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ABSTRACT



ABSTRACT

Conducting polymers such as polypyrrole and polyaniline have recently
attracted much attention. These interesting molecular electronics materials have been
considered to have potential application in electro-optical devices, batteries and
molecular electronics etc. It has been thought that the detailed information with
regards to the optical and electrical properties  holds the key towards the

commercialization of those important organic conducting polymers.

Conducting polymer films of polypyrrole  films have been prepared by
electrochemical techniques. Such polypyrrole films have been characterized using UV-
Visible, FTIR, Dielectric relaxation and Cyclic voltammetric technique, respectively.
Application of conducting polypyrrole films such as Schottky devices and

electrochromic displays have also been demonstrated.

Polyaniline films have also been synthesized using solution casting, vacuum
deposition and electrochemical technique respectively. Optical and electrical properties
of various polyaniline films have been experimentally investigated. Various junction
parameters such as ideality factor, barrier height, carrier concentration etc., of some

of the Schottky devices based on semiconducting polypyrrole films have also been

determined.



Attempts have also been made to inprove upon the mechanical properties of
polypyrrole by copolymerizing it with Napthol and N-phenyl pyrrole respectively.
Measurements of electrical conductivity carried out on poly a-Naphthalene oxide
pyrrole as a function of temperature bring out the operation of Mott's variable range

hopping mechanism in this conducting copolymers.

The Langmuir-Blodgett (LB) filmdeposition technique has been known to be an
excellent method for the deposition of ultrathin uniform insulating layers comprising of
fatty acids and their salts. This technique has been successfully used to obtain
multilayers of polyemeraldine base. Besides this, metal-insulator-semiconductor  (MIS)
devices have been fabricated by passivation of electrochemically deposited polypyrrole

films by Langmuir-Blodgett films of cadmium stearate (CdSt)).
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INTRODUCTION

Rapid progress in the field of conducting polymers in the past about ten years has
led to the discovery of new electronic materials, new concepts and development of new
technologies !'*!. A large number of new conducting polymers (also referred to as
synthetic metals) such as polyacetylene, polypyrrole, polythiophene, polycarbazole,
polyaniline and polyaniline-co-orthoanisidine etc. have been synthesized using chemical
and electrochemical techniques '“*.

Electrical conduction in trans-polyacetylene, whose ground states are energetically
degenerate has been understood to originate from the solitonic excitations that arise as
a result of disruption in bond conjugation in this interesting conducting polymer. In
various other conducting polymers like cis - polyacetylene, poly-p-phenylene and
polyisothianaphthene etc., the transport of electrical charge occurs via polarons that have
been considered to result from the ground states of neutral and charged solitons 178

With increased concentration of polarons due to doping, formation of bipolarons
may occur. Compared to polarons that are both singly charged and carry spins,
bipolarons are doubly charged and are spinless *I_ Moreover, the two positive charges of
bipolaronic species that also have structural deformations associated with it are similar
to Bardeen-Cooper-Schrieffer theory of superconductivity, and hence move as a pair 1",

Non-linear excitations (solitons, polarons and bipolarons) have been found to play
important role towards the technical development of non-linear optical devices """ The

excellent environmental stability of both polypyrroles and polyanilines have led to their

potential uses in a number of applications in Schottky devices, electrochromic displays



and light weight batteries etc. 2.1

There is an increased interest of researchers presently working in diverse
disciplines such as physics, chemistry, electronics and biology etc to tailor conducting
polymer films having desired electrical and mechanical properties. This has, however,
not yet been possible because majority of conducting polymers are not soluble in any of
the known organic solvents. Besides this, most of these conducting organic materials
degrade when heated ‘beyond 200°C. Processibility is thus a major problem heralding

commercialization of conducting polymers "\

A number of methods such as solution casting, electrochemical, vacuum
evaporation and plasma polymerization etc. have been suggested for the preparation of
conducting polymer films !'*'%). The solution cast films of poly-p-phenylene sulfide have
been prepared. The electrical conductivity of such conducting polymer films measured
using four-points-probe technique has been determined as 10* S/cm " Such a value
of electrical conductivity obtained for poly-p-phenylene sulfide is too low for it to be used
for any technological application 18 Semiconductive, conducting and insulating polymer
films have been prepared by electrochemical technique 9,

The ease of control of thickness of conducting polymer films ranging from 1 um
to several microns coupled with their electrical and optical properties has resulted in this
method being used for several applications such as in surface protection, microelectronics)
electrocatalysis and energy storage etc 20 Numerous investigations conducted on
electrochemically polymerized films have indicated the amorphous nature of these films
arising due to the présence of cross-links. It may, however, be emphasized that actual

structures of such conducting polymer films, both in their doped and undoped states have

not yet been determined . Besides this, the degree of polymerization including



distribution of dopants in the majority of conducting polymer films have not yet become
available ',

It is often difficult to keep a precise control over the various parameters using
both solution casting and electrochemical techniques '”.Conducting polymer films have
recently been obtained using a vacuum deposition process. The vacuum deposited films
of conducting polymers (e.g. polyaniline) have been shown to be thermally stable 4.
Such films have been found to contain a number of defects and dangling bonds that
make these unsuitable for the fabrication of any solid state electronic devices.

With a view to obtain defect free conducting polymer films, Langmuir - Blodgett
film deposition method has recently been employed. Using such a sophisticated
technique, metal-insulator-semiconductor devices based on electro-polymerized conduct-
ing polypyrrole films and cadmium smtebliangmuirA )- bBlo(dgett layers have recently
been fabricated 'Z). Such devices have . sho:? excellent electrical characteristics.
However, the major problem that is confronting the active researchers engaged in this
highly potential field relates to their poor thermal stability including inferior mechanical
properties of conducting polymers "*°'.

Recent studies have indicated that plasma polymerization of a monomer (e.g.
thiophene) can be used to obtain films having thicknesses ranging from 50-100 A
Compared to Langmuir - Blodgett films, plasma polymerized films have been found to
show improved thermal stability . However, careful control of various processing
parameters is extremely important to extend the scope of plasma polymerized conducting
films to various optical and electrical applications.

Optical properties of conducting polymers have recently attracted much interest

For instance, one of the most important results relates to the optical spectrum obtained



in transmission and reflection mode obtained in case of trans and cis- polyacetylene. The
observed spectrum for trans- polyacetylene shows a spectrum at 1.8 eV whereas the
spectrum for cis - polyacetylene exhibits a peak at 2.1 eV corresponding to the m-m’
transition ”?_Similar results have been obtained in case of other conducting polymers.
Optical spectroscopy is a very powerful tool for the characterization of electronic
processes that occur in conducting polymers in their doped and undoped states,
respectively. The changes in the optical absorption spectra bring out important
information with regards to both the transport of charge and the phenomenon of doping
19 The optical studies of conducting polymers are extremely important for understanding
the electronic properties of conducting polymers.

Electrical properties of conducting polymers can be considered as a response
when an electrical field is applied across it. Compared to metal, these interesting
electronic materials exhibit a variety of phenomena such as electrical conduction,
polarization ! Systematic investigations of electrical characteristics of desired
conducting polymers are likely to be very helpful towards a better understanding of these

materials at a molecular level. Moreover, such studies will prove valuable for a better

understanding of the optical apd/therﬁal properties of conducting polymers ©*2, .

1.1 CONDUCTING POLYMERS

Development of the field of conducting polymers can be divided into three
categories such as polymers filled with conductive materials such as carbon or graphite

the charge transfer complexes and the polymer with conjugated backbones



1.1.1 POLYMERS WITH CONDUCTIVE FILLERS

The attempts have earlier been made to generate conducting polymers by
blending rubber like polyethylene, poly (vinylchloride) (PVC), poly(methylmethacrylate)
(PMMA) or styrene acrylonitrile copolymer and butadiene nitrile filled with conductive
filler flakes or the powder of metal flakes like nickel, copper, aluminium, iron or graphite
powder ¥ The major practical function of the polymer matrix is to hold the conductive
elements together dispersed in a solid phase. The interest in such materials derives from
low cost, light weight, mechanical durability, and ease of processibility of the polymer
component in concert with reasonably good conductivity. But these composites cannot
be regarded as conducting polymers because of the insulating nature of matrix polymer,
which generates much heat during the passage of electricity **. Their conductivities are
not very high and applications are restricted to electronic devices against electromagnetic
interference. Though the conductive filler polymers have flexibility, mechanical integrity
and processibility but have less conductivity (0.1 S/cm) and hence cannot be termed as
electronic materials 9. The other disadvantage of the conductive filler matrix is that its
electrical characteristics and optical properties generally depend upon both the shape of

the filler and its wettability of the filler by the polymer matrix.

1.1.2 ORGANIC CHARGE TRANSFER COMPLEXES

The past two decades have witnessed unabated interest in the characterization of
organic charge - transfer (CT) salts that display unusual solid state properties ! Several
attempts have been made for the synthesis of charge transfer complexes, whose short
intra-stack distance in such complexes permits overlap of w-molecular orbitals on

adjustment sites which results in the delocalization of unpaired electrons and in a ve
Ty
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narrow metallic energy band. It has been reported that an unstable perylene -bromide
salt is conducting and subsequently many salts of TCNQ have been found to be
semiconducting  in  nature. For example, tetrathiafulvalene (TTF) and
tetra-methyl-tetraselenium  (TMTSF) form 1:1 donor acceptor molecular complexes with
tetracyanoquinodimethane (TCNQ) having conductivity of 500 S/cm or higher at room
temperature 7. The charge transfer complexes between TCNQ and poly ( 2- vinyl
pyridine) and poly[ styrene - co - ( 2-vinyl pyridine)] etc have resulted in moderate to
poorly conducting complexes. The electrical conductivity of such a system depends on the
ratio [TCNQ')/ [TCNQ*]. Thus, in the absence of neutral TCNQ, electrical conductivity
has been found to be less than 10 S/cm which rises (o 10° and 107 S/cm at ratios 10:1
and 1.1:1, respectively irrespective of the polymer system ( which merely act as
supporting / binding agent both for TCNQ molecule and TCNQ ° ion in a regular
fashion).

Conducting charge transfer complex salts are composed of highly ordered arrays
of donor and acceptor species, one or both of which can be radical ions and are
thermodynamically stable. It is necessary for a charge transfer complex to be associated
with a proper ratio (acceptor to donor), otherwise it will exhibit poor electrical
conductivity and poor surface morphology. Besides this, these materials have higher
extinction coefficient, lower refractive index and higher band gap (>4.1eV) % The

structures of some of the charge compounds have been given in fig.1:
DONOR ACCEPTOR NC\ /CN

—S SN
i >=/") [

\S/ ' \s/ O
||
TTF

Fig.1 Structures of some charge transfer Complexes, tetrathio — / ”\
fulvalene (TTF) and tetracyanoquinodimethane (TCNQ). NC CN

TCNQ






1.1.3 POLYMERS WITH CONJUGATED BACKBONES

Electrical conduction in conducting polymers can be understood in terms of
delocalization of m - electrons principally along the polymer chains. These are
electronically one dimensional "*. The novel feature of conducting polymer can be
defined as the backbones (or pendant group), which are responsible for the generation
and propagation of charge carriers and electron delocalization is mainly responsible for
very interesting phenomena such as phase transition, charge density waves,
metal-to-insulator  transition and non-harmonic excitations (solitons,polarons and
bipolarons) exhibited by a conducting polymer o,

The outermost (valence ) electrons of a carbon atom occupy two 2s and 2p atomic
orbitals. The trigonal sp? and linear sp' hybrids leave one and two p electrons out of the
bond forming hybrid orbitals. The structures of unsaturated carbon compounds can in

principle give rise to extended electronic states formed by the overlap of p-electrons. The

extended m-electron systems could thus provide a basis for the metallic behaviour in

polymer. The fact that conjugated polymers are semiconductors arises from the fact that
linear (quasi-one dimensional) chains are unstable against a deformation of carbon
skeleton which leads to the localization of m-electrons. This effect is termed as Peierls

transition or the bond alternation (fig.2) """

H H H H H H
kN INEAINLA TN\
H H H H H

Fig.2 Bond alternation in trans-polyacetylene.

There is tremendous excitement in the possibility of achieving materials which
have important electronic and optical properties like semiconductors and metals and also
have attractive mechanical properties and processing advantages over the conductive

7



fillers and charge transfer complexes. A new class of electronic materials has recently
been proposed with the preparation of polyacetylene [(CH),] using Ziegler-Natta catalyst
by Natta et al “? The insoluble powder of (CH),, synthesized by this method is found
to be insoluble in any organic solvent with a conductivity of 10° S/cm. Later, it has been

sed that the properly substituted polyacetylene molecule cannot only be conducting

ut also superconducting at room temperature.
Though much theoretical predictions about the nature of (CH), have been

fore-cast but the real thrust of conducting polymers has begun with the successful

!

‘ ynthesis of cis and trans forms of polyacetylene. In the preceding years Shirakawa et
T have succeeded in preparing free standing films of (CH), by passing pure acelytene
over Ziegler-Natta catalyst at temperature (195 K). The conductivity of copper
loured cis-PA and silvér coloured trans-PA films have been respectively measured as
1. 7x10° and 4.4x10°S/cm “*), As soon as these conducting films are exposed to chlorine
, bromine gas, there is a tremendous increase in electrical conductivity by 10-12 orders
magnitude. AsF; doped polyacetylene has an electrical conductivity of 10° S/cm and
tivation energy of 0.5 eV . It has been seen that cis-isomer of PA is a stable form
low temperatures whereas trans - isomer is stable at elevated temperatures. The
ectrical conductivity of polyacetylene is hardly stable in atmosphere and its
jonductivity decreases drastically when it is exposed to air and this process can be
, dserved following the changes in optical, Raman and ESR spectra, respectively 91

Numerous theoretical models have been proposed in literature for investigating the

mechanism of charge transport in polyacetylene. Efforts to improve upon the stability of

he metallic PA in air have not yielded satisfactory results [45).

Poly(p-phenylene) (PPP) and poly ( p- phenylene sulphide)(PPS) have been



synthesized by Friedal Craft and coupling reactions, respectively .. The chain length of
PPP is only 15-20 phenyl units and increases slightly on doping with AsF; having
conductivity 500 S/cm and band gap of 3.5¢eV, but the transport of the charge carriers
via short chain is restricted. PPS is thermally processable but its electrical conductivity

when exposed to AsF; vapours gets lowered. Doping of these conducting polymers (PPP

| and PPS) results in anisotropic conductivity and consequently anisotropic optical

Real thrust in the field of conducting polymers has originated with the synthesis

of polyindole, polyfuran, polypyrrole (PPY), polythiophene (PT) etc. which in general

have five membered ring structure with one hetroatom X (X = N, O, and S etc.). PPY
(of different origin) has been known from for a the long time. The first electrochemical
synthesis of a PPY film by Diaz et al 19 has revealed that the possibility of a highly
conducting and stable synthetic metal is not too remote. The electrical conductivity of
BF, doped PPY film has been measured to be of the order of 100 S/cm with a band gap
of 3.2 ev and activation energy of 0.04eV. Polypyrrole in the doped state has absorption
bands at 0.7,1.4and 2.1eV, attfibuted to the presence of polarons. Polypyrrole consists
of very small crystalites and is 95% amorphous 1% Though, polypyrrole has been used
for the fabrication of electronic devices such as Schottky diodes, metal -insulator -
semiconductor (MIS) devices, it is not as yeta proccesabie polymer. Moreover, it has not
been possible to produce conducting PPY with electron -donating species to obtain
n-type organic semiconductor.

