer thin films where the 

PPV is deposited on electrodeposited PPy. Figure 8-10 shows the measured PL spectra for 

PPV / PPy where the PPV was annealed at 150°C in Ar and the PPy electrodeposited using 

oxalic acid and lithium perchlorate electrolytes. Also plotted are the measured PL spectra 

for the PPy before any PPV precursor deposition.
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Figure 8-10 Measured PL emission spectra (excited at 400 nm) of PPy before PPV precursor deposition and 

PPV on PPy. PPV annealed at 150°C in Ar. A Oxalate doped PPy. B Perchlorate doped PPy

The magnitude of the emission spectra is greatly reduced compared to measurements 

previously made of PPV directly deposited in ITO Section 7.2.2.3. The PL exciting 

radiation and detector are both incident on the PPV surface so it is not expected that the 

increased device absorption resulting from the addition of the PPy layer is responsible for 

the reduced emission. Instead it is assumed that the emission is quenched by the PPy layer

Firstly it is clear that the magnitude of the PPV emission is greatly reduced as a result of 

the PPy sub-layer. The PL is excited and measured through the PPV surface but it is clear 
that the PPy greatly affects the measured emission with the emission greatly quenched as a 

result of the PPy, probably by energy transfer between the adjacent polymer layers. 

Another explanation is the re-adsorption of emitted light in the PPV layer by the PPy. The 

PL emission peak of PPV at 540 nm is close to an observed absorption peak in the PPy and 

as such the emission from the PPV could be reabsorbed in the PPy layer.

While the measured PPV emission is small, the emission is similar to that measured for 

PPV only polymer films. Peak wavelengths are measured for the two spectra in Figure 

8-lOA and B at 537 and 544 nm respectively. These compare well with the measured peak 

positions from Section 7.2.2.3. The two PPV spectra can also be broken up into inter

chain and infra chain exciton recombination components as shown in Figure 8-11. The 

Inter-chain / Intra-chain ratios are calculated to be 0.809 and 1.03 for the oxalate doped 

and perchlorate doped PPy substrates respectively. In both spectra, a higher energy band is 

assigned to band-to-band transitions similar to assignments of emission bands on pure PPV 

device (Figure 7-22).
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Figure 8-11 Measured PL emission curves and the associated curve fitting for inter-chain, intra-chain and 

band-to-band transitions. A oxalate doped PPy. B perchlorate doped PPy

In discussion of this band fitting, no mention is made of the measured PL emission of the 

PPy substrates as shown as black curves in Figure 8-10. As is clear from the spectra, 

emission peak are measured with peaks maximums observed at 570 nm (=2.175 eV). 

While the emission is small, it is significant compared to the size of the PPV / PPy 
emission peak and as a result cannot be neglected. The peak position is very similar to 

that assigned to inter-chain excitation recombination in PPV and if that is taken into 

account in the fitting of the PPV / PPy spectra, then it is expected that the size of the inter

chain / intra-chain ratios previously calculated will be reduced. As the PL spectra 

measured for the PPV / PPy and PPy plotted in Figure 8-10 are from different samples 

(prepared using similar electrodeposition conditions) no estimates are made on this 

reduction in ratio.

The PL emission spectrum for PPV / PPy structures where the PPy layer is thicker, show 

an even smaller emission spectrum. The PL spectrum for the samples whose Raman 

spectrum is shown in Figure 8-6A show a peak intensity maximum of ~5 a.u. at similar 

wavelengths to that for the previous PPV / PPy samples (Figure 8-12A). In comparison, 

the emission spectra of PPV deposited on a thin layer of oxalate doped PPy (similar to the 

one in Figure 8-6B) show a large emission peak similar to the ones measured for PPV only 

devices in Chapter 7. Figure 8-12B shows this spectrum along with the measured emission 

spectrum for the PPy layer before deposition of the PPV precursor. Surprisingly, a large 

red-shift is observed in the position of the PPy emission peak compared to the similar 

spectrum previously shown in Figure 8-lOA. The measured peak shifts by ~60 nm from
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570 nm to 630 nm although the emission intensity is still much smaller than the equivalent 

emission from the PPV / PPy. The PPV / PPy spectrum is fitted for peaks assigned to 

inter-chain, inter-chain and band-to-band transitions and an inter-chain / intra-chain 

exciton recombination ratio calculated of 1.45 with a smaller band accounting for band-to- 

band transitions at 2.41 eV. Just as in the previous case, if emission arising from the PPy 

only is taken account of, the inter-chain / intra-chain ratio is likely to reduce to a value 

closer to unity which would agree better with values calculated in Chapter 7.

Emission Energy (eV) 

2.4 2.2 2
-PPy

Figure 8-12 Measured PL spectra of A PPV deposited on a thick perchlorate doped PPy layer. B PPV 

deposited on a thin oxalate doped PPy layer. Also shown is the PL emission from the PPy before annealing. 
Inset is the same data plotted on a wavelength scale

8.2.2.4 Electroluminescence Spectroscopy

Again, similar to the PPV devices previously discussed, the electroluminescent properties 

of Al-PPV-PPy-ITO devices are investigated by applying potentials across the sandwich 

devices between the A1 and ITO and measuring the light output. Whereas the PL is 

measured from the front of the device (i.e. directly from the PPV, the EL is measured from 

the rear of the device through the ITO (and the PPy). In most cases, no light emission is 

measured using the CCD and Spectrometer (or indeed observed visually) from any of the 

measured samples even with potentials of up to 50 V applied across the Al-PPV-PPy-ITO 

device. It is probable that light is being emitted from the PPV but being re-absorbed in the 

PPy layer due to the overlap between the PPV emission peak and the PPy absorption band 

as discussed in Section 8.2.2.3. Another suggestion is that the PPy is trapping the holes 

entering the device from the ITO. No further investigations were carried into this.

The one exception to this is when only a very thin layer PPy is electrodeposited onto the

ITO before PPV precursor is deposited and annealed in Ar at 150°C. The EL of the same
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sample whose PL spectrum is shown in Figure 8-12B is shown in Figure 8-13 where a 

constant potential of 30 V was applied across the device with the A1 top contact acts as the 

cathode.

Wavelength (nm)
Band centred at 2.03 eV 
Inter-chain emission

1.50 1.75 2.00 2.25
Energy (eV)

2.50 2.75 3.00

Figure 8-13 Measured EL speetrum (red data points) for an Al-PPV-PPy-ITO device measured in air as a 
constant positive bias of 30 V is applied to the ITO (i.e. A1 acts as the eathode). The data is fitted to a sum of 

2 separate bands at 2.03 and 2.15 eV (eyan and green solid lines). The black solid line is the sum of the fitted 

band and the inset plot is the measured spectrum plotted against wavelength

The measured data has an observed peak maximum at 580 nm (2.14 eV) which compares 

well with the measured EL spectra for Al-PPV-ITO devices discussed in Section 7.2.2.4. 

The spectrum is fitted according to two separate bands, one centred at 2.03 eV and the 

second at 2.15 eV. These are assigned to the low energy peak previously seen in emission 

spectra of PPV (assigned to 0-2 emission) and the inter-band exciton recombination peak 

respectively. No peak is observed at higher energies that could be assigned to intra-chain 

exciton recombination or band-to band transitions. Therefore as expected (and as 

previously discussed in Section 7.2.2.5, the exciton recombination emission can be 

assigned completely to inter-chain exciton recombination.

It is clear from this measured data that little changes are apparent between the measured

EL spectrum of PPV on thin PPy layers and the EL of a single PPV active layer. As the
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PPy is so thin (electropolymerisation time of 5 minutes) it is probable that a complete layer 

of PPy did not cover the ITO and in that case, the Al-PPV-PPy-ITO device can electrically 

short through the PPy layer and as a result the PPy is unable to quench the PPV emission.

8.2.3 Electrical characterisation of PPV-PPy-ITO devices

8.2.3.1 Current-Voltage measurements

IV measurements are made on PPV-PPy-ITO devices in air and in vacuum using both 

thermally evaporated Au and A1 as top contacts. In all measurements the PPy is 

electrodeposited using oxalic acid aqueous electrolytes and the PPV is annealed at 150°C 

in Ar or at 300°C in vacuum. Little difference was observed in the IV characteristics of 

both PPV preparation steps. In all measurements and related discussion, forward bias is 

assigned to the ITO substrate acting as the anode and the A1 top contact acting as the 

cathode. Figure 8-14 shows typical measure IV spectra for both A1 and Au cathodes 

measured in air and in a reduced pressure of ~3 mbar (vacuum). In all of these devices, the 

PPy layer is measured to be at least 100 nm and no light output is observed.
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Figure 8-14 Measured room temperature IV characteristics for Al-PPV-PPy-ITO and Au-PPV-PPy-ITO 

devices measured in air and in vacuum plotted in a semi-log plot. Inset is the same data plotted on a linear 

scale.

The measured spectra are quite different from previously measured devices containing 

only PPy or PPV. In general, rectification is only observed for Al-PPV-PPy-lTO devices 

measured in air; for all the other measurements, non-linear but symmetric IV 

measurements are observed. Looking first at the Al cathode measured in air, it is noted 

that the lowest conductivity values are obtained for this device. In addition the measured 

IV characteristics contain the most noise of the four types of devices measured and all such 

IV measurements showed breakdown in the IV curves (as shown by the dotted black line 

in Figure 8-14) at relatively low applied potentials. In discussion of the IV characteristics 

of such devices, only the IV data before breakdown is considered (solid black line). 