Polyaromatic compounds such as polyaniline and its derivatives such as poly
(1-methoxy aniline), poly( N-acetyl aniline), poly(m - methyl aniline) and poly ( N-

phenyl aniline) etc. have received a new dimension due to their processibility and
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1.2 SOME MAJOR PROBLEMS IN CONDUCTING
POLYMERS

1.2.1 MECHANISM OF ELECTRICALCONDUCTION

The most carefully prepared conjugated polymers are not perfect and contain a
variety of defects known as conjugational defects. These occur due to the two-fold
degeneracy. Trans- polyacetylene for example is a Peierls insulator that allows the
possibility of non-linear excitations in the form of bond alternation domain walls. each
with an associated electronic state at the centre of the gap. Soliton is a topologica; kink
in the electron-latti i i

tron-lattice system, a domain wall is connected with two phases with Opposite

l' the

11



soliton is mobile . The charge of a non-bonding electron sitting on the conjugation

defect is compensated by the nucleonic charge of carbon atom. This type of defect is

| neutral (neutral soliton). The competition of the elastic and condensation energies
spreads on the domain wall over a region of about 12-14a , a(A) is the C-C distance
along the (CH), chain. So single soliton defects can exist on imperfect chains. These
electronic states are a solution of the Schrondinger equation in the presence of the
structural domain wall and can therefore accommodate 0,1 or 2 electrons. The neutral
soliton has one electron in the midgap state. Positively and negatively charged solitons
have zero or two electrons respectively in the mid-gap state. The reversed spin-charge
relation exists for the solitons in trans-(CH), as charge solitons are non-magnetic,
whereas a neutral soliton has spin 1/2. The charged solitons are formed by electron
transfer onto the polymer chain on doping with electrons or acceptor ions due to a
relation given by Takayama et al . E, = A (4/m) where E, is the energy for creation

of soliton and A is the creation of an electron - hole pair.

(1777117777477 7774
. _ﬂ{ EC LLLLLLLLLLL L2 L 2 27 5/
F/\//\//\ how,l —» -----g (hw = ZA‘EQ\/\/\/\ -===-00--—-- -
neutral solition hwg th-A) + ve soliton T7777777777777777
Z7777TTII 77777777 Ey

LULLUIIII L L 20L
Ec

SNININIS e

—vye solition
T77777777777777 7
EV

Fig.4 Schematics of solitons in trans -polyacetylene: (a) neutral soliton, (b) negatively charged solitons, (c)
positively charged solitons, where Ec, Ey, E, and hw are the conduction band, valence band, band gap and

energy, respectively.

Polaron/bipolaron is the simple defect type that occurs in cis-PA, PPY, PT and

PANI etc. These arise due to the reduction in dimerization parameter over a limited

12



region of chain *). The ground state is not degenerate. However, the energy difference
per bond A E/I might be expected to be small i.e greater than zero (in cis-(CH), ) but
less than trans-(CH),. So obvious lack of degeneracy cannot support stable soliton
excitations. Because creating a soliton pair separated by a distance d would use an
energy of about d(AE/l). This linear confinement energy leads to bipolarons as the
lowest energy charge transfer configuration in such a chain, which creates energy
somewhat greater than (4/m). The spin charge relationship of such polarons is
traditional. Polaron is a charged electron site (radical cation), plus a lattice relaxation

around the charge "' Schematic of polarons and bipolarons formed in PPY are shown

in fig.5:

Fig.5(a) Polarons and (b) bipolarons in conducting polypyrrole.
P*, BP, charged polarons and bipolarons, Ec and Ey refer to conduction
band and valence bands, respectively.
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Soliton +eor €

Polaron +e or €

Bipolaron +2e or -2e

In addition to these defects, conducting polymers are likely to contain a variety
of other defects such as cross - links, branch points and conformational defects. Such
defects may arise due to chemical linking of monomer unit yielding an undesired linkage
and breakage of chemical regularity. The cross-linking results in the rubbery nature of
a conducting polymer. The defects such as solitons, polarons and bipolarons are the only

means to attain the desired electrical conductivity in conducting polymers.

1.2.2 ENVIRONMENTAL STABILITY

Some @ the problems that have heralded the applications of conjugated
polymers relate to envim;\mental stability and the loss of desirable mechanical properties
on doping. It is very important for a conducting polymer film to be stable in doped and
undoped states in normal atmospheric conditions. Conducting polyacetylene films have
been found to be highly unstable in atmosphere. Moreover, conductivity of I, - doped

polyacetylene has been reported to be decreased with time on its exposure to air 558

The electrical conductivity of poly(phenylene sulphide) decreases on being treated with
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moisture . Both the atmospheric oxygen and moisture have been found to affect the
electrical characteristics of polypyrrole films. Similarly, electrical conductivity of doped
polyaniline increases when subjected to water vapours. It has been reported that redox
potential and chemical reactivity of polymer chains are, however, two important
parameters to be considered for understanding the stability of conducting polymers ',
If the reduction potential of a polymer is greater than the reduction potential of oxygen
(0.14), such a polymer is stable in air 611 Thus, PPY oxidizes slowly in air. On the other
hand poly(3-methyl thiophene) and polythiophene have their oxidation potential as 0.7
V which is larger than the oxidizing potential of moisture 162 PPS undergoes reduction
due to its"tg(?dation potential (1.6 V) '**\. For instance, in polyacetylene, oxygen causes
oxidation of the chain resulting in the shortening of the chain. This greatly influences

the electrical and the optical properties of a conducting polymer by interrupting the

extended delocalization.

1.2.3 THERMAL STABILITY OF CONDUCTING POLYMERS

The conductivity of polyacetylene decreases with time at room temperature as it
reacts with oxygen. Its thermal degradation starts at 593 K '*1_Polyhetrocyclic compounds
like polypyrrole, polythiophene and polycarbazole etc. are relatively thermally more
stable ', polypyrrole has been found to show particularly good stability and high
conductivity over a period of few months in some cases. PPY films with tetra-fluroborate
and perchlorate retain their properties over a prolonged time upto about 423 K whereas
polythiophene shows similar characteristics upto 473K 9. The effect of inorganic and
organic dopants on electrical properties of PPY films as a function of temperature has

also been systematically studied. An ageing effect on electrical and optical properties of
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both polyaniline and its salt has been observed.

1.2.4 PROCESSABILITY OF CONDUCTING POLYMERS

Processibility is an important criterion for a desired conducting polymer for its
commercial use. Moreover, it is always easy to characterize if conducting polymers can
be shaped into desired forms. Conjugation in a polymer shoulq not be disrupted on its
being processed. Well-known conducting polymers such as PA, PPY, PPP etc. have
been found to be insoluble and infusible. Therefore, the processibility of these

N / Ty
conducting polymers is neither possible by solution technique, or by the melt processing

method. PPS films have been cast from AsF, solution and these then become conducting
when doped with AsF; '*". Polyaniline has recently been shown to be processable when
cast from NMP / THF at high temperature. The Langmuir Blodgett films of PANI have |

also been prepared due to its solubility in NMP el

The copolymerization technique has been used in case of poly (3-methyl
thiophene) and poly (methyl methacrylate) with a view to improve upon the processibility
of these conducting polymers. Copolymer films cast from THF solution show decreased
value of electrical conductivity (10> S/cm) on being exposed with I,. The introduction
of organic groups such as N-phenyl, N-methyl, octadecyl etc. in a monomer brings about

flexibility and enhanced solubility of a polymer. Poly(o-methoxy aniline) films have

however, been cast from NMP and THF solutions.

1.3 PREPARATION OF CONDUCTING POLYMER
FILMS

Technological development of conducting polymer is possible only when thin to
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thick films can be synthesized and characterized exhaustively. It is known that conducting
polymer films have very large surface to volume ratio, which consequently influences the

film properties over bulk materials. The principle techniques used to synthesize various

conducting polymer films have been briefly described as under:

1.3.1 CHAIN POLYMERIZATION

It is an important method wherein all the atoms present in a monomer are
incorporated into a desired polymer. A monomer required for the preparation of a
polymer film generally depends upon the selection of one or more methods. For
example, polyacetylene (PA) is polymerized using a Ziegler - Natta catalyst. Free

standing cis - PA (98.1%, cis content) have been prepared by Shirakawa et al 41 by

polymerization of pure, dry acetylene gas at 195 K using titanium -tetra buto-oxide

triethyl aluminium catalyst system in toluene with Al: Ti in 4:1 ratio [69]. All trans-PA
has been obtained by polymerizing polyacetylene at 423 K and using hexadecane as

solvent. Polymerization at 291 K results in PA film having about 40.7% trans content.

Polyacetylene has been synthesized using tetraethylammonium/ tetrabutoxy titanate Al

Ety/ Ti (OBu), catalyst dissolved in silicone oil and treated at 393 K for two hours before

use. Polyacetylene films thus obtained are homogeneous, oriented, regular, compact,

crystalline and deféct free. The films produced in this way range in the thickness from

10° t0 0.05 cm depending upon the physical and chemical parameter of polymerization

of acetylene. In this process, the choice of 2 catalyst and the concentration are often

difficult for the fabrication of conducting polymer films. Polyphenyl-acetylene,

poly(l-hexyne) and substituted polyacetylene are synthesized etc. by this method (fig.6).
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Ti(BU)4
— - CH=CH}—
CH= CH —ZiCi; — n

Fig.6 Preparation of a polyacetylene film by chain polymerization

1.3.2 TEMPLATE POLYMERIZATION

Highly oriented fibrillar films of conducting polymers are synthesized using this

method where the pores of a porous membrane act as template for a nascent polymer

1 Nanoscopic polyacetylene fibrils have been synthesized by polymerizing acetylene

within the pore of a filtration membrane when pregnated with the solution of a catalyst.

Template synthesized polyacetylene films have been found to be preferentially oriented

parallel to the fibrillar axis and also PpOSSESS higher electronic conductivity than

polyactylene when synthesized in identical conditions. The derivative of polyactylenes

have also been synthesized by this method.

1.3.3 POLYMER PRECURSOR ROUTE

This is an innovative and useful technique O overcome the problem of

intractability in conducting polymers. Such a technique involves the synthesis of a highly

soluble precursor polymer which is processed and purified in solution and is finally

converted to the less tractable polymer film. Polyacetylene, poly(phenylene vinylene)

(PPV), poly(arylene vinylene), dialkoxy substituted phenylenes etc. have been synthesized

by this method. Poly(p-phenylene vinylene) (PPV) can be prepared in film form by
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precursor polymer route "7 The precursor polymer obtained in aqueous solution forms

a bis-sulphonium salt of p-xylene by base initiated polymerization reaction by elimination

of halogen acid and dimethyl sulphide from p-xylene-a-dimethy! sulphonium halides '™

© ®
X~ R, S (CH), —@—CHZ SR? X@

or®

—= | CH, —@—CH +R,S +HX
-2

—[—@—cn—mw} + R, S +HX

Fig.7 Preparation of poly(phenylene vinyleae) film by precursor route
technique; X = Cl or Br and R = CH, or CH;.

1.3.4 SOLID-STATE POLYMERIZATION:

The conducﬁng sulfur nitride (SN), films have been obtained by passing S,N,

vapour at 353 K and a pressure of less than | um over silver/wool catalyst. Then it is

polymerized by thermal initiation in solid state at 253K. Poly(l-chloro 2-phenyl

acetylene), distyryl pyrazine, polypyrrole, polydiacetylene _etc. have been polymerized

using UV or gamma irradiation to obtain 2 defect free polymeric film 7.

1.3.5 PLASMA POLYMERIZATION

It is a method to prepare ultrathin uniform polymer layers that strongly adhere

to an appropriate substrate. Electric glow discharge is used to create low temperature

or 'cold’ plasma. Thin siloxane polymer film functionalized by sulphonate group,

polypyrrole, polythiophene etc. are prepared by this technique 7. Polymer films of
500-3000 A can be obtained under the plasma current of 70 -95 pA/ cm’ and a pressure

of = 0.2 torr in a dc discharge plasma. This method gives polythiophene films that have
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been found to be photoconducting. The advantage of this method is that it eliminates
various steps needed for conventional coating process. The film fabrication depends upon

the nature of starting material, the reaction condition and the temperature of the

substrate.

1.3.6 SOLUTION - CAST METHOD

It is an important method that can be used for fabrication of thin to thick film.

This method generally depends upon the solublility of the conducting polymer. At first

the polymer is synthesized by chemical synthesis technique and the polymer is made

soluble in an organic solvent. The solution is heated under low pressure for the

formation of a conducting polymer film. The films of polyaniline, derivatives of

polyaniline like poly(o-methoxy aniline), copolymer of poly( aniline-anisidine) etc. can

be fabricated by the above method. Poly(o-methoxy aniline ) powder is dissolved in

N-methyl pyrrolidinone (NMP) in appropriate proportions ™. The solution is heated in

a vacuum oven under a pressure of 107 torr and at a temperature of 170°C. The free

standing films can thus be formed. The uniformity of film strongly depends upon the low

pressure and can be controlled by the evaporation of the organic solvent.

1.3.7 ELECTROCHEMICAL POLYMERIZATION

Electrochemical polymerization is regarded as a simple and novel technique for

the preparation of a desired conducting polymer film. Galvanostatic, potentiodynamic or

Cyclic voltammetry techniques have been respectively used for this purpose. The films are
Prepared by stoichiometric polymerization of monomer in the presence of a desired
electrolyte in a cell consisting of working, counter and reference electrodes, respectively.
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rocyclic compounds such as polythiophene, polycarbazole, polyfuran, polypyrrole,
solymer of pyrrole and polyaniline etc. are synthesized by this technique [76-77].
olythiophene containing BF, ions are obtained by electrolysis of thiophene in aceto-
rile containing lithium tetrafluroborate (LiBE,). Poly(thiethyl pyrrole) a copolymer
hiophene and pyrrole have been synthesized using 2-2’ thiethyl pyrrole.
In the electrochemical synthesis the electropolymerization  is accompanied by
iltaneous oxidation. The first step involves the oxidation of monomer to its radical
ion. Since electron transfer reaction is faster than the bulk solution and the second
2p involves the coupling of two radical cations to produce a dihydrodimer dication

/hich leads to dimer after loss of two protons and rearomatization (fig.8) 1781,

O o

% O~
M_e m

(=@ %_Q
_.WJrZH
_____________ AT

Fig.8 Schematic of electropolymerization of polythiopene, where E,, and e are the oxidation potential and
electromc Ch.a]‘ge l'eSpeC(chly

1.3.8 VACUUM DEPOSITION METHOD

Vacuum deposition is a relatively simple process that makes use of a chamber,

a power supply and heating elements capable of heating 2 material to a temperature at
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a required pressure. A vacuum pump system is capable of reducing the pressure
sufficiently to allow the evaporation of the coating material and fix it in its position. It
has now become possible to produce thin layer deposits of conducting polymer by
vacuum deposition techniques. Such experiments have been conducted with terphenyl
deposits which can then be dimerized or trimerized in poly(p-phenylene). Salaneck et al
™ have investigated the electrical properties of vacuum deposited polyaniline film.
Conducting polymer films formed by this technique are molecularly oriented and are
parallel to the substrate. The films of polydiacetylene, polyaniline and polyaniline

derivatives etc. have been fabricated by the vacuum deposition technique.

1.3.9 PHOTOCHEMICAL POLYMERIZATION METHOD

Photochemical polymerization has some advantages for the fabrication of a

conducting polymer film. Polypyrrole patterns, have been generated using photochemical

and photocatalytic polymerizations on some inorganic semiconductors. The photochemi-

cal deposition of polypyrrole is performed via the intermediacy of a photosensitive

copper (I) complex, [ Cu(dpp)*’], the excited form of which can be transformed into

copper II-by reducing p-nitrobenzyl bromide, the resulting copper II complex is then able

to oxidize pyrrole into polypyrrole (dpp= 2,9diphenyl phenanthroline) on semiconductor

surface [80]. Ruthenium II tris(bipyridine) has been used as the photosensitive

intel‘lnediate and a cobalt complex, penta-amino cobalt III chloride, as quencher
[CO(NHg)sCl]Cl, play the role of oxidant (fig.9). The experiment is performed by

impregnation of membrane with the result of pyrrole polymerization which —occurs

according to a predetermined reaction.
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2+ 2+
CO (NH2)g CIX“' Ru (bf"y):5 Poly-pyrrole
Decomposition Ru (be):+ Pyrrole

Fig.9 Photochemical deposition of polypyrrole films, where CO(NH,),CI**, Ru(bPy);’",
Ru(bPy),>* are penta-amino cobalt IIl chloride, ruthenium 11 tris (bipyridine) and
ruthenium I tris (tripyridine), respectively.

1.3.10 LANGMUIR - BLODGETT FILM DEPOSITION TECHNIQUE

Precise thickness control coupled with the degree of control over the molecular

architecture has firmly established a role for Langmuir-Blodgett film in thin film

technology '*"*. Langmuir-Blodgett technique has been applied for preparing organic

thin films in which functional parts are arranged in ordered states. The feasibility of

locating functional parts at the molecular level alongwith the control of the thickness of

resultant film are the novel features of this technique. This technique includes two steps

such as the formation of stable monolayer films at air-water interface and subsequent

transfer of the film onto a solid substrate.

A typical film forming molecule consists of 2 hydrophilic part and a hydrophobic

part. The former usually contains the functional moiety of the films of an alkyl chain.

These built up monolayer assemblies Of the substrates are now referred to as

Langmuir-Blodgett films whereas the floating monolayer is termed as Langmuir

monolayer. The hydrophilicity and hydrophobicity of the molecule play important roles

in each step suggesting that the modification of hydrophilic part of the molecule should

result in films with different structures and functions even if functional moieties are in

isolated form.

23



Conventionally, a lipophilic fatty acid is attached to the monomer to facilitate the
deposition of an oriented film. Subsequently, the monomer is polymerized by suitable
means. Alternatively, preformed polymers such as alkylthiophene mixed with stearic
acid is dissolved in a suitable solvent and deposited. The deposition (PPV) is achieved
in three steps as the preparation of monolayers films of the poly(sulphonium salt) onto

n appropriate plate and thermal treatment of such multilayer films resulting in the

yrmation of PPV film.
The LB films of polyaniline and methoxyaniline have recently been prepared with

known amount of polymer in N-methyl pyrrolidinone(NMP) /CHCI], and acetic acid or

NMP/CHCI, solution of polyaniline w-41_polyalkylthiopene and a variety of both alkyl

substituted thiopene and pyrrole have been used for fabrication of Langmuir-Blodgett

films [85]. For example pyrrole monolayer is polymerized at air-water interface ofan LB

trough in the presence of an active pyrrole molecule and ferric chloride. LB films have

been formed from mixed monolayers comprising of cadmium stearate and a conjugated

polymer.

1.4 PROPERTIES OF CONDUCTING POLYMER
FILMS

Opical, electrical and structural properties of conducting polymer films can be

experimentally investigated using a qumber of techniques. There is no single experiment

which in general is capable of providing the detailed description of the properties of

conducting polymer films. It is true that the best insight into the detailed properties of
a film is available through a carefully chosen combination of several available

techniques. A conducting polymer film has a relative orientation, pseudo-crystalline
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structure and peculiar imperfections over the bulk material. Again, these factors change

with time as the film grows in different conditions and finally its properties approach to

the bulk conducting polymer. The main properties of a conducting film are those that can

be repeatedly cycled between the oxidized state and reduced state. Some of these

~ properties of some conducting polymer films have been discussed below.

1.4.1 MECHANICAL PROPERTIES

Diaz et al " have shown that the nature of a solvent and also the anions used

in the preparation of the conduction polymer film strongly influence both the
conductivity and differential mechanical properties such as Young's modulus, the tensile
strength and elongation at break etc.. The elastic properties of a conducting polymer
depend upon the chain alignment and have been characterized by the Harmans
orientation function defined as f=[3 <cos’c >-1]/2where <cos’o >is the average of the
square of the cosine angle, (o) between the chain axis and stretch direction.
Chain-alignment in conjugated polymer requires a slage of drawing or stretching polymer

at some line in the processing of the polymer. The attachment of flexible size chain to

main chain, which provides a reliable means of setting the polymer into solution does not

however tend to give good orientation ™.

It has been shown that PPY doped with BE/, ClO, and PTS ions have the Young
modulus of Q.16 N/nm?, indicating good mechanical properties of these conducting
polymers, Moreover, PPY is a typical hard and brittle material with a high tensile
strength  with no yield stress and high Young’s modulus.

Mechanical properties of PPY film can be compared to those of polystyrene and

nylon. The composite of PVC/PPY also shows the lower modulus , lower tensile strength -
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and yield which are the characteristics of a soft material. The mechanical properties
of PPS decrease, with increased doping (e.g AsF,) concentration due to inhomogenity

of surface or chemical and physical alternation of chemical and substantial loss. AsF,

appears to act as solvating agents for the doped polymer, lowering the energy of the
doped complex and allowing enhanced diffusion into the interior of PPS film. Films
doped in this manner show improved mechanical properties as compared to those
prepared with AsF, alone. The film prepared by dissolving polyaniline in N-methyl
pyrridinone (NMP) on heat treatment at glass transition temperature (2 110°C) have

been found to be elongated to 400%. Besides this, such films have been found to have

anisotropic properties. The films having good mechanical properties are used for the

fabrication of electronic devices such as field - effect -

transistor (FET).

1.4.2 STRUCTURAL PROPERTIES

The degree of molecular ordering in 2 conducting polymer is determined by a

combination of different techniques such as X-ray scattering, scanning tunneling electron

microscopy (STEM), X-ray photoelectron spectroscopy (XPS) etc. The short range order

of the double - layered structure in sulphonate doped polypyrrole systems have been

speculated by X-ray diffraction. A planer configuration of polypyrrole system has been

€xperimentally performed on polypyrrole/anion system using transmission and reflection

X-ray diffraction experiments "*". The copolymer of pyrrole and N-methyl pyrrole shows
a marked variation in structural anisotropy as revealed by X-ray scattering with apparent

copolymer content. There is a trend between the observed variation in electrical

conductivity and structural anisotropy of this conducting copolymer. Further, it has been

shown that polyisothianaphathlene consists of crystalites approximately 20 A in size.
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Poly(3-methyl thiophene) and polypyrrole have crystalline order, possible less then 5%.
Cis and trans content in polyacetylene is reported to be in extended chain forms
consisting of an irregular matted web of highly crystalline smooth fibrils forming a net
sponge. The fibrils ranging from 100 to 400 A in width have been observed.

The d - spacing in polyaniline has been deduced from the observed peaks,

according to Bragg’s formula :
A = 2dsine | Eq.1
using the Scherrer formula

L = 0.9/ A (26) cose Eq.2

where A, d, © and L are the wavelength, inter spacing distance, angle of the diffracted

ray, the crystalline domain size, respectively. The value of L is found to be 30 to 70 A

for conducting polyaniline system. The X-ray diffraction studies conducted on ES-I and

1 -

E-II show these to “i)seudo _ orthorombic in structure with different crystalline size. It

has been concluded that ES-I and ES-II essentially are amorphous. The inter spacing for

NMP cast stretched films of PANI has been found to be 2-5 A .

1.4.3 MORPHOLOGY OF CONDUCTING POLYMER FILMS

Morphology of a conducting polymer film is important property which needs to

be carefully investigated because it is NOW well - established that the fibrillar structure

of Polyacetylene is often advantageous as it can easily store up to 7% of the available

Charge. SEM picture of a stretched PA film shows a bundle of fibers with average fiber
diameter being around 800A.SEM studies conducted on polyhetrocyclic compounds such

as polypyrrole, polythiophene and poly(3-methyl thiophene) show that the structures are

fibrillar, spherical with particle diameter of nearly 100 nm ™. It has been seen that
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polypyrrole films having counter anions such as Br have dense and homogeneous

structures.

Morphological studies carried on the solution and electrochemically prepared
polyaniline films have confirmed the existence of clusters (50 - 250 nm in diameter) '™,
The thick films of PANI have been shown to have regular surface morphologies.

Scanning tunneling microscope studies carried out on solution cast polyaniline films have

revealed granular (5-10 nm in diameter) nuclei having globular or spherical shape 'l.

It has been seen that the compact surface of a conducting polymer results in a higher

value of electrical conductivity. However, the surface morphology of a conducting

polymer film in general is globular with fine grain boundaries.

1.4.4 OPTICAL PROPERTIES OF CONDUCTING POLYMER FILMS

Optical properties of conducting polymer films deal with the electronic excitation,

absorption near the infrared, refractive index, extinction coefficient, second harmonic and

third harmonic generation etc. As a whole optical properties of conducting polymers are

important for understanding “the electronic structures of a desired material. In general,

an insulating polymer film is transparent (or lightly coloured) whereas on doping a

conducting polymer film typically absorbs in the visible region. Poly(isothianaphthene)

film however becomes blue black in the undoped state and it becomes transparent yellow

in the doped state 2.
71- conjugation in a conducting polymer is indicated by its colour and its

electronic spectra. Spectroscopy has become a powerful probe for the characterization

of electrical processes that occur in a conducting polymer in its doped and undoped
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states including those during insitu doping 181 The changes of the optical spectra
accompanying doping are significant and these spectral changes play a key role in
elucidating the mechanism of doping and the nature of charge storage species in a
polymer chain. Doping induces additional energy bands (due to solitons, polarons or
bipolarons) in the principal energy band of a conducting polymer. The optical

spectroscopy is thus a valuable ool for the determination of optical band gap of

conducting polymer films. The optical band gap, E, isan important characteristic whose

magnitude governs the electronic and optical properties of a conducting polymer. The

existence of a band gap in a conducting polymer is considered to originate principally

from bond alternation.

Trans-PA shows a strong absorption peak at 1.8-1.9¢V but on doping with I, (or

AsF;), new absorption peaks appear at 0.65 - 0.7¢eV and at 1.9 eV in the observec

optical spectra "*¥. The midgap absorption givesa direct evidence for charged solitons ir.

the doped PA. In trans-PA the degree of the bond alternation r, the difference betweer:

the length of carbon-carbon double bond (fc=c = 1.346 A) and that of single bond (rc.-

= 1.446 A) is experimentally observed to be of the order of 0.08-0.1A.It has been showr:

that in the case of insitu doping Of trans-PA, the mid - gap absorption intensity increases

monotonically in proportion to the dopant concentration. The independent evidence has

been obtained from the doping induced modes that appear in the mid-infrared associatec

with local vibrational modes of charges in conducting polymers 1931,

The infrared studies conducted on PA reveal new absorption peaks at 900 cm’’

and 1370" identified with two internal modes of a kink soliton arising due to the w -

electron. 1290 cm™ and 1400 cm peaks have been associated with internal vibratiors

and are found to be unchanged in the low doping level of PA. The non-linear opticzl
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properties of PA have been recently studied. The stronger resonance enhancement of X®
at 0.59 eV having a value of 10* esu (after) has been measured in this conducting
polymer. The remarkable oscillator strength associated with doping - induced
spectroscopic feature arises directly from the spatial extent of the charge storage state
of PA and its derivative. The existence of solitons has been proved unambiguously

through a series of photo-induced absorption and photo-induced ESR measurements in

PA. The values of refractive indices in PA and its class such as polydiacetylene at 480

nm have been measured to be 1.5and 2.1 which are close to the value found for the

other polymeric systems.

Polyhetrocyclic conducting polymer such as polypyrrole has been found to be

susceptible to air and moisture. The absorption spectra of neutral PPY has absorption

bands at 3.2 eV and 1.3 eV, respectively, when it is exposed to air. Further, the height

of the 3.2 eV absorption peak decreases whereas that of the 1.3 eV peak increases due

to oxidation by oxygen. The absorption spectra for oxidized PPY films show broad bands

near 1.0eV arising due to conduction electrons and the observed absorption peaks near

3.0 eV have been associated with an inter band transition derived from the w-m°

transition in the polypyrrole film. Strongly oxidized PPY is not a metal, but has two

narrow bands in the gap which can be assigned to bipolarons. The optical dielectric

constant of a PPY film at low energy (0.1 eV) has been measured to be 2.5 which is

typical for a polymer. The results of ellipsometric measurements conducted on PPY

fibrils are in agreement with the spectroscopic measurement %1,
In non-degenerate doped conducting polymers like polythiopene, poly(2,2

bithiophene) or poly(3-methyl thiopene), more than one peak has been observed in the

UV-visible absorption spectrum. The absorption peaks have been attributed to the n-n"
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transition. The intensity of the absorption with interband transition gradually decreases

on doping. Besides this, various absorption peaks have been found to be shifted to higher

energies. Band gap of poly(isothianaphthalene) (PITN) has been calculated as 1.0eV

indicating that it is half of the parent polythiopene. It can be further seen (Table 2)

that reduction of the band gap is directly related to the value of the electrical
conductivity of poly(3-octyl thiopene) and PITN films, respectively. It is interesting to

note that electrochemically prepared films and solution cast films of poly(3-methyl

thiophene) have the same UV - absorption spectra. The doping of polythiophene results

in significant changes in its structure.