Rectification ratios, of up to 3 x lO'' are measured for the devices with an average RR 

of 1000 ± 700 calculated for the device in Figure 8-14. Using the model of thermionic 

emission (Section 2.3.1.1), the diode quality factor, n, is calculated to be 2.9. This value 

compares excellently with values previously calculated for both Al-PPV-ITO and Al-PPy- 

ITO devices. Values of the reverse bias saturation current density, Jo, and the barrier 

height, ^ are calculated and are shown in Table 8-1. These values also compare well with 

previously calculated values. The higher bias characteristics (before breakdown) are
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harder to determine. Fowler-Nordheim tunnelling and Poole-Frenkel bulk limited 

conductance are both ruled out in the forward direction and it is determined that a space- 

charge conduction mechanism is responsible as a In-ln plot of the IV characteristics is 

linear for potentials between +1 and +3 V with a slope ~2. The reverse bias characteristics 

show very different behaviour with very low current values measured. While the measured 

values are noisy, they are approximately linear and as such an Ohmic relationship is 

assigned to them.

As already mentioned, the other three IV curves plotted in Figure 8-14 are very different 

with non-linear symmetric curves measured for all three of them. Measured RR values for 

each of the measurements are between 0.8 and 2. While this might be expected for the 

devices with gold cathodes (which commonly form non-rectifying junctions with PPy and 

PPV), it is expected that A1 should form rectifying junctions with PPy and PPV (as 

previously seen in Chapter 6 andChapter 7. Surprisingly the reverse bias current for an Al- 

PPV-PPy-ITO device measured in a vacuum is much larger than expected. Nevertheless, 

assuming the model of thermionic emission, values of n, Jo and ^ are calculated and 

shown in Table 8-1. The calculated values compare well with similar calculations made on 

PPy and PPV devices. The higher bias characteristics in both the forward and reverse 

direction are linear and as a result, an Ohmic relationship is observed for the device 
measured in vacuum.

A! cathode
Air

A! cathode
Vacuum

Au cathode
Air

Au cathode
Vacuum

RR 1000 ±700
2.9 ±0.2
(2.61 ±0.03) X 10 ® 
0.908 ± 0.009

0.85 ± 0.06
7.0 ±0.9 
(3.5 ±0.6) X 10'® 
0.73 ± 0.01

1.0 ±0.3
13.1 ±0.9 
(7.22±0.06x 10'® 
0.707 ± 0.006

1.7± 0.3
7.7 ±0.7
(2.72 ±0.04) X 10 ® 
0.73 ±0.01

n
Jo (A cm'^)
(^(eV)
Table 8-1 Calculated diode parameters from the IV eurves plotted in Figure 8-14

The Au cathode device measured in air and in vacuum shows very similar IV behaviour in 

the forward direction although small differences are observed for the reverse bias 

characteristics. The Au device also shows higher conductivity than the equivalent A1 

cathode devices. Similar to the A1 cathode devices, the forward bias diode characteristics 

are calculated assuming the model of thermionic emission and are given in Table 8-1. The 

values compare well with the A1 cathodic devices as well as the previous values calculated 

for PPy only and PPV only sandwich devices. While the calculated parameters are not as 

good as the equivalent for the A1 cathodic device in air, this can be explained by noting
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that the tum-on voltage of the that device is measured as 0.73 V compared to the 

comparatively higher values of 3.25 V for the A1 device in vacuum and 4.32 V for the Au 

cathodic device measured in air and in vacuum. Overall, the calculated diode parameters 

are still better than the equivalent diode parameters calculated for Al-PPV-ITO devices as 

discussed in Section 7.2.3.

The higher forward bias characteristics for the Au cathodic devices are described in terms 

of Fowler-Nordheim tunnelling as shown in Figure 8-15A. The solid lines are the fitting of 

the high bias curves according to equation (2-24) which yields values for the parameters P^,

and P^ . Using ^ , P^ and equation (2-25), the barrier height for FN tunnelling is

calculated to be (6.0 ± 0.4) x 10'^ and (6.5 ± 0.2) x 10'^ eV for the measurements in air and 

in vacuum respectively. These barrier heights are similar to those calculated in Chapter 6 

for PPy nanowire devices in AAO templates.

X Air 
X Vacuum

X Air 
X Vacuum

Figure 8-15 A Fowler-Nordheim tunnelling curves for higher forward bias Au-PPV-PPy-ITO devices 

measured in air and in vacuum according to equation (2-24). B Poole-Frenkel fitting to reverse bias Au- 

PPV-PPy-ITO devices measured in air and in vacuum according to equation (2-25). In both plots the data 

points are the measured data and the solid lines the fit to the related equation.

The reverse bias characteristics are best explained in terms of Poole-Frenkel emission. 

Figure 8-15B shows plots of bi(//F) versus Vf for the reverse bias Au-PPV-PPy-ITO

devices. Using equation (2-26) and treating the polymer bi-layer as a single layer with a 

thickness of 500 nm (measured using profilometery), the dielectric constant of the active 

polymer layer is calculated as 4.5 and 8.2 for the measurements in air and vacuum 

respectively. As discussed previously the dielectric constant of polypyrrole is 

approximately equal to 10 and literature values of the equivalent value for poly(/?-

phenylene vinylene) suggest values of between 3 and 4^’ * so these calculated values appear
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to agree with Poole-Frenkel as the correct conduction mechanism for Au cathode reverse 

bias devices. Higher reverse bias charactenstics show linear IV characteristics, again 

suggesting an Ohmic response for high biases.

All the devices discussed so far display no electroluminescence. Figure 8-13 shows the EL 

from a device with a very thin PPy layer and it is suggested that the current shorts through 

the thin PPy layer and as a result, the PPy cannot quench the light emission. If this is the 

case, then it could be expected that the IV characteristics are similar to those measured for 

Al-PPV-ITO junctions discussed in Chapter 7. Instead, it is found that the IV 

characteristics follow similar characteristics found for Al-PPV-PPy-ITO devices as 

discussed above. Figure 8-16 shows the measured IV characteristics for the same device 

whose PL and EL are shown in Figure 8-12B and Figure 8-13. Non-linear rectifying 

behaviour is observed for measurements in air and nonlinear, non-rectifying behaviour is 

observed for behaviour in vacuum. Rectifying ratios of 13 ± 6 and 1.1 ± 0.1 are calculated 

for the measurements in air and in vacuum respectively. Similar to the PPV only device 

plotted in Figure 7-25, the current minimum of the measurement in air is not centred at the 

0 V position, but is instead found at the -1.1 V position. Again this is as a result of the low 

charge carrier mobility’s.
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Al Cathode, Air Al Cathode, Vacuum

Figure 8-16 Measured IV characteristics for an Al-PPV-PPY-ITO device where the oxalate doped PPy layer 

is very thin

The diode characteristics are calculated using the model of thermionic emission and the 

calculated parameters are shown in Table 8-2. The diode parameters for the device 

measured in air are poorer than the equivalent values for the equivalent curve plotted in 

Figure 8-14 while the values for the measurement in vacuum compare very well. The 

poorer characteristics measured in air are due to the current offset as previously discussed.

Al cathode - Air Al cathode - Vacuum
RR 13 + 6

12±2
(3.24 ±9) X 10"^
0.79 ± 0.02

1.1 ±0.1
7± 1
(1.99 ±0.03) X 10'®
0.74 ± 0.01

n
Jo (A cm'^)
<^(eV)___________________
Table 8-2 Calculated diode parameters for the IV plots shown in Figure 8-16

A current anomaly is observed in the IV measured in vacuum at similar potentials to ones 

observed previously in PPV only devices. At applied potentials higher than this, 

breakdown of the current occurs, believed to be of a result of heating effects arising from 

the high measured currents. As a result it is difficult to determine the higher forward bias 

conduction mechanism. In the reverse bias, the IV curve appears to be Ohmic controlled 

with the IV curve becoming linear. However, Fowler-Nordheim tunnelling fits, similar to
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those plotted in Figure 8-15A for Au-PPV-PPy-ITO devices is a good fit to the data and a 

barrier height of 0.28 ± 0.03 eV is calculated for the reverse bias tunnelling.

The measurements in air show very different characteristics. The forward bias data can be 

explaining in terms of a trap-limited space-charge conduction mechanism with a measured 

In-ln slope of 3.76 ± 0.02. In the reverse direction, similar to the measurement in vacuum, 

the IV curve becomes linear and as such an Ohmic relationship is achieved.