Optical properties of polyaniline have been extensively studied in using the UV

- visible absorption  Spectroscopy. There is no charge conjugation symmetry in

polyaniline because the Fermi level and band gap are not formed in the centre of the

n-band. Hence, the valence and conduction bands are asymmetric. Spectroscopic

measurements have provided important information on the electronic structure of the

insulating emeraldine base including the evolution of the electronic structure as z

function of the degree of protonation. Interestingly, the absorption peak at 2.1eV in

emeraldine base disappears whereas tWo new absorption peaks centered at 1.5and 2.9

eV appear as a result of protonation. In conducting polyemeraldine base film the

at 1.0, 1.5 and 3.0 eV demonstrate the interchain coupling ™.

absorption peaks

Ellipsometric studies have been used to obtain values of refractive index and extinction

coefficient as 1.5002 and 1.8 respectively. The optical properties of some of the

conducting polymers have been given in Table 2.
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TABLE 2: Oprical parameters of some conducting polymers.

DOPANT

W

ABSORPTION

Erna(eY)

IONIZATION
POTENTIAL
(eV)

HIGHEST

OCCUPIED

GAP
(ev)

Trans-PA

neutral

1.9

4.7

6.5

1.4

Trans-PA

I,, AsFs

0.7,0.9

4.7

1.4

neutral

1.5

4.8

6.4

1.5

Cis-transoid

trans-cisoid

neutral

4.7

6.5

1.3

Phenylene)

Polythiophene | neutral 2.6 4.5 7.01 2.6
Polythiophene | BF, 0.7,1.7,2.6 45 7.01 2.6
Polydi- - 2.1 5.1 39 2.1
acetylene

Poly(p- - 3.2 55 39 3.2
phenylene)

Poly(m- - 4.5 6.1 0.7 4.5

Poly(p-
phenylene
vinylene)

25

Polyaniline

Polyaniline

Poly(p-
Phenylene
xyl idiene)

1.4.5 ELECTRICAL PROPERTIES OF CONDUCTING POLYMERS

Electrical properties of conducting polymers, are the responses arising due to

application of an electric field. The response of a conducting polymer to an electric field

can be sensed as conductivity (dc/ac), dielectric relaxation, space charge polarization,



dielectric constant and Hall effect (charge mobility) etc. Moreover, electrical

characteristics  of conducting polymers films can be helpful towards their respective

morphological and chemical behaviours.

A conjugated polymer becomes electrically conducting when it is treated with a
strong oxidizing agent. Although, the charge species are incorporated by doping. The
electrical conductivity is not ionic but electronic as is evident from the fact that no

significant charge alternation in conductivity occurs after passage of more than sufficient
current for complete polarization. The electrical conductivity of a conducting polymer

depends upon the nature of chemical reactivity of the dopant, process of doping, doping

level, method and condition of polymer complexes, processing of polymers and degree

of crystallinity "

The dc conductivity is governed by the concentration of dopant ions in a

conjugated polymer. Naarman et al * have obtained the conductivity of highly oriented

anisotripic film of polyacetylene to be 10° o cm™. 1, doping of PA can result in increased

electrical conductivity by 13 orders of magnitude. However, 1, is too weak to get oxidized

in the poly(phenylene sulphide) or poly(paraphenylene). The doping of PA, polythio-

phene and poly(3-methyl thiopene), polypyrrole and polyaniline by I, results in higher

values of electrical conductivity of each of these respective conducting polymers . The
electrical conductivity depends upon both the nature of dopant and the process of

doping. Polypyn'ole films when treated with two different dopant ions such as ClO’, and

BF, differ in conductivity. The ClO’ doped poly(3- methyl thiophene) has electrical
conductivity of 10 -30 S/cm. On being doped with oxygen and moisture, the
conductivity rises to 750 S/cm. The sharp change in dc conductivity of polymer in case

of poly(3-methyl thiophene) on ITO and platinum surface arises due to the ordered or
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defect free polymer chain. The activation energies of PA, PPY and polyaniline have been
estimated to be 0.3,0.041 and 0.03 eV respectively in their respective doped states.

The transport of electrical charge at low temperature leads to temperature
dependent characteristics of electrical conductivity (Table 3) obeying the Mott’s law of
variable range hopping in three dimensions:

O = O, exp[(- Tm"‘] Eq-3

where the symbols have their usual meanings. It shows that the charge transport in lightly

doped PPY, PA, PT and PANI elc. is similar to that of amorphous semiconductors of

tetrahedral type "'!l. In interpreting conductivity versus temperature curves, most reports

deal with a resonance fit resulting in the variable range hopping. At higher concentration

level, the change in electrical conductivity of PPY may either be via diffusion or through

the hopping of charges via bipolaron sites. In polyacetylene the conductivity is dominaied

by the energy required to produce a pair of neutral grains and the probability of a carrier

s to a temperature dependence of the form:

Eq.4

granular materials at low fields. At high fields,

tunneling between the grains. This lead
0. = o,exp [(-T/ D"

Such behaviour has been observed in the

non-ohmic behaviour has been predicted by granular model. This model can be applied

to doped conducting polymers.

The space charge polarization phenomena resulting from the distribution and

alignment of molecules under the influence of applied field with blocking contacts have

been studied in PA, PPY and PANI, respectively. The values of carrier mobility for each

of these conducting polymers has been calculated to be of the order of 10°° cm*/V.sec

.The value of dielectric constants of polyacetylene and polypyrrole have been estimated

to be of the order of 50-130 and 25-100, respectively.
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The frequency (10° -107) and dielectric relaxation measurements have been shown
to yield valuable information pertaining to the conduction mechanism since solitons,

polarons and bipolarons have a major effect on the electronic states accessible to

electrons traversing a sample. In dc conductivity 0, studies, the net charge which

traverses the entire sample is measured. In contrast in ac conduction measurement the

electrical conductivity is measured as a function of frequency of an alternating electric

field. The difference occurs due to the motion of charge carriers in the extended region

and the total conductivity can be expressed as: 1oz,
g, = 0, (T) +0.fT Eq.5
o, = 0.39[N(E)a ks TI'? voe’ exp [(To m" Eq.6
T, = 16a’ /Ky N(E) Eq.7
o, =2 (n*/3) eKg T N*(Eyp) a® flin (v/2nf)] Eq.8

where N(Ey) is the carrier concentration at Fermi level, V, is the hopping frequency and

a is the localization length. The Mott’s variable range hopping model has been used to

estimate charge transport parameters in a number of conducting polymers. The value of

phonon frequency, v, for a given conducting polymer (e.g PPY) has been estimated to

be 10" Hz at 10° K (temperature constant). The density of states in PPY system ranges

from 7x10® to 3x10* states /eV cm® and the localization lengths to 10* for the undoped

system and the doped system have been estimated to be 10* and 0.3 A, respectively. The
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frequency dependent conductivity measurements of partly protonated emeraldine have
been conducted to support the presence of inter-polaron hopping mechanism similar to
intersoliton hopping proposed by Kivelson. Compared to polaron, bipolaron in
i)olymiline has been shown to be an unstable entity. Besides this, the thermoelectric

power decreases from 90 mV/K to 10 uV/K for the undoped trans - PA at a

concentration above metallic region.

For fabrication of a-solid state device based on conducting polymers the electrical

properties of a semiconducting polymer /metal are very important and hence are being

extensively investigated. The metals having lower and higher work function make a

rectifying or an ohmic contact. When a metal is brought into contact with another phase

(semiconductor)  with different electrochemical potential, charge flows across the

semiconductor/ metal junction. The total charge flux can be readily related to the initial

difference in Fermi level between the two phases. The magnitude and direction of the

initial charge transfer will therefore determine the electrical properties of the resulting

schottky device. Table 3 contains the values of the various electrical conductivity

measurements pertaining t0 @ qumber of conducting polymers.
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TABLE 3 : Values of electrical conductivity of some

I—
METHODS DOPANTS CONDUCTIVITY
| (S/cm) ‘
| Polyacetylene Chemical, AsFy, I, Li,K, | 5002000 |
Electrochemical AgSO, i
| Polyprrole Electrochemical Clo,, BF,, H,SO,, 10-600 |
NO,, AsFy, PF,, 1
| Poly(N-methyl Electrochemical BF,, CIO/ 10° |
Pyrrole) ,
| Poly(N-phenyl Electrochemical BF, 10° |
| pyrrole) |
i
Polythiophene Electrochemical BF,, AsFs, Cl1O/ 10?2 - 100 i
|
| Poly(3-methyl Electrochemical CF,, SO,, HSO, | 107 -50 i
| thiophene) g
- I
| Polyfuran Electrochemical BF, 80-100 %
| Poly(para- Electrochemical AsE,, AsFs, I, Li | 3-100
| phenylene)
| Polyindole Electrochemical ClO, 102 - 10? i
| Polycarbazole Electrochemical ClOo, 10° i
{ Polypyrene Electrochemical Clo, 0.1-1 i
| Poly(para- Electrochemical | AsFq, AsFs, I,K | 3-10° |
phenylene - i
sulphide) l
| Poly(p-pheneylene Electrochemical, AsFy, AsFg 1-3 i
i vinylene) vacuum, Photo-
chemical !
polymerization 'g
| Polyaniline Electrochemical, HCI, HCIO,, 1-200
: Solution casting, H,SO, etc.
Spin coating,
Chemical
| Poly(pyrrole)- Electrochemical BF,, Cl1O4 10°

| poly(N-methyl
yrrole)
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1.5 APPLICATIONS OF CONDUCTIVE POLYMER
FILMS

Conducting polymers have been utilized g/for fabrication of Schottky diode,
metal-insulator-semiconductor  (MIS) diode and heterojunction devices etc.. Most studies

have been made with PA, PPY, PT and PANI since the absorption spectra of these con-

ducting polymers make them good candidates for direct conversion of solar radiation into

electrical energy. In this context, solar cells fabricated using metal/polyacetylene have

been found to have efficiencies of only 0.3%. Recently, P-N diode has been fabricated

by sequential polymerization of pyrrole and thiophene on a platinum substrate and

controlled _electrochemical doping of PPY largely by p-type dopant (PF¢) and a

polythiophene layer by n-type dopant ((CH),), n**doped) [105). The Schottky diodes of

PPY and PT, poly(N-methyl pyn-ole-pyrrole) with Al and In have been shown to have

ideality factors ranging from 10 4 and barrier heights of 0.2-0.6eV.

Field- effect - transistor based on semiconducting PT as semiconductor and

conducting PPY (p-toluene sulphonate doped) as source, drain electrode has been

recently demonstrated. The device shows an easily detected variation in drain current for

flow of only 10'? C in gate circuit. The advantage with conducting polymer for the

fabrication of a transistor is that narrower electrode spacing is needed and hence smaller

polymer volume means that. molecule based transistor requires less energy for switching

and hence can be switched more rapidly.

It should be interesting to fabricate Schottky diodes using the para toluene

sulphonate (PTS) doped PPY film obtained by electrochemical deposition technique. It

may be mentioned that metal-insulator-semiconductor (MIS) devices based on LB films
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as insulators have not as yet been fabricated. Such devices can be used as memory
elements. It may be mentioned that Schottky diodes using vacuum evaporated polyaniline

films have not as yet been studied at length.

Since doping in conducting polymers is a reversible phenomenon and can be

electrochemically carried out, doped conducting polymers thus appear to be very
promising as electrode materials for the fabrication of rechargeable batteries. PA-lithium
battery is in no way inferior to the very limited capacity of accepting injected charge (on
doping) and above all its sensitivity t0 normal environment is restricted for commerciali-

zation [106). The polyaniline -lithium battery commercialized by Bridgestone Corporation

in Japan is 0.4 -1.7 gm in weight, has a life cycle (> 1000 cycles), a long sheet life (>5

years) and a high storage reliability. Improvements are being made for an all - polymeric

solid state rechargeable battery based on conductive polymers and alkali metal alloys

with a view to obtain high efficiency.

Electrochromism is the property of a material or a system to change colour

reversibly in response to an applied potential. Polythiopene, PPY, poly (1-methyl aniline)

and polyaniline etc. have been suggested for such applications !""". Owing to their

electrochemical oxidation-reduction capabilities which have been associated with colou%

PPY/PT composites show red colour to fade yellow to colourless between -0.6V to 0.2

V in the presence of CI ions. Life cycle test of the PANI film in protonic acid shows that

switching potential can be varied from 0.2 - 0.4 volts to 0.2 vs 0.8V vs SCE, with life of

about 10° cycles. Polyisothianaphthene (PITN) has been found to have shorter response

time (about 10 milli seconds) and short colour contrast than most other conducting

polymers. In its conducting state, it does not absorb much in the infrared region of the

spectrum. During day time PITN windows permit visible light to enter and infrared
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" molecules po

radiation to heat the room. At night, the conducting polymer changes to its coloured

insulating state which absorbs extensively in infrared, thus preventing heat loss.

Most electrochromic devices have far been studied in solution state. It is
preferable to employ solid state materials in order to minimize the problems of sealing

in'hazardous liquids. EC devices are usually required to have a thin layer configuration.

With these considerations, experiments with thin layer cells of polyaniline with semi-solid

electrolytes are likely to results in its application as the electrochromic.
Conducting polymer ( €.g polydiacetylene, polyacetylene and polyaniline)
ssess large second harmonic as well as third harmonic non-linearity that

may be used for the fabrication of electro-optical devices. More important from the elec-

trochemical point of view is the fact that polarization is predominantly electronic with

virtually no nuclear motion. This leads to low dispersion in the polarizability of these

materials from optical frequencies to dc which in tum results to a low value of dielectric

constant (e’) resulting in its ability to create very high speed electro-optical devices.

Attempts are being made when the nurses in an operating theatre may be wearing

conductive polymer fibers in the form of antistatic clothing. One of the most exciting

application foreseen is the use of conducting polymers to deliver or release drugs directly

into a patient’s skin over weeks or months. Conducting polymers such as poly(3 methy!

thiophene), polyaniline thus can be designed in such a way that these release drug ions

when an electric current passes through them. The use of conducting polymers as ar

antistatic clothing is needed by operating personnel to eliminate static discharges that can

confuse sensitive electrical monitors Of even heart surgery.

It is apparent from the above discussion that a large number of investigations

pertaining to conducting polymers especially with regards to the optical and electrical
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roperties have been conducted. The field however, has not as yet been exhausted.

{eeping this in view, a programme of detailed research pertaining to optical and

lectrical studies carried out on polypyrrole, polyaniline and a few conducting copolymers

as been undertaken. Next Chapter gives a brief description of the various experimental

echniques utilized for the preparation, characterization and applications of these

onducting polymer films P2
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CHAPTER 11



‘ EXPERIMENTAL

!
.1 MATERIALS

| Pyrrole: Fluka; Aniline : Fisher; Ammonia solution: Sarabhai Chemicals;
lydrochloric acid (HCI): E. Merck; Sulphuric acid (H,S0,): E. Merck; Perchloric acid
HCIO,): E. Merck; NMP (N-methyl pyrrolidinone): E. Merck; DMF (Dimethyl

ormamids): E. Merck; THF (Tetra hydrofuran): Ranbaxy; Acetone: Qualigens;

fethanol : E. Merck; N-phenyl pyrrole : Aldrich Chemical Co.; a - napthol: E. Merck;

‘etra-ethyl-ammonium-tetrafluorobarate (TEATFB) : Aldrich chemical Co.;Sodium salt

f IParatoluene  sulphonic acid (PTS): Aldrich chemical Co.; potassium chloride

aratuluene  sulphonic acid Merck; Chromium trichloride: Merck; Phosphorous

entachloride : 99% anhydrous;  Poly(ethylene oxide) : Sigma; Polyvinyl chloride :

dqﬁch chemical Co., Poly (ethylene oxide) (PEO): TCI Japan; Glycerol : Qualigens;

Iréa : Merck; Indium-tin-oxide dTO) conducting glass plate: Platinum foil (Johnson -

fathey Co.); Lithium perchlorate (LiClO,): Wilson Laboratories; Metals: Gold (Au),

ilver (Ag) and Lead (Pb): E. Merck,

. 2 INTRODUCTION

. As mentioned in the previous chapter, morphology of a conducting polymer film

,dependent on the various conditions under which such a film is prepared. Prior to the
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“ development of soluble and fusible conducting polymers, thin films of polyacetylene
(PA), polypyrrole (PPY) and polythiophene (PT) have been fabricated by thermal and
electrochemical techniques, respectively !'*.However, free standing films of conducting
polymers are difficult to prepare having a controlled thickness using these techniques,
r because these have to be pecled off from the walls or electrode surface. A significant
advantage of electrochemical polymerization methods lies in the ability to control the
degree of doping without the need to make the films conducting by exposing these to

| dopant in the vapor or in solution “,

Free standing films of PA, PPV, poly(p-phenylene) (PPP) and polyaniline can be
prepared by casting these from precursor solution and then converting these films to the
desired form for example by heat treatment and doping®®. However, all these techniques
are less utilized compared with the most technologically oriented preparation of poly(3-
alkylthiophene), polyaniline etc, which can be conveniently cast from solution or heat

pressed from a melt'®. Free standing films are relatively thick, the thickness typically

| ranging from a few micrometers to millimeters. Such conducting polymer films are useful

for electrical conductivity measurements because these can be easily handled and the

| measurement signal is larger than in the case of thinner films. Anisotropic conductivity

studies are usually performed on the stretched free standing films. These films are also

useful for infrared, thermal, dielectric and structure studies.
The crystallinity studies of conducting polymer films have been experimentally

- investigated on vacuum deposited conducting polymer films I, In spite of fragmented

chain lengths of most of such conducting polymer films, these have been found to be

useful for investigation of optical properties.

The Langmuir-Blodgett (LB) technique is the most sophisticated deposition
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method for obtaining conducting polymer films. The multilayer samples, as well as
i

| alternating layers of functionally different molecules with precise control of film thickness

and architecture can be realized®. The long entangled chains of conducting polymer LB

films are usually not as ordered as pure surface active molecule aggregates and bundles

of polymer chains are formed. Oligomeric LB films on the other hand have been shown

to form ordered structures. It may be remarked that solution doping typically destroys

the ordered structure of an LB film, whereas subphase (water containing protonic acid

or salt) significantly alters the molecular morphologies of LB films® . After a

conducting film is prepared by any of the available techniques, it needs to be

characterized exhaustively before undertaking any application. There is presently no

single characterization technique which provides a detailed information on the properties

of the material. It means that the true insight into the detailed properties of a film is

available through a carefully chosen combination of several available techniques. FTIR,

UV - visible, ellipsometry etc. techniques have been used for the characterization of

optical properties of a number of conducting polymer films. Electrical conductivity

(ac/dc) studies can be carried out to study the electrical properties of a desired

conducting polymer. Atomic force microscopy. (AFM), scanning tunneling electron

microscopy (STEM), scanning electron microscopy (SEM), etc., can be used for

investigating the surface morphology of conducting polymer films.

The present chapter deals with the different techniques of preparation of

conducting polymer films and various methods of characterization of conducting polymer

films based on polypyrrole, polyaniline and some conducting polymers etc. Some of these

conducting polymer films have been used for the fabrication of Schottky diode,

metal-insulator-semiconductor  (MIS) and electrochromic displays.
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2.3 PREPARATION OF CONDUCTING POLYMER
FILMS

2.3.1SOLUTION CAST METHOD

Free standing conducting polymer films of varying thickness can be prepared by

solution cast technique. Conducting polymers (e.g polyaniline) can first be synthesized

using chemical oxidative polymerization in powder form that can be undoped in aqueous

ammonia. A conducting polymer is made soluble in an organic solvent. Such a

conducting polymer can be cast into film form when heated at low pressure (107 - 10°

torr). Polydiacetylene; polyaniline and its derivatives like (o- methoxy aniline), copolymer

of aniline and o-anisidine etc. have been prepared by this technique .. For example, 1

gm. of poly(2-methyl aniline) when dissolved in 100m! of NMP and continuously stirred

for 1 hour, filtered twice and spread on the glass plates in a vacuum oven (107 torr) at

about 170°C for two hours results in (10 - 15 pum) poly(2- methyl aniline) films. The

conducting films can be removed from the glass when dipped in boiling water.

Polyaniline films formed by this technique have elongation of about 400% and are

suitable for electrical measurements. If the temperature and pressure are not maintained

properly, such films are likely to contain wrinkles on the surface due to the entrapment

of the used solvent!!"). It has been revealed that solvent acts as a plasticizer. The detailed

information regarding electrical properties on some of the solution cast conducting films

have been given in Table I.

51



TABLE I- Electrical, mechanical and surface properties of some of the solution cast
conducting polymer films

SYSTEM Conductivity | % Elongation Surface
S/cm (strain) structure

Polydiacetylene | 10 120 homogeneous
Polyaniline 30 400 smooth
Poly(aniline-o- 10 - smooth
anisidine)

Poly(hexyl 10" - smooth
thiophene)

2.3.2 ELECTROCHEMICAL SYNTHESIS

Electrochemical polymerization is regarded as a novel and simple technique that

involves simultaneous oxidation of monomer. A significant advantage of this technique

is that polymerization in suitable electrolytic medium gives directly the desired doped

polymer as a flexible free standing film. In this method, conducting polymer films are

produced on the surface by oxidative coupling and hence electrochemical stoichiometry

is maintained. Each conducting polymer film has a different stoichiometry that results

from the degree of oxidation of the polymer.

The electrochemical polymerization involves three techniques such as

potentiostatic, ~galvanostatic and potentiodynamic (cyclic voltammetry). For the

electrochemical polymerization technique two or three electrodes cell with properly con-

nected power supply or current source are required. In the potentiostatic method

constant potential is applied between the two electrodes of a given cell. The charge

consumption which accompanies the rate of polymer formation is linearly dependent on

the time and has been found to be independent of the concentration of monomer for

constant potential electrolysis. Under steady - state conditions, the'coupling reaction also
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occurs between the radical cations of the oligomers, since the dimers, trimers and
polymers are more easily oxidized than the monomers. The current depends on the rate
of diffusion of pyrrole to the region of the electrode. The constant potential in case of
polyaniline produces a powder which adheres poorly to the electrodes.

In the galvanostatic mode the constant current is applied between the counter and

the working electrodes. Polyhetrocyclic conducting polymer films have been prepared by

this technique. In such a method the resistance of the cell always changes under the

constant current maintained between the electrodes. Smooth conducting polymer films

have been obtained using such a technique!?.

ELECTROC BEMICAL KES REZ
(NTEKPACE Ot
O O}
il
'1 CE w1 | '
\ )
' '
-------------------- r-------° i-
' :

-—---——.—-—-.—-.———4

Fig.1 A schematic of a three el

The potentiodynamic method is another versatile technique for the formation of

-
conducting polymer films. The controlled potential @cts as an_excitation signal

reference electrode. The current

between working and counter electrode with respect to

at the working electrode during the cyclic voltammetry is measured during the potential

scan between the two fixed potentials. Electro-oxidation of aniline by continuously cycling

the potential - 0.2and 0.8V (vs SSCE) produces an even film which adheres strongly on

the electrode surface!™ . The films are electroactive and the oxidation reaction is

chemically reversible. Moreover, conducting polymer films obtained by potentiodynamic
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technique are smooth and can be used for electroanalytic studies. Polypyrrole and

polyaniline films prepared using this technique have been used as smart windows.

2.3.3 VACUUM EVAPORATION TECHNIQUE

Vacuum evaporation technique is comparatively an easier technique for obtaining

molecularly oriented films on a desired substrate. The conducting polymer powder is

heated in a boat of tungsten or quartz at a pressure of 10 torr at a high temperature.

This technique involves the use of power supply, diffusion pump, rotary pump and a

heating element. The diffusion pump is used to reduce the pressure sufficiently to allow

evaporation of the coating material inside the chamber. Polytoluidine powder when

heated (800°C) in vacuum (10 torr) results in the deposition of polytoluidine film.

Besides this, conducting polymer films of poly-p-phenylene, polydiacetylene, polyaniline
and its derivatives have been fabricated by this technique ""4.These films obtained by this

technique are smooth and have been used for a number of electronic applications such

as Schottky diode, light emitting diode as indicated in table II.

TABLE II: Characteristics of some vaculm deposited

conducting polymer films

Conductivity Application

S/cm
1 SD

10 LED

Conducting
Polymer

Polydiacetylene

Poly(phenylene)
Vinylene

SD

Polyaniline
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2.3.4 LANGMUIR-BLODGETT TECHNIQUE:

Langmuir - Blodgett technique denotes the transfer of monolayers/multilayers

from the water - air interface (or liquid - gas interface ) onto a solid substrate. The

molecular film at the water - air interface is known as a Langmuir film "\ This

technique has been used for preparing organic thin films in which the functional parts

are arranged in ordered states. The preparation of monolayers at the water - air interface

generally starts with the Langmuir trough. The trough should be so designed that films

can be deposited in the temperature range from near freezing to near boiling point of

subphase. T / 1 €

The Langmuir-Blodgett deposition system

generally oompprise; _\of a Langmuir
er, Whilhemy plate (for measuring pressure), Wilhemy

trough, controlled movable barm

balance, compafator and substrate holder with controlled motor speed. A schematic of

an LB is system shown in fig.2:

-~ Barrier
ﬂ;kff Motor

Fig.2 Schematic of a Langmuir-Blodgett system to control surface pressure of a monolayer

The fabrication of multilayers DY the LB method is not a very straight forward

technique. There are some important technical issues such as the environment, the
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subphase, the substrate, the amphiphiles, the cleaning between experiment and the
controlled dipping substrate holder relating to deposition of Langmuir-Blodgett films.
The most commonly used subphase is water, although mercury as well as glycerol have
been used. It is recommended that deionized water having surface tension of 72 mN/m

at 25°C may be used. LB films can be deposited on many substrates such as plane glass,

quartz, silicon wafer and optical glass plates, etc., respectively. The hydrophilic clean

substrate generally used for the LB film deposition shows minimum contact angle with

the subphase system. The purity of both amphiphiles and solvent used for depositing

molecules are of great importance, otherwise impurities may be incorporated in the

monolayers. It is emphasized that the desired surface should be free from any surface -

active materials. Besides this, pH and temperature of subphase play an important role
for the stabilization of the Langmuir monolayer.

The single most important indicator of the monolayer properties of a material is

given by a plot of surface pressure as a function of area of water surface, available to

each molecule at constant temperature. Such a curve is known as surface pressure (m)

- area (A) isotherm. The behaviour of water, insoluble amphiphile at an air - water

interface is usually monitored by the Langmuir trough. In the LB system the area of

water of surface can be precisely controlled by the movement of a barrier while the

surface pressure of a monolayer, on the water surface can be measured accurately. As

soon the barrier in the trough is compressed the effective surface area of the molecules

is reduced from the large initial area and there is a gradual onset of pressure until an

approximately horizontal region is reached. The pressure - area isotherm has been

defined by a parameter, C (compressibility of the barrier) defined as "'®:

C = - 1A (6A] EMryrny Eq.1
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where 6A is the change of area with change of pressure (§m), at constant temperature
(T), pressure (P) and constant molecular composition (n), respectively. The value of

solid phase, liquid phase and gaseous phase of the molecules on the surface depends

upon the value of compressibility [8].
A molecular ensemble can be considered as a gaseous phase initially after the

solvent evaporates and the molecules lie on the subphase as gaseous molecules. Such

a behaviour can be represented by the gas equation:

nA =kg T Eq.2

where k, is the Boltzmann constant, A is the mean area available per surface active

molecule at any instant of time and T is the temperature. At higher values of m, A tends

to zero. However, long chain hydrocarbons have a limiting area of 20A°?. Thus, at high

7 values, eq.2 is not adequate (O explain the isotherm behavior of the monolayer.

Langmuir has re-defined the equation taking this factor into consideration :

n=ky T/ AW Eq.3

where w is the limiting area of a given molecule. Again, Eq.3 cannot explain the

experimental isotherm behaviour since it does not take care of the contribution of the

activity of the molecules at air - water interface. Moreover, the charge on the molecule

increases the intermolecular interaction. Taking this into account the molecular activity

at the air - water interface and the ionic contribution of the molecule, the isotherm

equation can be further modified as

L =KBT/w[ln(l-nw,/(A—wz)] Eq.4

where w, and w, are the limiting molecular areas of water and the amphiphilic molecule
respectively, w, has been approximated t0 9.1 A® (from the 2/3 power of the volume of

water molecules), @is the activity coefficient of the molecule and is close to unity for very

| i
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dilute concentration and n is the total number of ions formed per molecule at the water

surface. Pressure vs area isotherm (both numerical and experimental ) can be obtained

using Eq.4. Nr
a0 |
30 | b

20 -

10 |-

Surface pressure (mN/m)

. 1 —J
0.2 0.4 0.6 0.8

0

i Molecular area(nrr?)
Fig.3  Pressure-area isotherms for stearic acid calculated using (a) Eq.(2), () Eq.(3). () Eq.(4) and (d)

experimentally observed pressure - area isotherm curve.

Feedback loop to control monolayer surface pressure has been shown in fig.2.

The area per molecule at the solid phase is calculated for the solid phase condensation

of the monolayer molecules on the subphase. The constant pressure is maintained

through the barrier compression rate. The solid support is vertically dipped and raised,

keeping the surface film at a constant pressure in order to keep the monolayer intact.

If the even number of monolayers are deposited on the substrate with continuous

insertion/ withdrawal, Y -type LB films are formed. If the monolayers are deposited by

inserting the substrate, X- type LB films are produced. If deposition occurs while

substrate is taken out of water, Z- type LB films are formed. It can be characterized

by the deposition ratio defined as ("
Eq.5

where A, is the area occupied by the molecules on the water surface and Ag is the area

transferred to the solid substrate. The type of a film simply depends upon the value of

AL/AS. If ¢ = 1,0 and o, the LB films formed are either Y type or X type or Z type,

respectively. However, both X type Of Z type structures  can also be obtained by moving
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the substrates in one direction through the floating monolayers and in the opposite

direction through the clean water surface. In some cases, Z type deposition has been

achieved by decompression of a monolayer during the down strokes.
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Fig.4 Structures of (1) X, (2) Y and (3) Z type multilayers of Langmuir-Blodgett films.