8.2.3.2 Impedance Spectroscopy

Electrochemical Impedance Spectroscopy is also performed on metal-PPV-PPy-ITO 

devices to help characterise the junctions. Figure 8-17A shows the measured Bode plots 

for the same A1 and Au cathodic devices discussed already for 0 V applied dc bias and 

20 mV ac bias. The measured plots compare well to the measured impedance curves for 

A1 and Au-PPy-Al nanowire devices discussed in Section 6.3.3 although it can be noted 

that for the heterojunctions, the overall measured impedance is higher and the impedance 

and phase do not saturate until lower frequencies (-100 Hz compared to between 1 and 

10 kHz). In addition, a partial saturation is observed in the phase plot for the Au cathode 

devices at approximately 1 kHz. Similar to the IV data plotted in Figure 8-14, the Au 

cathode curves do not differ greatly between measurements in air and in vacuum. Greater 

differences are observed between A1 cathode measurements in air and in vacuum.
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- Al cathode, air 
-Al cathode, vacuum

- Au cathode, air 
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B

Figure 8-17 A Bode plot of the measured Impedance data for Al and Au-PPV-PPy-ITO devices measured in 

air and in vacuum. B Nyquist plot of the same data. The points are the measured data and the solid lines the 

equivalent circuit data for a modelled 2 barrier equivalent circuit. The inset graph shows the data for the Al 
cathode in air in better detail

Figure 8-17B shows the measured data as a Nyquist plot along with the equivalent circuit 

fitting for a double barrier. Figure 8-18 shows the equivalent circuit used. Fitting was also 

performed using a single barrier (equivalent circuit shown in Figure 2-8A) but good fitting 

was not obtained. Fitting according to a double barrier makes physical sense as the two 

polymer layers are distinct and should be treated separately.

R0
-AV ' ■ M '

PI RE
-------- vVn./-------- ---------AA^--------

Figure 8-18 Double barrier equivalent circuit used in the analysis of the heterojunction plots in Figure 8-17B

Ro (Q) Ci(F) Ri {^) C2(F) R2 (Q)

Al-air 917 1.75 X 10 ® 69073 9.26 X 10 ® 45311

Al-vac 8275 4.20 X 10'® 131130 1.07 X 10 ® 653760

Au-air 14858 3.63 X 10 ® 1.01 X 10® 3.34 X 10 ® 147660

Au-vac 8893 3.33 X 10 ® 831650 2.55 X 10 ® 114420

Table 8-3 Calculated equivalent circuit parameters
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Table 8-3 shows the calculated circuit parameters calculated from the two barrier fittings 

of the four Nyquist curves. In all cases the contact resistance, Ro is much smaller than the 

either of the measured junction resistances, Rj and R2. The parameters for each of the 

junctions in the two devices are quite similar with capacitance values ranging between 0.4 

and 9 nF and resistances ranging between 0.9 and 100 kQ. The values agree well with 

junction values calculated for Al-PPy devices which are expected to be similar to metal- 

PPV junctions as the IV conductivities and characteristics are similar. As a result, the 

calculated parameters are believable values for the two junctions determined by the two 

polymers.

8.3 Summary

Polymer heterojunctions have been successfully prepared by annealing PPV on the surface 

of PPy electrodeposited on ITO. Oxalate doped and perchlorate doped PPy were used but 

the oxalate doped PPy gave better results as the adhesion of the perchlorate doped PPy to 

the ITO is poor. Profileometry measurements, Raman spectroscopy and SEM confirm the 
deposition of both layers with the Raman spectra of the PPy partially quenched by the 

stronger Raman signal from the PPV layer. UV-Vis absorption shows the heterojunction is 

strongly absorbing in the 350 to 520 nm region. This is similar to where both the PPy and 

PPV absorb. Small shifts are observed in the absorption spectra of PPy only after the 

annealing stage. PL emission spectroscopy measurements show very similar emission 

from the heterojunctions as was observed from the PPV films although the intensity of the 

emission is greatly reduced believed to be as a result of absorption of emission from the 

PPV into the PPy layer. In addition small emission peaks were measured for PPy layers 

only at similar wavelengths. For thicker layers, the PPV emission is nearly completely 

quenched by the PPy layer. The emission is fitted to account for inter-chain and intra

chain excitons and similar results were obtained as were previously for PPV emission. 

Electroluminescence spectroscopy measurements of Al-PPV-PPy-ITO devices show no 

measureable emission apart from for very thin layers of PPy. In this case, similar EL is 

observed as was for Al-PPV-ITO devices. The IV characteristics of Al-PPV-PPy-ITO and 

Au-PPV-PPy-ITO devices are measured in air and in vacuum and in all cases except for 

the A1 cathode measurement in air, symmetric, non-linear curves are observed. The A1 

cathode measurement in air shows rectification but also breakdown at a low potential. The 

IV conduction mechanism for this device is assigned as SCLC in the forward direction and
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Ohmic in the reverse. The IV for the same device measured in a vacuum is Ohmic at 

higher potentials. The Au cathodic device shows Fowler-Nordheim tunnelling dominated 

tunnelling in the forward directions with low tunnelling barrier energies calculated for 

measurements in air and in vacuum. In the reverse direction, bulk-limited Poole-Frenkel 

emission controls the conduction. Similar behaviour is observed for A1 cathode device in 

which emission is observed. Electrochemical Impedance Spectroscopy measured for A1 

and Au cathodic devices indicate the presence of a double barrier system.
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Chapter 9: Replacing ITO with Graphene
■y

Graphene, which is a monolayer of sp bonded carbon sheet (analogous to a unrolled 

single-walled carbon nanotube or a single layer of graphite) was first shown to exist in 

monolayer form in 2004 by Novoselov et al.’, a result for which they won the Nobel Prize 

in Physics in 2010^ As a result of its unique properties ( zero gap semiconductor, high 

electron mobility, high thermal conductivity and very high mechanical strength), its use 

has been predicted in areas ranging from transparent conductors and transistors to gas 

sensors and ultra-capacitors ’̂ In this chapter, thin conductive transparent films of 

exfoliated graphene are used in PPy and PPV devices in the place of ITO and some 

preliminary results are presented.

9.1 Graphene film preparation

In 2008, Hernandez et al. demonstrated the exfoliation of graphene by sonication of 

graphite in n-methyl pyrrolidone similar to the work previously done for carbon nanotube 

dispersions^. The work was expanded and it was shown that similar work was possible 

using surfactant stabilised dispersions in water. Thin films of the graphene can be 

prepared by vacuum filtration techniques^. The films consist of randomly stacked oxide- 

free few-layer graphene flakes (with lateral flake sizes between 100 nm and 3 pm). The 

films are optically transparent, with dc conductivities up to 1.5 x 1 O'* Sm"' and measured 

surface roughnesses ~10 nm. Graphene films transferred onto polyethylene terephthalate 

(PET) or glass were obtained from the authors* and used in the place of the ITO substrate 

previously used for deposition of PPy and PPV. Both polymers are deposited using similar 

methods to that previously used in Chapters 5-8.

9.2 Polypyrrole on Graphene

9.2.1 Raman Spectroscopy

The Raman spectra of PPy on graphene films on PET are difficult to analyse as peaks arise 

from all three layers in the samples.

' Films prepared by Paul King, School of Physics, TCD
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Oxalate doped PPy

Graphene / PET 
Perchlorate doped PPY

Figure 9-1 Measured Raman spectra for PPy deposited on graphene / PET using oxalic acid and lithium 

perchlorate electrolytes. Also shown are the measured spectra for PET and graphene on PET. Spectra offset 

for clarity
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Figure 9-1 shows the measured Raman spectra of PPy deposited on graphene / PET using 

oxalic acid and lithium perchlorate aqueous electrolytes. Also shown are the measured 

spectra of PET and graphene on PET. As can be seen from the data, multiple peaks arise 

from PET and that added to the large D and G bands arising from the graphene means it is 

not possible to identify any specific peaks in the PPy spectra.

9.2.2 Morphology of deposition

Figure 9-2 shows microscope images of the PPy depositions. The oxalate doped PPy is 

similar to the observed depositions on ITO with similar cracks very visible. The 

deposition of perchlorate doped PPy appears much smoother with no sign of any folds or 

ridges in the film. The PPy appears to adhere much better to the graphene substrate than to 

ITO. In both low magnification images, the graphene film uncoated by PPy is visible at 

the top of the images and in Figure 9-2B, silver paint used to ensure a good contact 

between the graphene and the graphite electrode during the electropolymerisation stage can 
be seen.

Figure 9-2 Microscope images of A Oxalate doped PPy on Graphene and B Perehlorate doped PPy on 

Graphene. Inset are higher magnification images of the PPy films. Scale bars are 1 mm for the lower 

magnification images and 0.5 and 0.2 mm for the inset images in A and B respectively

SEM images are also taken of the PPy depositions. Figure 9-3A and B show low and high 

magnification of the oxalate doped PPy. On the left of each image, the graphene substrate 

is visible with a sharp step at the edge of the film clearly seen. In Figure 9-3A, cracks or 

ridges can be seen in the graphene. These appear to transfer over to the PPy layer also. In 

the higher magnification image, the PPy layer appears quite even. Figure 9-3C shows the 

perchlorate doped PPy on graphene and while the film appears less even with larger
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nodules and lumps visible on the surface, there is little or no sign of any ridges or other 

signs of the film detaching. SEM images of thicker perchlorate doped PPy depositions on 

graphene do start to show some signs of the film starting to detach but in general, the PPy 

does appear to adhere better to graphene than to ITO.

Figure 9-3 A and B Low and high magnification SEM images of oxalate doped PPy on graphene. C Image 

of oxalate doped PPy on graphene. Scale bars are 20 pm, 4 pm and 40 pm for A, B and C respectively. All 

images taken with Zeiss Ultra using SE2 detector

Profileometry is also used to help characterise and confirm the PPy deposition. Figure 9-4 

shows measured steps going from graphene substrate to oxalate doped and perchlorate 

doped PPy. Also shown is the measured graphene film height on PET. The PET is 

lightweight and quite uneven compared to glass or ITO and as a result it is not possible to 

measure profiles of the PPy depositions over larger horizontal distances as is the case for 

ITO substrates (Figure 5-18) but it is still possible to measure the step heights of the PPy 

with some degree of accuracy. The film heights in Figure 9-4 are measured as 300 and 

700 nm for the oxalate doped and perchlorate doped PPy respectively and the graphene 

film height is measured as ~25 nm. From several measurements on each sample, the 

average PPy depositions are calculated as 400 ± 100 nm and 600 ± 100 nm for the oxalate 

doped and perchlorate doped samples respectively.
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Figure 9-4 Measured profilometer curves for oxalate doped PPy and perchlorate doped PPy on graphene. 

Also plotted (on separate axis) is the graphene profile on PET

9.2.3 UV-Vis absorption spectroscopy

The absorption spectra of the PPy are measured and shown in Figure 9-5. A background 

subtraction is done for the absorption arising from the graphene and PET substrate. The 

measured spectra are very similar to those calculated measured for PPy deposited on ITO 

with peak maximums measured at 458 and 455 nm (= 2.71 and 2.75 eV) for the oxalate 

doped and perchlorate doped PPy respectively. From these absorption curves, the optical 

band gap is calculated to be 1.46 and 1.62 eV for the two curves. Previous measurements 

in Chapter 5 calculated the optical bandgap to be between 1.70 and 1.78 eV so it is clear 

that some change arises as a result of the graphene substrate even though the maximum 

absorption wavelengths agree excellently with previous measurements. It is probable that 

there is a change in doping level in the polymer (especially in the oxalate doped PPy) 

arising from the electrodeposition on different substrates.
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Figure 9-5 Measured UV-Vis absorption of PPy on Graphene. The spectra are corrected for absorption 
arising from the Graphene and PET

9.2.4 Electrical characteristics of metal-PPy-graphene junctions

Metal cathodes are thermally evaporated onto the surface of the PPy films and the IV 

characteristics measured of the A1 / Au - PPy - graphene devices. Figure 9-6 shows 

typical measured IV curves for oxalate doped and perchlorate doped PPy. Linear IV 

curves are observed for all measurements and no difference is observed between 

measurements in air or in vacuum. Measurements are made on several different devices 

for different thicknesses of graphene and for different PPy deposition conditions and in all 

cases, linear IV curves were measured. While the slope of the curves differs between 

different samples (as expected, thicker layer PPy layers and thinner graphene layers have 

larger resistances) all measurements made are linear and as such are considered Ohmic.
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Figure 9-6 Measured IV curves for Al-PPy-Graphene devices

Measurements are also made on Au cathodes instead of Al. Figure 9-7 shows measured IV 

characteristics for an Au-PPy junction in air and in vacuum where the PPy is 

electrodeposited using a lithium perchlorate aqueous electrolyte. While the PPy layer in 

this device is thicker than the similar device discussed earlier (900 ±100 nm compared to 

700 ± 100 nm), the device is more conductive than the Al cathodic device. While, there is 

a small degree of non-linearity observed in the measurement, again the conduction is 

described as Ohmic. No difference is observed between measurements in air or in vacuum.
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Figure 9-7 IV curves for Au-PPy-graphene devices measured in air and in vacuum. The PPy is deposited 

using LiC104 aqueous electrolyte

Electrochemical Impedance Spectroscopy is also carried out on the same Au-PPy-graphene 

device. Figure 9-8A shows the measured data in the form of a Nyquist plot along with the 

fitted data for a single barrier equivalent circuit (Figure 2-8A). Figure 9-8B plots the 

calculated junction capacitances and voltages against the applied dc bias. In all 

calculations the contact resistance was ~0 V. Both the junction capacitances and 

resistances decrease symmetrically with applied dc bias although the measured 

capacitances are very low and only change by ~2 pF as the dc bias changes from 0 V to 

±4 V. No attempt was made to calculate a depletion width or charge carrier concentration 

from these calculations using the Mott-Schottky equation as a result of the low number of 

data points.
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Figure 9-8 A Typical Nyquist plots for Au-PPy-graphene device for different applied dc biases. The data 

points are the measured data and the lines the fitting according to a single barrier equivalent circuit. B The 

calculated equivalent circuit parameters from A

Measurements of Al-PPy-ITO devices in Chapter 6 showed rectification for perchlorate 

doped PPy devices and Au cathode devices showed Ohmic characteristics. In those 

devices, a Schottky junction is created between A1 and PPy and Ohmic junctions between 

Au and PPy and between ITO and PPy. As previously mentioned in Section 6.1, this can 

be explained in terms of the work functions of the various materials. In this chapter, the 

ITO (with a work function of ~5 eV) has been replaced by graphene. Theoretical 

calculations on graphene have predicted a work function of a single graphene sheet of 
4.42 eV’ and many publications now take the graphene work function to be ~ 4.5 eV*. 

Other investigations have shown that single layer or bilayer graphene can easily be doped 
(hence changing the work function) by chemical methods^ or by doping with metal 

contacts'®. Chang et al. prepare transparent electrodes from exfoliated reduced graphene 

oxide and suggest that the work function of the electrodes could be as high as 5 eV and 

possibly larger than that of ITO". Further investigations are needed on the graphene films 

used in our case or order to fully understand the conduction mechanisms in the metal-PPy- 

graphene devices but it is very likely that the work function value of the graphene films is 

related to the measured characteristics.
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9.3 PolyO^-phenylene vinylene) on Graphene

9.3.1 Raman spectroscopy

Raman spectra are taken of PPV depositions on graphene substrates. For all samples, the 

PPV is annealed at 150°C in Ar. Figure 9-9 shows the measured Raman spectra for PPV 

deposited on two different graphene substrates. Figure 9-9A shows the spectra for PPV 

deposited on a 50 nm graphene film supported on glass and Figure 9-9B shows the spectra 

for PPV deposited on a 100 nm film supported on PET. The graphene film on glass was 

annealed at 500°C in an Ar/H2 atmosphere for 5 hours to improve the conductivity of the 
graphene^.

- Graphene
- PPV on graphene

“Graphene / PET 
- PPV on graphene / PET

Figure 9-9 Measured Raman spectra for PPV deposition of graphene. A 50 nm graphene film on glass 

substrate. B 100 nm graphene film on PET substrate

Similar to the PPy spectra on graphene, the measured PPV spectra are greatly affected by 

the graphene substrate. The Raman spectra of PPV in Figure 9-9A is clearly identifiable 

due to the lack of peaks arising from PET. The peak intensities at 1330 cm"' and in the 

1500-1650 cm"' region are enhanced by the D and G bands arising from the graphene but 

apart from that, no other differences are observed between the spectrum and similar spectra 

measured in Chapter 7 for PPV on ITO or glass substrates. The PPV spectrum is less well 

defined in Figure 9-9B as the peaks arising from PET still dominate the measured spectrum. 

Similar to the PPy spectra plotted in Figure 9-1 it is not possible to confirm the deposition 

of PPV on graphene / PET substrates.
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9.3.2 Morphology of PPV on graphene

SEM is used to help characterise the morphology of the films. Figure 9-10 shows typical 

images of the surface of a PPV film on graphene. In this sample, the graphene film is 

supported on glass. Figure 9-lOA shows a low magnification image of the centre region of 

the deposition where rod-like structures are visible similar to those observed in PPV film 

on ITO and PPy in Chapter 7 and Chapter 8. In this case, it is unlikely that they are InCls 

crystals as the substrate does not contain indium. It is probable that they are a result of 

impurities in either the graphene or PPV or perhaps result from oxidation of the PPV. 

Figure 9-1 OB shows an area of the PPV surface away from the centre region at a higher 

magnification. The film surface is similar to that observed for PPV depositions on ITO (as 

shown in Figure 7-5 with the surface appearing featureless apart from a small number of 

impurities.

Figure 9-10 SEM of PPV on graphene. A low magnification image of the centre region of the PPV. B Higher 

magnification of the PPV surface. Both images taken with Zeiss Ultra and SE2 detector. Scale bars are 

100 gm and 20 gm for A and B respectively

The heights of the films are measured using profilometry. As a result of the uneven nature 

of the PET substrate and the large coffee stain drying effect previously discussed inChapter 

7, no height measurements are possible of the PPV on graphene / PET. Figure 9-11 shows 

a measured film profile for PPV electrodeposited on graphene supported on glass. The 

profile appears to confirm the measured SEM of the films in Figure 9-10 with a flat regular 

film apparent with a large coffee stain effect also visible. The measured PPV film height 

for this sample is -160 nm.
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Figure 9-11 Typical measured height profile of PPV film deposited on graphene

9.3.3 UV-Vis Absorption Spectroscopy

The UV-Vis absorption spectra of various PPV films on graphene are measured taking 

account of the absorption from the graphene and PET / glass for background subtraction. 