It may be mentioned that the deposition of an LB film is dependent upon the principles

of ionic equilibrium, pH of the subphase, the distribution of cationic and anions between

the bulk of the subphase of the monolayers.

2.4 DOPING AND UNDOPING OF CONDUCTING

deed and undoped‘ states are related to the number of anions or cations present

in a conducting polymer. The presence of a dopant resul
mer film due to the redox nature of neutral (undoped)

ts in the change in electrical

conductivity of a conducting poly

and doped (oxidized) states. In the electrochemical polymerization (for example

polypyrrole, polythiophene) simultaneous doping occurs while the films grow. When the

films are made by solution casting, LB technique or vacuum deposition, vapour exposure

ployed for the doping process. For example,

n IM HCI, IM H,S0,,

or solution dipping techniques are em

solution cast films of polyaniline when dipped for about 48 hours i

IM HCIO,, etc., become doped. The complete undoping of conducting polymer film is

generally done in an aqueous NHs, phenyl hydrazine etc. for a fixed number of hours '8
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Polypyrrole when undoped in aqueous NH, for 24 hours results in the neutral PPY film.

Doping and undoping of a conducting polymer result not only in changes in the

electrical conductivity but also brings about changes in its structural, optical and

morphological properties, respectively.

2.5 MOLECULAR WEIGHT DETERMINATION BY
GEL PERMEATION CHROMATOGRAPHY

The molecular weight of a conducting polymer differs with the structure of its

repeat unit. The longer the repeat unit, the higher the molecular weight of a conducting

polymer. Extent of conjugation of conducting polymer depends on the effective molecular

weight and its distribution. A number of techniques such as intrinsic viscosity

measurement (M.), light scattering (z- average), end group analysis (M,) and gel-

permeation chromatography (GPC) etc. have been used for the determination of
molecular weight of a conducting polymer. Amongst these, GPC is the most versatile
which is based on the separation of sample molecules by differences in molecular size
is accomplished by injecting the polymer solution into a

solvent which passes through highly porous, rigid gel

in a solution. Separation

continuously flowing stream of a
ked together in a column . The pore sizes of the gel particles may

particles, closely pac
e solution flows through the gel particles, molecules

vary from a small to very large. As th

penetrate more pores than molecules with larger effective sizes

with small effective sizes
and therefore take no longer to emerge than do the larger sizes and gel molecules. If the
gel covers the right range of molecular sizes, the result will be a size separation with the
largest molecules leaving the column first. GPC technique yields information on the

weight average molecular weight, number average molecular weight and polydispersity
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index of conducting polymer.

For an ideal conducting polymer polydispersity should lie between 1 and 1.5.
Higher polydispersity leads to the inconsistency in the physical and chemical properties
of the film. Poly(3-methylthiopene) has been found to have a molecular weight of about

43000 ") Polyaniline has been shown to have molecular weight from 20,000 to 200,000

obtained by using different methods of preparations. The higher molecular weights have

been found for polyanilines synthesized at low temperatures.

2.6 THERMAL CHARACTERIZATION

Thermal analysis is a generic term that encompasses several analytical methods

such as thermo mechanical-analysis (TMA), thermogravimetric  analysis (TGA),

differential scanning calorimetry (DSC). DSC and TGA can be respectively used for

studying specific heat of a given material and loss of weight of the sample as a function

of temperature or time.

DSC is an important experimental tool to study the specific heat of a given
material at different temperatures. Specific heat functions generally vary slowly with
temperature, high resolution condition including the small sample sizes, slow scanning
rates, high instrument sensitivity are required. DSC makes use of two - flow detecting
methods such as power compensation method and the h@t flux method. It measures the
difference in the heat flow between the sample to be tested and a known standard. The
samples are kept at the same temperature through the use of an automatic compensator

that senses any difference in temperature and makes appropriate adjustment [20]. The

heat compensation value is recorded as a function of the thermal flow rate. A cooling
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apparatus is used when making low temperature DSC measurements.
The DSC measurement of some conducing polymer films have been performed

by heating the sample in an aluminium sample holder with the scanning rate of 10°

C/min. Perkin Elmer (model DSC-7) has been used at a heating rate of 10 deg/min.

for the recording various thermograms. Conducting polymer films of approximately 10

mg each are used. The nitrogen flow rate of 75 ml/min. isused. Good specific heat data

requires maximum care in reproducing instrument conditions from base line to sample

run.

2.7 ELECTROCHEMICAL CHARACTERIZATION BY
CYCLIC VOLTAMMETRY

Cyclic voltammetry (CV) is perhaps the most versatile electroanalytical technique
potential of an electrode

to study the electroactive species. CV consists of cycling the

solution and it involves the measurement of the

which is immersed in an unstirred
e controlled potential which is applied between the working and

resulting current. Th

counter electrodes can be considered as an excitation signal. The excitation signal for a
CV is a linear potential scan with a triangular shape. The triangular potential that
sweeps the potential of the electrode between two fixed values is called the switching
potential. The measured current at the working electrode during potential scan arises
due to the excitation signal. The detailed understanding using cyclic voltammetry
technique can be gained by considering the Nerst’s equation and the changes in
concentration that occur in solution adjacent to the electrode during electrolysis. The
at a given potential is determined by the

proper equilibrium ratio in reversible system,

Nerst equation:
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E = E° - RT/nF In ([R] /[0)) Eq.6

where O = oxidized form and R = reduced form of a conducting polymer, respectively.

A characteristic of a reversible system for which the experiments have been

performed on some of the conducting polymer films pertain to the dependence of the

current peak height on the square root of scan rate using the Randles-Sevcik equation

for the forward and reverse cycles " given as under:

I = (2.69x 109 n? AD,” V' Co Eq.7

where Ip is peak current (A), n in the electron stoichiometry, A is the electrode area

(cm?), D, is diffusion coefficient (cm’/S), C, is the concentration (mol/cm®), V is scan

rate (V/S). For an identical system, Lalhs = 1.

Schlumberger 1286 Electrochemical Interface, coupled with a plotter has been

used to study the cyclic voltammetry of some of conducting polymers such as polypyrrole

and polyaniline films etc. The typical arrangement of the cyclic voltammetry studies has

been given in fig.5:
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2.8 SCANNING ELECTRON MICROS
SEND COPY

SEM technique uses the intensity of secondary emissions (usually abroad energy

distribution) of secondary electron. Some of these electrons that recombine with ions at

the surface are the basis for the SEM imaging capabilities. The contrast in the image is

a result of differences in scattering from different surface areas as a result of geometrical

differences. SEM has been widely used for the visualization of organic surfaces

especially in the study of surface morphology, domains, pinhole defects and patterns 3]

Thin film of some of conducting polymers prepared during the course of the Ph D

programme have been investigated using this technique. The (model Joel 35 CF)

scanning electron microscope has been used for obtaining the a SEM pictures. The block

diagram of a scanning electron microscope has been shown in fig.6.

CRT
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To Vc'cuum‘——r_E d’/Lenses
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Amplifier

CONDUCTING POLYMER FILMS

2.9.1 FOURIER TRANSFORM INFRARED SPECTROSCOPY

Infrared radiation is defined as the electromagnetic radiation whose frequency
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varies between 14300 cm” to 20 cm” (0.7 -500 pm). Within this region of the

electromagnetic spectrum, chemical compounds absorb IR radiation provided there is a

change in dipole moment during a normal molecular vibration, molecular orientation,

molecular rotation or from a combination of difference in overtones of the normal

vibration. The frequencies and intensities of IR band exhibited by a chemical compound

uniquely characterize the material and its IR spectrum can be used to identify and also

quantify a particular substance in an unknown group'?*l.

FTIR technique presents a suitable solution that has found extensive application

in material science. It converts the information from infrared frequencies, where specific

detectors are unavoidable to audio frequencies and are able to track both frequency and

intensity. An FTIR spectrometer makes use of three components such as a source, a

Michelson Interferometer and a detector. It works on the collimated radiation from the

broad band infrared source as shown in Fig.8.

wance obtained from the FTIR spectrophotometer  is defined as:

Eq.8

The true transmi

T= (L)

where I, is the instrument response function (single beam spectrum) with the sample,

se function without the sample an

to the detector and the transmittance value is zero.

I is the respon d v is the frequency. If the sample is

totally absorbing, no energy passes

The absorptivity of a S ubstance being analyzed at the frequency v is a measure of the

substance ability to absorb infrared at that frequency and translate it into molecular

vibration energy.
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Fig.7 Schematic of an optical arrangement of 8 F1IR spectrophotometer

The conducting polymer films (for example PPY, PT or polyaniline etc.) have

been investigated through appropriate subtraction of background and reference in
reflection mode using a Nicolet FTIR spectrophotometer  (model 510 P). Prior to the
characterization of desired PPY , PANI and copolymer films, the FTIR spectrum (fig.8)
of polycarbozole has been recorded 2. The peak gt 1230 cm™ is due to dopant ions
in polycarbozole. A broad peak at 3400 cm™ occurs as a results of presence of N-H

vibration. Interestingly, the FTIR spectrum is similar to that reported in literature.
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Fig.8 FTIR spectrum of BF, doped polycabozole film.

2.9.2 UV - Visible spectroscopy

Each crystalline amorphous semiconductor has characteristics of minimum photon

energy for the direct interband transition. A semiconductor with a small number of free

charge carriers results in the direct interband absorption and has thus been associated

with electron transition from a filled band to an empty band. The minimum energy for

such a transition is located at a critical point (Mo)- If the matrix element (n, M;) is

non-zero at the critical point, the transition is allowed and the optical conductivity

results. The ability to calculate electronic transition is given by Beer’s law p7):

I/, =e** Eq.9

here I, = incident light on the sample, 1 = amount of light that passes through the

sample and strikes the detector, & = absorption coefficient for the specific sample at a
specific wavelength.

log I/I, =a.d Eq.10

where absorbance (ABS) = a.d. As can be seen by the equation, the absorption of ,
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sample is directly proportional to the sample’s thickness.

D2
A
P.D - T W
: d Ref. Ms
Sample M2 //
compartment | M<\\
! ’ 3 /
s F S3

PO | L Ms /G

D,: Deuterium lomp W: Window plate
- WI. Halogen lamp M,- My Mirrors, Mz is a half-mirror

F . Filter L: Lens

G:. Grating Sam: Sample cell
S;. Entrance Slit Ref.: Reference cell
S,: Exit Slit P.D.: Photodiode

Fig.9 Schematic of an optical arrangement in UV-visible spectrophotometer.

The UV - visible spectra of various conducting polymer films prepared during

operation of the Ph. D. programme have been measured by Shimadzu spectrophotometer

(model 160 A). The sample and reference beams are detected by the photodiode

detector, and are logarithmically converted. The difference is obtained by a differential

amplifier and optical absorption signal is read bya central processing unit CPU. The full

scale of A/D converter of 5 ABS to cover the measuring range of + 2.5 A has been used

in the Shimadzu UV - visible spectrophotometer. Schematic of an optical arrangement

used in a UV - visible spectrophotometer has been shown in fig.9:

A UV - visible absorption curve obtained for polythiophene has been given in

fig.10. It can be seen that this spectrum shows peaks at 480nm (2. €V) which is the

characteristic of 7 - 7" interband transition. The peaks seen at 0.65eV and 1.5eV have

been ascribed to the dopant induced levels that exit in the middle of the band gap [28)
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Fig.10 UV-visible spectrum of a polythiopbene sample.

The optical absorption, a.din a conducting polymer is proportional to (hv - E,)"”
as these are one dimensional lattices where hv is the incident photon energy and E, is

the energy band gap. The density of states (£..(E)) indicates that (a. hv) is proportional

10\
to 1/(hv - E)'? hence can be written as: —_—
A

g (E) = Lm (i) (Vv -E)') Eq.11

An estmate for E, can be obtained by plotting 1/(a. hv)? vs the photon energy (hv). A

ap E, ¥

strong singularity occurs around the band g

2.9.3 ELLIPSOMETRIC STUDIES

Sourcc

Polarizcr (4 Compensator

Organic
Fim

Fig.11 Schematic of an Ellipsometer
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Ellipsometry is the common optical technique for the determination of the

thickness, refractive index and optical dielectric constants of thin conducting polymer

film. When a plane - polarized light interacts with a surface at some angle, it is resolved

polarized, respectively). These
(o

of a conducting polymer film such a way that
)

into its parallel and perpendicular components (S-and P-

components are reflected from the surface

the amplitude and phase of both components are changed. When S- and P- beams

(polarized and reflected) are combined, the result is elliptically polarized light (fig.11)

) Ellipsometry uses this phenomenon to estimate the thickness of a conducting polymer

film in air by measuring the ratio between T and r,, the reflection coefficient of the P-

and S- polarized light, respectively.

In a typical ellipsometer 2 monochromatic light (He - Ne) is plane polarized ( p

. A
- angle of polarization) and impinges on the surface. A compensator changes the
™~

reflected beam that is elliptically polarized (© plane polarized (a = angle of polariza-
rmines angles by which the compensator polarizes the beam.

hift between parallel and perpendicular

tion). The analyzer then dete

The two angles (p and a) give the phase s

components (A), the change in the ratio of the amplitudes of two components (tan ¥) can

be expressed as under :

tany =  {(Ercnoaua | Erefeced ) Eq.12
T )
A and ¥ are directly related to

where A = 2p + n/2 and ¥ = a. Fora clean surface,

complex index of refraction of the surface.

n = (l—ik')’ Eg:1

where n* is the ordinary refraction index and k* is the extinction coefficient. The

compensator is set at an azimuth angle of 70° and the experimental data are expressed
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as 6A = A_- A and §¥ =¥, - ¥ and are the ellipsometric angles characteristic of the
clean substrate A and ¥ are measured for the substrate containing conducting polymer
film. The refractive index, extinction coefficient, real and imaginary optical dielectric

constant of both electrochemical Langmuir-Blodgett deposited films of polyaniline have

been measured using ellipsometry technique.

2.10 ELECTRICAL CHARACTERIZATION

Electrical conductivity in general reflects, the net charge motion brought about

by an electric field E. The value of electrical conductivity, o can be expressed as:

=J/ E =nqu Eq.14

where J is the current density and E is the electric field, n is the carrier concentration
of charge carriers (solitons, polarons or bipolarons) and u is the mobility. It is necessary
for a conducting polymer to contain an overlapping set of molecular orbits to provide

reasonable carrier mobility along the polymer chain. DC conductivity (0,) and ac

conductivity (o) of a conducting polymer can be experimentally measured. DC

conductivity (o, ) refers to the net charge which traverses the entire conducting polymer
film. On the other hand, o, is measured as a function of an alternating electric field. A

difference in the behaviour of 0. is expected when conduction occurs by the motion of

charge carriers in the extended

polarons and bipolarons) or by G/ transport  between the metal particles embedded in

.__...—-l—""-""

host particles ©*"\.
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2.10.1 DC Conductivity
DC conductivity (o,) depends upon the net charge flowing in the sample. o, of

a conducting polymer film can either be measured using two points probes or

four-points-probe techniques described below:

(i) TWO POINTS-PROBE METHOD:

It is the simplest method for determination of o, conductivity of doped

p\. \
conducting polymer films. The ohmic contacts desired such conducting polymer filmscan

e

be made by vacuum evaporation of silver or gold. Electrical conductivity, o, can be

estimated using the Eq.15.

o, = (alv.(/p) Eq.15

where a is the area, t is the thickness and p is the specific resistance, respectively.