Figure 9-12 shows the measured spectra for four different PPV depositions on different 

graphene substrates. Also shown is a typical PPV spectrum from Figure 7-11 for 

comparison. Two of the spectra are from PPV annealed on 100 nm graphene films 

supported on PET and two are from PPV annealed on 25 nm and 50 nm graphene films 

supported on glass. The spectra are well defined with peaks apparent at 328, 345, 375, 398 

and 427 nm. This equates to 3.12, 3.31, 3.50 and 3.78 eV. The measured spectra compare 

excellently with previous measured absorption spectra of PPV in Chapter 7. From the 

profilometer film thicknesses and the UV-Vis spectra, the optical bandgap can be 

calculated using the Tauc equation (equation (3-1)). Table 9-1 gives the calculated film 

thickness and the calculated optical band-gaps. The calculated band-gaps compare 

excellently with the previously calculated band-gaps in Chapter 7.
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Figure 9-12 Measured UV-Vis absorption spectra for four different PPV films on different graphene 

substrates. Also shown is the measured spectrum for PPV on Pyrex from Figure 7-11

Spectra in Figure 9-12 Measured PPV thickness (nm) Calculated optical band-gap 
(eV)

A - black curve 160 2.62
B - red cure 300 2.71
Table 9-1 Calculated optical band-gaps for PPV on graphene / glass

9.3.4 Emission Spectroscopy

9.3.4.1 Photoluminescence Spectroscopy

The PL spectra of various PPV films are taken using similar conditions as used for the PPV 

films on ITO in Chapter 7. Some typical measured spectra are shown in Figure 9-13. The 

two emission spectra in red and black correspond to the equivalent spectra in Figure 9-12. 

The emission spectra differ greatly to the measured emission spectra for PPV on ITO as 

shown in Figure 7-14 and Figure 7-15. While a peak maximum is observed at similar 

wavelengths to the spectra on ITO at ~530 nm, a second large peak is observed at a peak 

wavelength of ~500 nm. This peak was only seen as a shoulder in the main PL emission 

peak in Chapter 7.
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Figure 9-13 PL emission spectra for PPV annealed on graphene substrates. The excitation wavelength for 
each spectrum is 400 nm

Similar to the emission peak fitting in Section 7.2.2.5, the PL emission peaks can be split 

into bands arising from inter-chain and intra-chain exciton recombination. Figure 9-14 

shows this for the three PL emission spectra from Figure 9-13. In all cases a large band 

assigned to band-to-band transitions is also observed. The data relating to the peak fitting 

is shown in Table 9-2 where similar inter-band and intra-band peak areas are measured for 

two out of three of the emission spectra. While the peaks assigned to band-to-band 

transitions are smaller than the other peaks in most cases, they are enhanced compared to 

those previously measured for PPV on ITO substrates.

A B C
Inter- Intra- Band- Inter- Intra- Band- Inter- Intra- Band-
chain chain to- chain chain to- chain chain to-

band band band
Peak
Position
(eV)

2.25 2.36 2.49 2.27 2.36 2.50 2.21 2.34 2.46

Peak 43 36 28 150 73 85 46 39 24
area
Inter / 1.2 2.1 1.2
Intra ratio
Table 9-2 Fitted peak positions and areas for the three PL emission spectra plotted in Figure 9-14
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Figure 9-14 Curve fitting of the PL emission spectra in Figure 9-13 for inter-chain and intra-chain exciton 

recombination and a band-to-band transition. The data points are the measured data and the thick solid lines 

are the fitted peaks
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9.3.4.2 Electroluminescence Spectroscopy

Using an A1 cathode and applying a dc potential of up to 40 V between the A1 and the 

graphene substrate, the electroluminescence spectrum of PPV is measured through the 

graphene. Only a weak emission is observed from the devices with often no light output 

measured. Figure 9-15 shows the measured spectrum for a device in which light output 

was observed when a potential of 40 V is applied across the active PPV layer. Inset is a 

photograph of the emitted light. A1 electrodes of 2 mm by 4 mm are used but light output 

is was only observed over a small part of the electrode with the dimensions of the light 

output measuring 1 mm by 2 mm approximately.

Emission Energy (eV)

3 2

300 400 500 600
Wavelength (nm)

700 800

Figure 9-15 Measured EL emission spectrum for Al-PPV-graphene device for a constant potential of 40 V. 

Inset is a photograph of the emitted light with dimensions of 1 mm by 2 mm approximately

The measured EL spectrum has a peak maximum at 530 nm which compares well with the 

PL data as discussed in 9.3.4.1 and also for the measured EL spectra of PPV on ITO in 

Chapter 7. While the emission intensity is weak, it is still possible to estimate the inter

chain / intra-chain exciton recombination ratio. Figure 9-16 shows the curve fitting for the 

data from Figure 9-15 where it can be seen that the emission is nearly completely due to 

inter-chain exciton recombination with a ratio of 7.4 calculated. This compares excellently 

with ratios previously calculated for EL of PPV with an ITO anode.
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Figure 9-16 Curve fitting of the EL emission spectrum in Figure 9-15 for inter-chain and intra-chain exciton 

recombination. The data points are the measured data and the solid black line the sum of the fitted peak. 

Note, the number of plotted data points is reduced in the graph to allow the fitted curves to be more clearly 
seen

9.3.5 Electrical characteristics of PPV on graphene

Similar to the PPy devices discussed in section 9.2.4, the IV characteristics of PPV on 

graphene are characterised by thermally evaporating metal cathodes onto the surface of the 

PPV and measuring the characteristics of the devices. Both A1 and Au cathodes are 

investigated. Figure 9-17 shows some typical measured IV characteristics of both devices. 

Linear IV curves were observed for both AI and Au cathodes. Similar to the IV curves 

measured for PPy devices, the conduction mechanism is believed to be Ohmic. 

Electrochemical Impedance Spectroscopy is carried out on an Al-PPV-graphene device. 

Figure 9-18A shows the measured data in the form of a Nyquist plot along with the fitted 

data for a single barrier equivalent circuit (Figure 2-8A). Figure 9-18B plots the calculated 

junction capacitances and voltages against the applied dc bias. In all calculations the 

contact resistance was ~0 V. Both the junction capacitances and resistances decrease quite 

symmetrically with applied dc bias although the measured capacitances are very low and 

only change by ~2 pF as the dc bias changes from 0 V to ±4 V. No attempt was made to
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calculate a depletion width or charge carrier concentration from these calculations using 

the Mott-Schottky equation as a result of the low number of data points

• Al-PPV-graphene 
■ Au-PPV-graphene

Potential (Volts)

Figure 9-17 Measured IV characteristics of Al-PPV-graphene and Au-PPV-graphene junctions. All 

graphene substrates are supported on PET.
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Figure 9-18 A Typical Nyquist plots for an Al-PPV-graphene device for different applied dc biases. The 

data points are the measured data and the lines the fitting according to a single barrier equivalent circuit. B 

The calculated equivalent circuit parameters from A

9.4 PPV-PPy-graphene devices

Similar to the PPV / PPy heterojunctions discussed in Chapter 8 using ITO as a substrate, 

devices have been similarly prepared using graphene in place of ITO. Only PPy deposited 

using lithium perchlorate is used and the PPV is annealed at 150°C in Ar.

9.4.1 Raman Spectroscopy

Figure 9-19 shows measured Raman spectra for three different heterojunctions. Samples A 

and C in which the graphene is supported on glass contain PPy electrodeposited for 

varying times. This can be observed in their measured Raman spectra where PPV 

dominates the spectra with a thinner PPy layer (A) and the PPy dominates the spectra with 
a thicker layer (C) with peaks previously attributed to PPy observed in the 850 - 1150 cm ' 

region. The sample whose spectrum is given by B is supported by PET and PET peaks can 

be seen at 1414, 1614 and 1730 cm '. The rest of the spectrum is dominated by large bands 

at ~1330 and ~1580 cm ', the common positions for the D and G band for graphene and 

also where several bands attributed to PPy can usually be observed. Similar to the
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measured Raman spectra for PPy and PPV on graphene, it is difficult to readily confirm the 

presence of both PPy and PPV using only Raman spectroscopy.

Figure 9-19 Measured Raman spectra for three different PPV-PPy heterojunctions on Graphene. A and C 

are supported on glass and correspond to 10 and 30 min PPy deposition respectively. B is supported on PET

9.4.2 Morphology of devices

9.4.2.1 Profilometry

The thicknesses of the films supported by glass are measured using profilometery. Figure 

9-20 shows the measured film profiles for the two junctions whose Raman spectra are 

given by Figure 9-19A and C. In the plot for sample A, which corresponds to the thinner 

PPy, only the PPV film can clearly be measured. The PPy film is too thin to be measured 

but is believed (as a result of previous observations in regard to the PPy film morphology) 

to be responsible for the roughness of the measured films. A large coffee stain drying 

effect attributed to the drying of the PPV precursor can be observed. The measured film 

height for this sample is 200 ± 40 nm. In the other profile, for the thicker PPy film, no 

drying effect is observed and the PPy irregular surface dominates the measured curve. The 

average film height for this sample is much larger and is calculated to be 4 ± 2 pm.
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Figure 9-20 Measured film heights for the two heterostructures supported on glass whose Raman spectra are 

given by Figure 9-19A and C

9.4.2.2 SEM

Figure 9-21 shows a series of SEM images for heterojunctions on graphene. Images A/B

and G show low resolution images of PPV / PPy on graphene supported on glass and PET

respectively. In both images a large number of bright crystalline features are observed.

These are believed to be impurities or oxides as previously discussed. In Figure 9-2IB,

taken using the InLens detector the irregular features of the underlying PPy layer can be

observed and in addition, the PPV film in A and B does not appear to completely cover the

PPy with several circular patches with no apparent PPV covering noticeable. Looking in

greater detail at the PPV film in Figure 9-21C and H, no distinctive features can be

observed. The PPy film uncoated in PPV is shown in D and F and the polymer is very

different in the two images even though they are both deposited with the same electrolyte.

The PPy layer in Figure 9-2ID is a so-called thin PPy film as mentioned above and the

feature sizes are large and appear quite uneven. In Figure 9-2IF, the polymer deposition

time was much longer and the film appears more even and it is believed that the longer

deposition time has allowed a more regular film be deposited. The SE2 detector does not

give an accurate image of the film surface (compared to the InLens detector) and so what

may appear an even film, may not be the case. Image E is an image of the graphene film
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supported on glass and it appears as if the film is flat and regular with little inconsistencies 

observed.

Figure 9-21 SEM images of PPV / PPy on graphene. A & B Low magnification image of PPV on PPy using 

SE2 and InLens detector respectively; C Higher magnification image of the same area; D PPy uncoated in 

PPV; E Graphene film on glass; F PPy uncoated in PPV; G Low magnification image of PPV on PPy; H 

Higher magnification image of same area. All images except for B taken with SE2 detector. Images A - E: 
Graphene supported on glass; images F - H: Graphene supported on PET. Scales bars are 10, 10, 1, 20, 20, 2, 

10 and 2 gm for A - H respectively

9-22



9.4.3 UV-Vis Absorption

UV-Vis absorption spectra were taken of the heteropolymer devices and all measurements 

showed strong absorption between 300 and 500 nm, saturating the spectrometer. No 

further measurements or analysis were made using absorption spectroscopy.

9.4.4 Emission Spectroscopy

9.4.4.1 Photoluminescence Spectroscopy

The emission of the heterodevices was measured using PL spectroscopy, exciting the 

samples with 400 nm light. Emission was only observed for the heterojunction with a thin 

PPy layer and supported on glass; for all other samples, no light emission could be 

observed. Figure 9-22A shows the measured PL emission. A peak maximum is observed 

at 445 nm which compares well with previous measurements of emission from PPV. 

Figure 9-22B shows the fitting of the emission for inter-chain and intra-chain exciton 

recombination and a ratio of inter-chain to intra-chain of 1.00 is obtained which compares 
excellently with previously obtained results and with predicted theory'^. At higher energy 

levels, two peaks are observed with energies centred at 2.39 and 2.51 eV. While a peak 

centred at 2.45 eV is expected for band-to-band transitions, two distinct peaks are observed 

in this case. Without further measurements, it is not possible to understand or comment on 

possible reasons for the presence of these peaks.
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Figure 9-22 A Measured PL emission for PPV/PPy heterostructure on graphene. B Curve fitting of the 

emission for inter-chain and intra-chain exciton recombination
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9.4.4.2 Electroluminescence Spectroscopy

EL spectra were taken of Al-PPV-PPy-graphene devices but no measurable light was 

observed from the rear of the devices through the graphene and PET or glass

9.4.5 Electrical characteristics

The IV characteristics of Al-PPV-PPy-Graphene devices are measured and some typical 

results obtained are plotted in Figure 9-23. Similar to the Al-PPy-graphene and Al-PPV- 

graphene devices, linear IV curves are measured and therefore an Ohmic conduction 

mechanism is assigned to the devices. EIS measurements, similar to both the PPy and PPV 

junctions on graphene, showed semi-circular Nyquist plots but in this case, a double barrier 

equivalent circuit showed the best fit to the data. Figure 9-24A shows typical Nyquist 

plots for an Al-PPV-PPy-graphene device with changing dc bias along with the equivalent 

circuit fitting for a double barrier equivalent circuit as shown in Figure 8-18. Figure 9-24B 

plots the measured barrier parameters against the applied dc bias. While the changes in 

junction resistances and capacitances are not as consistent as previously measured for 

single polymer devices on graphene, the junction resistances do generally decrease with 

applied bias. The changes in junction capacitances are harder to describe and no general 

trend is observed but it can be noted that the overall changes in capacitances are larger than 

previously measured for either Al-PPy-graphene or Al-PPV-graphene devices. The 

contact resistance for the devices, which is not plotted, is very much smaller than the 

overall device resistance for all cases.
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■Thin PPy layer, supported on glass 
•Thick PPy layer, supported on PET

Potential (Volts)

Figure 9-23 Typical IV measurements of Al-PPV-PPy-graphene devices, measured in air. Inset is the same 
data plotted in semi-log form

B -2

Applied Voltage

Figure 9-24 A Typical Nyquist plots for Al-PPV-PPy-graphene device for different applied dc biases. The 

data points are the measured data and the lines the fitting according to a double barrier equivalent circuit. B 

The calculated equivalent circuit parameters from A
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9.5 Summary

Graphene has been successfully used in place of ITO as a conductive substrate for 

depositions of polypyrrole and poly(/>-phenylene vinylene) thin films. Raman 

spectroscopy was used to confirm the deposition of the polymers but when the graphene is 

supported by PET, the signal is overshadowed by the strong Raman signal of the PET. 

When the graphene was supported by glass, it was easier to confirm the depositions of both 

PPy and PPV. The polymer morphologies were analysed by means of SEM, profilometry 

and optical microscopy and little changes are observed in the PPV films. Some changes 

were apparent in the PPy film morphologies with the perchlorate doped polymer appearing 

to adhere better to the graphene substrate than previously observed on ITO. UV-Vis 

absorption measurements showed similar results to those previously measured in Chapters 

5-8 with measured optical band gaps comparing well with those calculated for the 

polymer films on ITO. Emission spectroscopy measurements on PPV films showed 

similar results to those obtained in Chapter 7 although a much higher PL emission arising 

from band-to-band transitions was measured. The electrical characteristics for both PPy 

and PPV thin films on graphene was measured using both A1 and Au cathodes and all 

measurements showed Ohmic conduction. The reasons for this are not understood but it is 

believed to be related to the bandgap of the graphene anode. Electrochemical impedance 

spectroscopy measurements indicate the presence of a single barrier for both Au-PPy- 
graphene and Al-PPV-graphene.

Preliminary investigations were also carried out into heterojunctions similar to those 

investigated in Chapter 8, replacing the ITO with graphene. Initial results showed promise 

with Raman spectroscopy indicating the deposition of both PPy and PPV. SEM showed 

the differences in morphology between the two layers and PL spectroscopy measured weak 

emission from the devices with an emission comparing well to that previously measured 

for PPV devices but with some changes in the emission observed at higher energies. 

Similar to the single polymer devices on graphene, only linear IV curves were measured 

but EIS measurements were best described in terms of a double barrier system similar to 

the ITO based heterojunctions discussed in Chapter 8.
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Chapter 10: Conclusions and Future Work

10.1 Conclusions

In this thesis, introductions have been made into the area of conductive polymers and their 

use in electrical devices. Two polymers have been investigated in detail: Polypyrrole 

(PPy) and Poly(/?-phenylene vinylene) (PPV).

One particular type of nanostructure prepared was polymer nanowires. To this end, use 

was made of the porous structure, anodic aluminium oxide (AAO). This was prepared 

ourselves, as the commercial alternative. Anodise filter membranes from Whatman only 

offer a very limited range of pore diameters. With self-prepared AAO, a large range of 

diameters and hence nanowire diameters are possible. The anodisation process for 

preparing AAO was optimised and complete control of the process transferred to a 

computer. A method for reducing the insulating barrier layer at the base of the pores that 

inhibits pore filling was developed and is also fully computer controlled.

Polypyrrole was prepared from the pyrrole monomer using electropolymerisation 

techniques and the polymer deposited on conductive substrates. The PPy was deposited 

from aqueous electrolytes using two different dopant materials; oxalic acid and lithium 

perchlorate. Thin films of PPy were prepared by electrodeposition onto indium-tin oxide 

(ITO) and PPy nanowires prepared using Anodise membranes and AAO as templates for 

the growth. The differences between the different types of structures formed were 

discussed. Raman spectroscopy found little differences between the different PPy 

nanostructures although it was noted that higher deposition potentials increase the 

oxidation and hence the concentration of dopants in the polymer. Peaks arising from both 

polaron and bipolaron dopants were observed in the majority of samples and peaks arising 

from the two dopant materials were also assigned. The Raman spectra of PPy nanowires in 

AAO templates showed similar spectra to that observed for the films although it was noted 

that the dopant concentration appeared to be reduced for smaller diameter nanowires. The 

morphologies of the nanostructures were investigated using profilometry and scanning 

electron microscopy (SEM). In general it was found that the PPy thin films were quite 

uneven with the adhesion of the perchlorate doped PPy films in particular to the ITO very 

poor. SEM images of the nanowires confirmed the presence of the nanowires in the AAO 

and Anodise templates. UV-Vis absorption spectroscopy measurements on the PPy thin
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films were used to calculate the optical band gap of the polymer to be 1.7 eV which agrees 

excellently with literature values.