—®—|

R

O

Fig.12 Schematic arrangement for electrical conductivity measurements by the two points probe technique

(i) FOUR -IN - LINE PROBE

The four - in - line probe is often used for the determination of conductivity of

doped conducting polymer films or pressed pellets. It makes use of a special probe head

which contains four equally spaced spring - loaded electrodes. The head is lowered into

the sample until the four-points-probe makes good contact with the sample (fig.13). A
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constant current source is used to pass a steady current through the two outermost

AL

probes and the voltage drops across inner two @nmured. The conductivity, o, of the

sample can be calculated using the following relation.

g, =(1/2nS).(1/ V) Eq.16
where S is spacing between the probes (usually 0.1cm), I is the current passing through
outer probes and V is the voltage across inner probes. This formula is useful only when

the sample thickness is made greater than the spacing between the probes. Further, it

isassumed that conductive material is completely space filled. Since one often works with

pellets made of compacted powder which contains void space, measured values of

conductivities generally represent lower limits. Conductivity values thus determined on

contacted powder pellets of polycrysta]line materials can be as much as a factor of 107

less than that of completely space filled - single polycrystalline materials "',

(i) VAN DER PAUW METHOD

It is a technique used for measuring the conductivity of flat and thin samples of

conducting polymers. Here four contacts, usually, equally spaced on the periphery of the

sample using a conductive paste such as electrodag are made (fig.14). Four wires can be

embedded into the periphery of the sample. Current is passed through two adjacent

contacts while the voltage drop is measured across the other two. The Van der Pauw

technique makes use of the following formula:

o = (n2/ ut). V)
where t is the thickness of the sample. The Van der Pauw formula can be used when the

sample thickness is less than or comparable to the probe spacing "'l.
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Fig.14 Schematic diagram

Fig.13 Schematic diagram of four-
for Van der pauw method

line-in probe for electri . >
~cal conductivity measurements for electrical conductiv
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2.10.2 AC CONDUCTIVITY MEASUREMENTS

When an electric field is applied across 2 given range, the latter dissipates a

y that transforms into heat energy. This phenomenon

normally occurs at the expense or loss of power, meaning an average electric power (0.3)

is dissipated in matter during a certain interval of time. The amount of power loss in a

dielectric under the action of the voltage applied to it is commonly known as dielectric

loss. The tangent of the loss angle is the ratio between the real dielectric constant(e’)

and the imaginary dielectric constant (€"). The complex dielectric constant can be

expressed as:

Eq.17

e(w) = €'(w)-i €'(W)

which is a function of radian frequency, W = 2nf and loss factor, (tané).

@ans = e"(wye' W) Eq.18
The strong dispersion can be rep;(:msemed in the form of: L
€ =e. + 6 (€MW1 e"(W) Eq.19
€'(w) can be calculated using: |
e'w) = C/ Co = C/ (€ AD - Eq0
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ERN g

where ¢, is the space permitivity, A and d are the area and thickness of the sample. C

is the measured capacitance at each frequency B,

€"(w) = €'(w) x tané Eq.21

The value of capacitance (C) and loss factor (tan§) are measured at each

frequency, f, from the impedance analyzer. The value of e"(w)and €’(w)are calculated

using the Eq.20 and Eq.21, respectively.

ok i ‘_
A schematic of the measuring circuitkintegral impedance analyzer (HP 4192 A)

is conceptually divided into three sub-sections: (1) the signal source, comprising of a

reference frequency generator and an A4 tractional N-loop (2) the auto - balance

bridge, comprising of the Al range resistor/null detector and the Al2 modulator (3) the

vector ratio detector (VRD), comprising of the A2 phase detector/A-D converter and

an all phas amplifier (fig.15). The instrument measures the capacitance as a

function of frequency in the range of 5 Hz to 13 MHz. The voltage range for the

application of bias varies from the 230V to +30V.

CH.A
————L>
r {.—-- __CH.B ,— Vector Vollage Ratio Detector —
' tour--L23o
: —— Process Amplifiet ——— PHASE
—— DETECTOR
_— SIGNAL Hp [
SOURCE ! Range o
SH2~13 MHz Re | 1 Lo Resieter CONVERTER
e :\«°{>j \ J
* a= w \ fLer DETECTION _J
S ~ AN )/ PHASE s
~ ~ A & »
~< LY N o’ SIGNAL _ -
-]~ R, \#(‘ -, FY) -
-~ ez, B & e
p Z Syt N N ’ \\‘),’
i FREQ. “~ "~q %, \\ (/ ;/
1 MIXER ==
L e —{(X AR T S A N
! '
' / MICROPROCESSOR BASEC
: MODULATOR — N DIGITAL CONTROL SECTION | o1spLay I
[] ! .
[ — 1
b e e === 4 KEY BOARD
o MEASUREMENT CONTROL PROGRAM
\— AUTO-BALANCE BRIDGE — L ——-——===—= """
HP ~1B INTERFACE HP-1B EQUIPMENT

Fig.15 A schematic of a measuring circuit used for capacitance measurements as a function of frequency.

75



AC conductivity (o,, has been measured as a function of frequency using the following

relation :
= BwW Eq.22

where o is the measured conductivity, O is the conductivity of a desired conducting

polymer sample, B is a constant and s is a constant lying between 0.5 to 1. DC

conductivity (o,) arises due to various band processes arising due to localized states

within the gap. The measured conductivity can be calculated using the following formula

[33): o
[

ot~
g, = 2neq//elx’tan8 f

Eq.23

where eo,\e"\,tans and f are space charge permitivity, real dielectric constant and loss

factor obtained at a desired frequency (f). Eq. 23 h

us conducting polymer films.

as been used for an estimation of

electrical conductivities of vario

211 APPLICATIONS OF CONDUCTING POLYMER

FILMS

2.11.1 SCHOTTKYDIODE

r with different work functions are

When a metal and a polymeric semiconducto

brought into contact, a re-adjustment of charges takes place in order to establish thermal

equilibrium and a potential barrier 0cCUrs in the interfacial region. This potential barrier

is influenced by various phenomena such as formation of an interfacial layer or surface

e interface. The potential barrier at a clean and ideal metal -

trapping centers at th
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S A

semlconductor contacts should be determined by the work function difference. The metal

/
/i with lower work function such as Al, In and Pb etc., when brought in contact with p -

J

I type semiconductor eg BF, polypyrrole with a higher work function makes a Schottky

e

'dIOde M) The effective potential barrier seen by the holes in a p - type semiconductor

- "1

-t

| with metal in contact is governed by the following Eq.24:— . _
9 ¢, =E -(8,-%,) Eq.24

/
f ‘V'Iere %,,, E,, ¢, and @, are as indicated in fig.16.

B R e S

S e

. X sp
qDrn. ¢sp L
n band

) Conducti

Conduction banc

3

c _,___..;___ __ _Leve

++++

’ T

Valence band
¢, < sp

(before contact)

(after contact)

Fig.6 Band diagram of a metal/semiconductor _interface (s) before contact and (b) after metal contact,

X, is the electron affinity of g‘yﬁ semiconductor given by:
~

.25
X.p =QQ+(E.,'EF)-E3 Eq
Eq.26
qQVe=¢, - %
Eq.27

qQVe =&, -(Ev - Ep
Where V_ is the contact potential and @ is the potential barrier or barrier height. The
Value of the potential barrier can be obtained by current - voltage and capacitance -

Voltage characteristics including the temperature dependence of the saturation current.
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Current - voltage characteristics of most semiconductor contacts can be described

by the Richardson - Schottky equation:

J =l (qV/nKsT - 1] Eq.28

J is the total current density, J, is the value of the reverse saturation current density, V

is the applied voltage, n is the ideality factor or diode quality factor. Kg and T are
{

Boltzmann constant and temperature. Such typei/ of dﬁ/splay an exponentially

increasing currents/ when the applied bias voltage is of the opposite polarity (reverse

bias). The better rectification properties therefore correspond to a decrease in the value

of the reverse saturation current density (J). For a semiconductor, J, can be readily

correlated with the thermodynamic property of the interface and the barrier height of

the junction. From the thermionic emission /diffusion theory, one can €xpress J, as:
L )

J, = A" T exp [ (a&/ KT K‘D/ C;FQB/

The exp[ -{ q#/ KT}], represents the Bolizmann factor relating the electron
concentration at the semiconducting surface. A” takes into account the effective density
of states in the conduction band and the effective mass of the electron in the semicon-

ductor, phonon scattering of the electrons between the top of the barrier and the metal

uantum mechanical reflection at the semiconducting /metal

surface as well as the q
interface. The electronic parameters that decide the performance of such devices are

s V. The slope of these curves can be used to obtain the

Calculated by plotting InJ v
ideality factor (n), The barrier height (#,) can be calculated using the value of InJ,

oObtained as an intercept.
The capaci(ance-voltage measurements on Schottky devices can be used

t concentration in a conducting polymer. This procedure

to calculate the value of dopan

is known as Mott -Schottky method™™-
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1/ Cq =2(vc"v)/quzfoeNd Eq.30
where A, is the differential cross - sectional area of the device, € is the dielectric

constant of the semiconductor, N, is the dopant density and V¢ is the contact potential.

For simplicity it can be written as:
N, =2A2/ [eece{dV/ d(1/CH} Eq.31

The slope of 1/C? vs V plot gives the value of carrier concentration in a given conducting

- N
polymer ﬁlm.y Schottky diodé have been fabricated by the vacuum deposition of
,

various metals onto a number of conducting polymer films.

2.11.2 METAL - INSULATOR - SEMICONDUCTOR DEVICES

Metal - insulator - semiconductor (MIS) diode is one of the most useful devices

in the studies on semiconductor surfaces. Since the reliability and stability of most

semiconductor  devices are intimately related to their surface conditions. An

understanding of the surface physics with the help of an MIS diode is of great
importance for operation of a semiconducting device.. MIS is also called the variable
voltage capacit(;f or charge coupled device (CCD) and it works on the principle that the
application of proper sequence (clock voltage pulses). A CCD can move quantities of
electrical charge in a controlled manner across a semiconductor substrate. Using this
tions; including image

basic mechanism, CCD can perform a wide range of electronic func

. . . 136)
sensing data storage, signal processing and logic operations ™.

For an ideal MIS diode energy difference between the metal work function &_

and the semiconductor work function &, can be defined as:

s -(X +EJ2q +¥9 = 0 Eq.32
X is the semiconductor electron affinity, X is the

® =

where ¢_ is the metal work function,
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insulator electron affinity, E, the band gap, ®s the potential barrier between the metal

and the insulator, ¥, the potential difference between the Fermi level)EF and the intrinsic

Fermi leveI)E;. In other words, the band is flat (flat band condition) when there is no

applied biasing conditions and those in the semiconductor and those with the equal but

opposite sign on the metal surface adjacent to the semiconductor. There is no carrier

transport through the insulator under dc biasing conditions or the resistivity of the insula-

tor is infinity. MIS devices based on semiconducting polymers have been fabricated by

the thermal evaporation of metals on Langmuir - Blodgett film of cadmium stearate.

The capacitance- voltage measurements obtained as a function of frequency show that

the flat band voltage condition and”the accumulation to depletion and inversion regions
)
<Qmesurcment of capacntance as a funcuon voltag e/can be observed T
\____.__,_/

e - have been shown in fig. 17 and 18:

| '—1 Vacuum Level
%r qy V=O
Bl 5 Eq/2 i
% m 2 c
7 aYB__ g,
— _________x_______EF

oz Wi
/ Metal Semiconductor
% -d~1/ /////zzz_///zM

z :conductor(MIS) diode at voltage, V = OV

ator-sems

Fig.17 Energy band diagram of metal-insul y,
——mo= Ec S Ba == E¢
T hco==-¢Ec ———-E emmmm == Ej
veo| b ___- E; Gesaluluiuiis it
il e e Sl
| |*F¥Fs++Ey % /7 K
V=0 j V50
V<0 DEPLETION INVERSION

ATION
Fig.18. Bﬁgiggﬂm%L of an MIS device at different voltage conditions.
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7

/lf the diffusion in the electrolyte is the dominant Pprocess,

2.11.3 ELECTROCHROMISM

Electrochromism is the property of a material or a system to change color

reversibly in response to an applied potential. The color contrast [(I/1(D)] of an

electrochromic device is characterized by change in electrically induced optical density

in EC medium. The optical density change (A oD) arises due to an induced absorption

usually as a broad band in the visible wavelength region ¥

= IO = exp( - a( A.)) = exp( -A OD) Eq.33

The absorption coefficient a( 2) or absorbivity of EC medium can be very high. High
\\,

color contrast can be achieved withg o) EC medium of small thickness (d). The

electrochromism is based on the method of preparation technique, composition,

stoichiometry morphology and structure. The control kinetics of coloration depends on

the charge transport across;h\electrolyte/electrode
behaviour is governed by Bulffer-Volmer equation.

interface. The barrier controlled

process leading to the( current vol(agé
the current density J can be

expressed as :

Eq.34
g in the reaction, F is the Faraday

J = 72 n F D Co t"”

where n is the number of electrons participatin
constant, D, is the diffusion coefficient, C, 18 the concentration of redox speaes
The semi-solid electrocromic cells based on PPY and polyaniline in glass / ITO

/ conducting polymer film / electrolytes/ ITO / glass configuration have been fabricated

"3 A schematic arrangement for the measurement of transient current and photocurrent

of conducting polymer films has been shown in fig. 19:
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Fig. 19. Schematic of set up used for measurement of current transient of electrochromic cells
based on conducting polymer films.