Metal contacts were thermally evaporated on the top of the different PPy nanostructures 

and the room temperature electrical characteristics of the metal-polymer junction measured 

using current-voltage, capacitance-voltage and impedance spectroscopy measurements. 

The conduction mechanisms were found to depend strongly on the morphology of the 

nanostructures and also the preparation conditions. While previous publications generally 

use the model of thermionic emission to characterise the Schottky junctions formed, this 

was not found to be a good model with large reverse bias currents measured for most of the 

devices tested. The thin film devices showed Ohmic conduction for gold cathodes and 

space-charge limited conduction (often with traps) in the forward direction for aluminium 

cathodes. The reverse bias conduction was either Ohmic or in some cases Poole-Frenkel 

emission. Capacitance-Voltage measurements showed much larger capacitance values for 

oxalate doped PPy than for perchlorate doped PPy. The Mott-Schottky equation was used 

to calculate charge carrier concentrations of lO^^-lO^^ m'^ and lO'^-lO^*’ m'^ and depletion 

widths of 50-400 nm and 1-3 |im for the oxalate doped and perchlorate doped PPy devices 

respectively. The concentration was unchanged with increasing electrodeposition voltage 

but the depletion width increased in width with increasing electrodeposition voltage

Similar measurements were made on PPy nanowires in Anodise templates and AAO where 

the electrical characteristics of arrays of the nanowires were measured. Fowler-Nordheim 

tunnelling was found to be the conduction mechanism for both templates and for both Au 

and A1 cathode metals. Capacitance-voltage measurements on the Anodise based device 

yielded a charge carrier concentration of -lO^^m'^ and depletion width of ~5 pm. 

Electrochemical impedance spectroscopy measurements on the AAO based devices 

showed semi-circular Nyquist plots which reduced in size as a larger dc bias was applied. 

The plots were fitted to equivalent circuits and it was found that a single barrier of a 

resistor and capacitor in parallel coupled with a small contact resistance fitted the 

measured data well except for the 0 V bias measurement on the A1 cathode device in air 

where a second barrier in series with the first was added to account for an oxide related 

barrier from the A1 cathode. In general, the calculated junction capacitances and 

resistances decreased with applied bias and from the capacitance values and using the 

Mott-Schottky equation, the charge carrier concentration and depletion widths were 

calculated to be ~10 m' and ~1 pm respectively.
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PPV films were prepared by thermal annealing of a water soluble precursor on a range of 

different substrates. Glass, ITO, AAO and Anodise membranes were all used but the main 

emphasis was on ITO substrates. Annealing in a vacuum and in an argon atmosphere were 

both investigated for a range of different annealing temperatures and the resulting films 

analysed using Raman spectroscopy, UV-Vis absorption spectroscopy, optical microscopy, 

SEM and photoluminescence spectroscopy. A large coffee stain drying effect was 

observed and a strong presence of what is believed to be InCla crystals observed in the 

centre of the films arising from a reaction between the ITO substrate and the Cl leaving 

group from the precursor. It was found that annealing in Ar at 150°C for between 2 and 6 

hours gave the PPV films with the strongest PL emission with an emission maximum 

measured at 540 nm. Using A1 cathodes, the electroluminescence spectra of the PPV was 

also measured for constant applied potentials of between 10 and 50 V. Emission was 

measured from several PPV devices with peak emission wavelengths of 540 - 560 nm 

measured. A linear relationship between the current passing through the PPV and the 

intensity of the outputted light indicates that the efficiency of the device is constant with 

applied potential. No further measurements were made on the efficiencies of the devices 

but they are believed to be small as the light output was visually observed to be weak. The 

PL and EL emission was were investigated further and it was found that the PL emission 

arises from light outputted as a result of both inter-chain and intra-chain exciton 

recombination along with small components arising from band-to-band recombination and 

emission caused by the electron relaxing to a higher energy level in the ground state. In 

comparison, the EL spectrum was found to nearly completely result from intra-chain 

exciton recombination.

The electrical characteristics of Al-PPV-ITO devices were also measured using IV 

measurements and non-linear rectifying curves were measured. Diode ideality factors 

between 4 and 10 were calculated with devices where the PPV was annealed in Ar 

showing better characteristics than those annealed in a vacuum. The relatively high values 

of n are a result of the high tum-on voltages of the devices (between 1 and 5 V) Also, 

devices with active layer thicknesses of the order of microns show lower rectification 

ratios than those with active layers ~400 nm thick. The higher applied bias characteristics 

can be described in terms of space-charge limited conduction taking account of a non-zero 

Schottky barrier injection in the forward direction. In the reverse direction, the conduction 

is observed to be Ohmic for thin PPV layers and SCLC controlled for thicker layers.
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Heterojunctions between PPV and PPy were prepared on ITO substrates. It was found that 

PPy had to be the first layer deposited as it was not possible to electrodeposit PPy on PPV 

and obtain a regular coating over the complete surface. PPy was deposited using oxalic 

acid and lithium perchlorate electrolytes before PPV was deposited by annealing in 

temperatures between 150 and 300°C in vacuum and in Ar. The deposition of the two 

layers was confirmed using Raman spectroscopy, optical microscopy, SEM and 

profilometry. PL spectroscopy measures emission from the devices at similar wavelengths 

to that measured for PPV films on ITO although the intensity of the emission is greatly 

reduced. The PL emission can be described in terms of inter-chain and intra-chain exciton 

recombination along with band-to-band transitions. A1 cathodes were thermally 

evaporated onto the surface of the PPV and the light output measured as constant potentials 

were applied between the A1 and ITO. Light output was only measured for devices with 

very thin layers of PPy where the results obtained were very similar to those previously 

measured for Al-PPV-ITO devices.

The IV characteristics of the PPV-PPy-ITO devices were measured for both A1 and Au 

cathodes. Non-linear symmetric curves were measured for all measurements except for 

those for an A1 cathode measured in air where rectification ratios up to 10“* were measured 

and a diode ideality factor of 2.9 calculated. The higher bias conduction mechanism is 

found to be SCLC in the forward direction and Ohmic for reverse bias. The A1 cathode 

device measured in a vacuum is found to be Ohmic in both directions. The Au cathode 

device is found to follow Fowler-Nordheim tunnelling characteristics for forward biases 

and bulk-limited Poole-Frenkel emission for reverse biases. EIS measurements were best 

modelled by a double barrier equivalent circuit.

Initial results were presented for PPy, PPV and heterojunction depositions using exfoliated 

graphene films in place of ITO. The PPy, PPV and PPV/PPy depositions are all confirmed 

by means of Raman spectroscopy, optical microscopy, SEM, UV-Vis absorption and 

profilometry. The PL and EL emission from PPV was observed to be similar to that 

measured for PPV on ITO although a higher PL emission arising from band-to-band 

transitions was observed. For the heterojunction, emission results were very similar to 

those obtained from heterojunctions on ITO.
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All IV measurements made using graphene anodes showed linear curves. Impedance 

spectroscopy measurements fitted one barrier equivalent circuits for Al-PPy-graphene and 

Al-PPV-graphene devices and a double barrier for Al-PPV-PPy-graphene device.

The original aim of this research was to further the knowledge of certain conjugated 

conductive polymers and in particular to understand and characterise the nature of 

electrical junctions formed between metals and the polymers. The work presented helps to 

explain the properties of these polymers and devices containing them and encourages the 

further use of conductive polymers in commercially available devices operating at the 

nanoscale.

10.2 Future Work

Several areas of the research presented show promise for future investigations. All 

electrical measurements were made at room temperature and it is probable that more 

information on the conduction mechanisms in the polymers can be gained if low 

temperature measurements were made, particularly on the polypyrrole devices. In addition, 

interest has soared in recent years into the area of supercapacitors as energy storage 

devices. Polypyrrole, along with other conductive polymers have long been suggested as 

possible electrode materials for use in this area as they can be readily doped and dedoped'. 

In addition, it has been suggested that PPy in the form of nanowires could give enhanced 

results ’ . In addition, the unique properties of graphene have also lead to its suggested use 

also in the area of supercapacitors. In fact there have been recent publications 

investigating the use of PPy and graphene together to form electrode materials in 

supercapacitors'*. Further investigation into electrodeposited PPy on exfoliated graphene 

films could lead to promising results.
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Appendices

Appendix A

Table A-1 shows the measured pore diameters for (Figure 4-3and Figure 4-4) measured 

using Uthscsa Image Tool

Figure 4-3 A B Figure 4-4 A B
40V single anodised 40V double anodised 60V Single anodised Anodise membrane
Pore Diameter (nm) Pore Diameter (nm) Pore Diameter (nm) Pore Diameter (nm)
26.42 58.54 44.12 190
29.95 73.12 41.8 260
17.17 55.12 41.18 210
22.73 56.97 40.86 190
28.08 52.41 31.81 190
17.75 60.14 52.03 190
21.59 53.81 47.88 200
16.19 49.39 43.43 200
24.79 51.83 47.43 170
20.33 40.96 47.43 200
20.63 55.79 50.6 210
17.75 52.43 38.35 200
26.18 65.4 31.27 200
22.73 48.18 35.78 250
22.11 71.74 47.88 160
24.79 54.97 49.91 170
24.69 60.97 43.72
23.81 65.93 54.07
29.82 43.72
27.77
23.44
Mean 23.27 Mean 57.09 Mean 43.86 Mean 199
Std. Dev. 4.03 Std. Dev. 8.18 Std. Dev. 6.37 Std. Dev. 30
Table A-1 Measured Pore diameters for the SEM images of AAO shown in Figure 4-3 and Figure 4-4
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Appendix B

Table A-2 and A-3 show the measured pore diameters and nanowire diameters for Figure 

5-14 and Figure 5-15 measured using Uthscsa Image Tool. Table A-4 shows the 

calculated optical bandgaps of PPy from measured UV-Vis absorption spectra

Figure 5-14 Figure 5-15

A B C D A B
Pore
Diameter
(nm)

Pore
Diameter
(nm)

Pore
Diameter
(nm)

Pore
Diameter
(nm)

NW
Diameter 
(nm) (top)

NW
Diameter
(nm)
(bottom)

44.94 51.67 17.77 52.85 59.71 63.23
39.29 30.83 25.13 56.17 55.47 39.99
42.94 34.74 26.71 69.99 45.34 56.15
50.36 39.89 19.62 67.72 32.26 47.22
30 44.45 34.17 75.46 34.99 39.41
53.67 42.61 35 51.24 33.89 50.98
46.65 47.13 37.1 56.21 45.34 51.13
36.77 32.68 30.67 63.47 36.33 45.9
36 39.35 34.17 51.51 51 52.76
33.29 39.89 33.05 55.69 32.06 59.86
48.17 45.4 39 60.93 63.42 28.55
48.37 55.56 27.75 69.47 35.8 47.06
27.78 40.95 23.16 75.4 33.89 47
37.58 32.35 29.41 57.88 35.8
30.59 42.61 44.56
35.44 32.68 50.19
36.71 46.45 32.06
39.7

Mean 39.9 41.13 29.06 61.71 42.48 48.41
Std. 7.5 7.03 6.43 8.54 10.34 9.13
Dev.
Table A-2 Measured Pore diameters from the SEMs of PPy NWs in AAO measured from Figure 5-14 and 

measured PPy NW diameters from the exposed top and bottom of AAO template Figure 5-15
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Figure 5-14
A B C D
NW diameter (nm) NW diameter (nm) NW diameter (nm) NW diameter (nm)
40.79 35.95 17.77 56.65
28.84 44.45 25.13 38.36
37.58 39.89 26.71 63.15
43.86 32.68 19.62 40.65
35.38 24.89 35.53 43.86
42 40.42 33.8 64.15
40.5 33.33 23.16 40.14
34.06 35.95 16.09 56.17
45.25 39.76 23.16 31.63
50.99 39.76 20.26 53.83

36.1 28.09 60.22
39.49 59.27
34.74
34.12
41.85
29.59
24.89

Mean 39.92 35.76 24.48 50.67
Std. Dev. 6.28 5.54 6.23 11.08
Table A-3 Measured PPy NW diameters measured from Figure 5-14

Optical Bandgap
Electrolyte C2H2O4 LiC104

1.781 1.682
1.762 1.717
1.73 1.748
1.731 1.760
1.826 1.704
1.82 1.751
1.8 1.724
1.795 1.695

1.682
1.681
1.753
1.755

Mean 1.781 1.721
Std. Dev. 0.037 0.031568
Table A-4Calculated optical bandgaps for oxalate doped and perchlorate doped PPy electrodeposited on ITO. 

Bandgaps calculated from UV-Vis absorption data using the Tauc equation.
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Appendix C

Table A-5 gives the single barrier equivalent cireuit barriers for the data plotted in Figure 

6-22. The data for the 0 V applied dc bias for the A1 cathode measured in air is not given.

Al-air Single Barrier Au-air Single Barrier
dc Potential Junction C Junction R dc Potential Junction C Junction R
Volts nF Ohms Volts nF Ohms
-1 0.451 6407.7 -4 1.415 5107.4
-0.75 0.457 7178.1 -3 1.405 7161.1
-0.5 0.454 6880.1 -2 1.410 8118
-0.25 0.450 8.14+03 -1 1.417 11637
0.25 0.451 7653.9 -0.75 1.426 13683
0.5 0.445 6689.2 -0.5 1.431 16001
0.75 0.452 6768.9 -0.25 1.442 20262
1 0.448 5734.1 0 1.457 24883

0.25 1.443 21797
0.5 1.435 16745
0.75 1.430 14236
1 1.419 12234
2 1.401 8678.6
3 1.405 7380.5
4 1.396 5151

Al-vacuum Single Barrier Au-vacuum Single Barrier
dc Potential Junction C Junction R dc Potential Junction C Junction R
Volts nF Ohms Volts nF Ohms
-4 0.474 5235.9 -2 0.453 18721
-2 0.472 9249.5 -1 0.448 7772.3
-1 0.475 9647.2 -0.75 0.439 9096.2
0 0.477 13153 -0.25 0.450 9813.2
1 0.474 9414.2 0 0.452 34163
2 0.476 9440.8 0.25 0.452 10055
4 0.471 6330.7 0.75 0.453 9300.8

1 0.448 7821.8
2 0.449 18693

Table A-5 Calculated single barrier parameters plotted in Figure 6-22
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Appendix D

Figure A-1 shows normalised PL spectra of PPV on ITO measured on the front and rear 

surfaces of the sample. The un-normalised spectrum from the front has a maximum 

intensity approximately twice that of the measurement from the rear.

Measurement from top 
Measurement from bottom

Figure A-1 Normalised measured PL from PPV on ITO measured from the top of the PPV and from the 

bottom of the sample through the ITO substrate
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Appendix £

Figure A-2 shows measured Raman spectra for two oxalate doped PPy films annealed 

300°C in a vacuum and at 150°C in Ar. The spectra are nearly identical to the measured 

spectra before annealing is carried out.

■ before annealing 
■annealed 300‘C, vac

before annealing 
• annealed 150'C, Ar

Figure A-2 Measured Raman spectra for oxalate doped PPy on JTO before and after annealing at 300°C in 

vacuum and at 150°C in Ar. Spectra for each sample offset for clarity

Figure A-3 shows the measured IV data for the Al-PPy-ITO devices annealed in vacuum at 

300°C and in Ar at 150°C. The calculated diode characteristics are given in Table 6. 

Higher bias current characteristics for both curves are linear indicating Ohmic behaviour.

300°C, vac 150°C, Ar
n 5.33 6.57
Jo (A cm "^) 1.69 X 10'* 5.27 X 10-^
<^(eV) 0.882 0.793
RR 60 ±50 9±4
Table 6 Measured diode characteristics from Figure A-3
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■Annealed at SOCC, vac •Annealed at 150'C, Ar

Potential (Volts)

Figure A-3 Measured IV data for Al-PPy-ITO devices annealing in a vacuum at 300°C and in Ar at 150°C

Thermogravimetric analysis (TGA) was carried out on the oxalate doped and perchlorate 

doped PPy samples in order to help analyse the thermal stability of the polymers. The 

TGA was carried out on a Perkin Elmer Pyris 1 Thermo gravimetric Analyser calibrated 

using nickel and iron standards. Each sample was weighed to ~1 mg and placed in a 

platinum pan and heated from 30°C to 900°C at the heating rate of 10°C /min under an air 

atmosphere^. Figure A-4 shows the measured TGA curves along with the time derivatives 

for both curves. They both compare well with TGA data shown in literature although the 

increases in weight loss rate observed (from 250°C for the oxalate doped PPy and 200°C 
for the perchlorate doped PPy) start at a lower temperature than most published curves'"^. 

The rate of weight loss is strongly dependent on the amount and nature of dopants and 

initial weight loss is assigned to loss of oxidants in the PPy which is a semi-reversible 
change. Kanazawa et al.^ didn’t find changes affecting the conductivity until repeated 

heatings of over 150°C. In our case while we do notice reductions in the conductivity (by 

comparing Figure A-4 to similar plots in Chapter 6, the diode properties of the PPy is in 

fact, slightly improved.

' TGA carried out by Trevor Woods, School of Physics, TCD
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Oxalic acid doped PPy 
Lithium perchlorate doped PPy

c
E

D)
■<u

0)>
TO>
<D

Q

Temperature (“C)

Figure A-4 Measured TGA data for oxalate doped and perchlorate doped PPy. The solid lines are the % 

weight loss plotted versus temperature rise (left axis) and the dotted lines are the time derivative of the % 

weight loss versus temperature (right axis)

1. N.G. Sahoo, et al., Polypyrrole coated carbon nanotubes: Synthesis, 
characterization, and enhanced electrical properties. Synthetic Metals, 2007. 
157(8-9); p. 374-379.

2. K.K. Kanazawa, et al.. Electrical properties of pyrrole and its copolymers. 
Synthetic Metals, 1981. 4(2): p. 119-130.

3. J.C. Thieblemont, et al.. Thermal analysis of polypyrrole oxidation in air. Polymer, 
1995.36(8): p. 1605-1610.
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