The next chapter describes the results of systematic studies in relation to

preparation, characterization and applications of conducting polypyrrole films.
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CHAPTER 1II



both gyﬁ thermal i i
\ and mechanical properties with air and water stability "%, The
availabili i i .
ility of unique electrochemical synthesis for the preparation of polypyrrole fil
e films

by Di ! i
y Diaz et al " have provided access to a variety of electrical and modern analytical

tests th i idati
at are well known chemical oxidation products of pyrrole, namely, the amorph
’ ’ Oous,

u

fo i icati i i
r a variety of applications owing t0 its stability and superiority in redox process [13]

Polypyrrole films are generally obtained by electrochemical polymerization of

pyrrole monomer. The polymerization reaction proceeds via radical cation intermediates

has been shown /a such, (hatjxmctxon is sensitive to the nucleophilicity of the

envi i ion nea
ironment in the region near the electrode surface ! This then places
some

limitations on the choice of the solvent and electrolyte. Many of the reported studi
1€

h . .
ave been performed 1n aprotic solvents which are poor nucleophilics. Among these

tetra hydro furan (THF), methanol

acetonitrile, propylene carbonate, methylene chloride,

reparation of conducting polypyrrole films "\, Polypyrrole

etc. have been used for the p

been synthesized in nucleophilic solv
e addition of pyrotic acids which decreases the

films have also ents such as dimethyl formamide and
dimethyl sulfoxide etc with th
solvents. The electropolymeri
polypyrrole films so obtained are however, of poorer

nucleophilicity of the zation of polypyrrole has also been

carried out in aqueous media. The
uctivity. Later, these have
ts such as alcohol and have been found to possess

quality with lower cond been electrochemically synthesized by
a mixture of water and aprotic solven
conductivity and good mechan
taining polypyrrole films by varying mechanical,

in : . i
termediate electrical ical strength !". From time to time

the solvent has been changed for ob
rties. The thick polypyrrole

cetonitrile solvent mixture.

(
al " have been prepared in aqueous 2

electrical and optical prope films obtained by A. F. Diaz et
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The conductivity of such polypyrrole films has been found to lie from 100 to 0.5

S/cm and has been seen to depend upon the anion content (l@(o 33%) "', The

polypyrrole films containing with 1% water and 99% acetonitrile are found to be seven

times stronger than those obtained using a mixture of 25% water and 75% acetonitrile
1 The band gap and mechanical strengths of various polypyrrole films have been found

to be decreased and are seen to depend upon the nature of solvent such as ethylene

glycol, acetonitrile and water 17 The conductivity of polypyrrole films synthesized in

propylene carbonate with tetracthyl ammonium tetrafluoroborate (TEATFB) and

para-toluene sulphonate (PTS) electrolytes have been fo

19)

und to have excellent electrical

conductivity and optical properties ' |
When polypyrrole films are in conducting forms, the anions which are affiliated

with the cationically charged polymer chains have been found to be 10 -35% by weight.

The anions such as tetrafluroborate, hexafluroarsenate, perchlorate, hydrogen sulphate,

p-toluene sulphonate etc. are poorly nucleophilic and permit the formation of good

quality films. The level of oxidation of pyrrole is 0.25 - 0.32 per pyrrole unit,
corresponding to one anion for every 3 _ 4 units "7 It can be remembered that an
intrinsic characteristic of the polymer of the anion. The successive use of different anions
such as p-toluene sulphonate, perchlorate and fluroborate etc. not only affect the
electrical properties but also the structural characteristics of polypyrrole films. G. R.
Mitchell " has investigated the role of counter - ion which influences the molecular

order in conducting films of polypyrrole films including the chain configuration. The

anion influences both the electronegativity and the electrical conductivity of the

polypyrrole films.

In the present thesis conducting  polypyrole  films both in aqueous and
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non-aqueous media have been respectively prepared. The thermal, electrochemical,
structural, optical and electrical properties of these polypyrrole films have been

systematically investigated.

3.2 GENERAL PROPERTIES OF POLYPYRROLE
(PPY) FILMS

Polypyrrole has generally been considered to belong to the class 1- dimensional
polymers having a polyene backbone. In the electronic structure of polypyrrole, 7 -band
is delocalized along the chain with equidistant carbon positions, a metallic behaviour

is thus expected. This behaviour is overcome by the stabilization of the chain in

dimerized form !""\. Due to the dimerization and symmetry breaking caused by the

presence of nitrogen atom, the uppermost - band is back folded and a gap of about 3.0

eV is opened '?'. Excited states of this system are believed to be polaronic. Polaron

with a relaxation of the structural geometry of the polymers towards a quinoid form

extend over four pyrolytic rings. The polarons (spin 1/2) are situated at 0.54eV from the

band edges '*. Theoretical calculations have demonstrated that the formation of a

polaron is most favorable energetically in conducting polypyrrole. This type of electronic

structure is representative Of a 1 - dimensional polymer with a non-degenerate ground

State.

When a second electron is removed from the polymer chain, a bipolaron is

formed which can be defined as a pair of like charges associated with a strong localized

distortion which again extends over four pyrolytic rings. ESR studies by F. Genoud et al

12 have shown the existence of bipolarons in a PPY film. It basically arises due to the

apparent lack of correlation between the spin characteristics and the conductivity
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wherein it has been concluded that the species responsible for conductivity do not have

spin. The formation of a bipolaron is also supported by the calculation which shows that

the formation of a bipolaron is thermodynamically more stable than two separated

polarons, despite the coulombic repulsion between the two charges defined in the same

site. Because of the strong electron - phonon coupling the charge carriers that are

produced on the polymer chain by doping takes place the form of polarons/bipolarons

I ESR and optical measurements have shown that doping initially creates polarons but

as the doping level increases polarons combine to form more stable bipolarons.

Insolubility of polypyrrole in organic solvents has demonstrated that it is not a

processable polymer. Films of conducting polypyrrole have g high electrical conductivity

varying between 10 to 100 s/cm™ and are black in colour. Raman and IR spectroscopy
studies have confirmed the presence of pyrrole ring in the structure. Solid state "*C

NMR studies indicate a -@ coupling. The values of ESR line width H_, in case of
undoped polypyrrole have been found to vary from 0.2 to 0.3G. The ESR spectra of
neutral polypyrrole presents two distinct lines such as a narrow peak with H, =0,4 G
and a broad band width DH, ~2.8G. The total intensity of about 10 spins per gram has

doped polypyrrole (o = 1-20 S/cm) exhibits a strong

narrow ( DH,, ~ 0.39G) ESR signal. These

been observed. The perchlorate

ESR intensity of 5 x 10 SPi‘.‘s per gram and
results imply that the ESR signal does not arise from the same species which carries the
electric current ). The concentration of charge carriers is unrelated to the esr intensity
and its correlation unrelated to the linewidth and the value of the carrier mobility has
been obtained. This has been interpreted in terms of the formation of bipolarons upon
doping, which can carry current by hopping but are diamagnetic. It has been concluded
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that esr spectra of these systems are due to neutral radicals and reveal little about the

intrinsic processes of conduction in doped polypyrrole system.

The thermal ageing of polypyrrole films at different temperatures has been

studied from time to time. The conductivity of polypyrole/ p-toluene sulphonate film has

been found to decrease with increasing temperature. The anions like BF,, ClO, are

found to be poorly nucleophilic and permits the formation of a good quality polypyrrole

film. Due to the hygroscopic nature of polypyrrole film, 5 - 7% of moisture is removed

when dried at 110°C P, At this juncture the conductivity of polypyrrole film also

decreases. It has been shown that the persistent structural disorder in polypyrrole results

in both the metallic and semiconducting behaviour of this interesting material. It is

hoped that the work described in the present chapter of the thesis will lead to an

understanding of the mechanism of conduction processes including structural, electrical
and optical properties of polypyrrole that may perhaps be useful in improving its stability.
Besides this, the results of these systematic studies may lead to the potential application

in the conducting polypyrrole films 2n,

3.2.1 OPTICAL PROPERTIES OF PPY FILMS

The optical properties of conducting polypyrrole are strongly influenced by the
presence of anions in the polymer matrix. The optical absorption of the neutral PPY has
bands at 3.2 eV and 1.3V, respectively. When it is exposed to air, the peak height of

and the absorption peak at 1.3eV inc
of oxidized polypyrrole film shows broad bands

3.2eV peak decreases reases due to its oxidation

by oxygen. The absorption spectrum
near 1.0eV attributed to the conduction electrons. The peak near 3.0eV is associated
with an interband transition derived from the 7 - T transitio(\ in polypyrrole ¥,
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The optical absorption studies of polypyrrole doped with perchlorate (ClOy),
tetrafluroborate(BF,), hydrogen sulphate (HSO,) and arsenic hexafluoride (AsF,) etc.,
have been conducted. As-grown perchlorate doped polypyrrole films have absorption

bands at 1.0 eV, 2.7 eV and a weak shoulder at 3.6 eV. The most strong reduced

polypyrole has a band at 3.2eV and a shoulder at 4.5eV. The red shift of the 2.7 eV

peak to 3.2 eV is also seen due to a more facile reduction of polypyrrole films. The

optical absorption peaks obtained at 0.7 eV and 2.1 eV in polypyrrole have been
attributed to the presence of polarons whereas the peak at 1.4 eV is related to the
presence of bipolarons. With higher doping level it has been seen that 1.0eV and 2.7eV

rmation of two bipolaron bands (29391 1t has been shown by J.

peaks arise due to the fo
H. Kaufman et al P in their insitu electrochemical optical absorption studies of

polypyrrole that the recombination of polarons results into formation of bipolarons. High

pectroscopy studies have shown that bipolaron model can be used to

- energy - loss s
function of oxidation B2 The values of optical

explain the electron band structure as a

dielectric constant at low energ)(O.l e\)has been measured (0 be 2.5 which is typical for
tained by ellipsometric measurements of

a polymer. The optical dielectric data ob
reement with the Spectrosoopic measurements.

polypyrrole fibrils are in ag
e can be studied through UV - visible

polymerization of polypy rrol

The insitu
properties of conducting polypyrrole depend upon

spectroscopic studies 1. The optical
the type of dopant and
y band gap, resistivity and structure of a polymer

the processing parameters, the annealing temperature etc.. For

the fabrication of any device, the encré

n constant in different ambients and should not show any

(polypyrrole) should remai

significant variation with time.
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3.2.2 ELECTRICALFROPERTIES OF PPY FILMS

The effect of doping on polypyrrole film has been carried on the electrical

properties of this conducting polymer. The electrical conductivity o, of polypyrrole

increases slowly upto about 1% of doping with an increase in ESR signal after which its

value shows a continuous increase until it has accepted about 2.5% of available charge.

The decrease in the intensity of ESR signal with an increase in the doping level of

polypyrrole beyond 2.5% cannot be correlated with the corresponding large increase in

the value of electrical conductivity. These results cannot be explained on the basis of

conventional band theory of solids. It has been shown that difference in the conductivity

arising due to the number of sulphonate groups in a dopant molecule has been attributed
centration of polarons in the films. At high doping levels (5%), the

to the low con
rs and the transport of electrical charge in conducting

evolution of bipolarons occu
arons or through the hopping of charge

polypyrole may either be via diffusion of the bipol

carriers in the bipolaron sites*!).

on-degenerate ground state polymers, bipolarons appear to play

_ insulator transition in PPY film. DC conductivity

Like most n

significant role in the observed metal

been conducted in both undo
menon has been described to- the hopping of charge

measurements have ped and doped polypyrrole films at low

temperatures. The observed pheno
<151, It should be interesting
y doped and lightly doped polypyrrole films with

carriers via bipolaron to experimentally determine the value

of dc conductivity (0s) ©f highl

cal ions. The exact charge transport mechanism in conducting

tetrafluroborate radi
polypyrrole is still being actively investigated by researchers engaged in this field.

_) data obtained in the li
n lightly doped polypyrrole, the electric conduction

AC conductivity (0 ghtly doped polypyrrole has been

interpreted using Kivelson’s model. I
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process is dominated by the phonon assisted electron hopping between polarons and

bipolarons states . Extensive theoretical and experimental studies have shown that

doping of polypyrrole leads to the formation of localized charged defects on the chains,

bipolarons being favoured over single polarons. It has beer;;?rgy‘e;aled that p-toluene

ensional variable range hopping between

lod

sulphonate doped polypyrrole films show 2-dim

polaron and bipolaron states [20,37). It has also been shown that p-toluene sulphonate

doped polypyrrole films exhibit 2D variable-range hopping model (T'?) instead of

variable range hopping (T'*) law. It has been brought out that any variation in the
fabrication of a polypyrrole film results in variation in the value of the electrical
conductivity including the mechanism of charge transport. The total measured electrical

conductivity of lightly doped polypyrrole film has
upon both frequency (100 KHz to 10 MHz) and |

been seen to exhibit two types of

relaxation mechanisms dependent

138]

temperature (77K to 350K)
rrole is not yet completely understood as it possesses

Charge transport in polypy
conducting and metallic behaviour.

a high degree of disorder and exhibits both semi
Extensive theoretical and experimental studies show that doping of polypyrrole leads to

zed charged defects on the chains, bipolarons being favoured over

the formation of locali

single polarons.

3.3 APPLICATIONS OF POLYPYRROLE FILMS

a variety of applications suc’ILi

AN
Schottky diodes PN diode, etc. The use of the
0 v — —

rted for detection of

in rechargeable batteries,
Polypyrrole finds as in g

electrochromic  displays, £aS Sensors,
as - sensing elements has been repo

Conducting polypyrrole as &
and alcohol [39, 40]. As already mentioned,

Ammonia (NH,), nitrogen dioxide (NOy)
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polymerization of polypyrrole can be achieved in aqueous solution at pH level that do

not damage biological materials. This allows use of polypyrrole as an entrapment

medium for the fabrication of biosensors. This has been applied in particular to the

glucose sensors based on glucose - oxidase (an enzyme). The secondary battery using

PPY as cathode material and lithium as an anode electrode has been marketed by -

Bridgestone and Allied signal) respectively. The electrolytic capacitors based on

polypyrrole films are essential component in most areas of electronics. The solid

electrolyte condenser based on PPY has also been fabricated.
J .. - T TTT
Wth this as a motivation, the experiment pertaining to w

A e ncscamias s

surface morphology and optical studies on BF, doped

annealing ) MW,

escribed in this chapter. It should

—
polypyrrole films have been carried out and d
COET I N WS SN ey : coo :
- gpsémerestjng to investigate the charge conduction mechanism in the BF, doped
- e
polypyrrole film may be useful in

polypyrrole films. Space charge relaxation @
delineating the motion of charge carriers. ThepSchottky devices based on PPY doped
with BF, have been reported (28 An attempt has been made towards the fabrication
of metal / semiconductor device using the electrochemically deposited polypyrrole in
aqueous medium. Besides this, fabrication of electrochromic displays based on PPY in

organic medium has been undertaken.

CAL SYNTHESIS OF

3.4 ELECTROCHEMI
POLYPYRROLE FILMS IN NON-AQUEOUS

AND AQUEOUS MEDIA:

been electrochemically synthesized using galvanostatic

Polypyrrole films have
method in a vessel consisting of a three electrode cell comprising of an indium - tin -
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oxide (ITO) electrode ( resistivity =~ 10 Q1.cm) as an anode, a platinum foil as a cathode

and Ag/ Ag' as a reference electrode. Ultra pure reagents, pyrrole(0.1 M) as a

monomer, tetra - ethyl ammonium tetra fluroborate (0.1 M) as supporting electrolyte

in 30 ml of propylene carbonate have been used for the electrochemical synthesis 11 All

P4
chemicals have been procured as described in sec.2.1of ghe Chapter IL Current density

of 0.3- 0.5 mA/cm? for 30 to 45 minutes has been used during the electrodeposition  for

30 to 45 minutes for obtaining self supporting polypyrrole films.

For measurements oOf UV-visible absorption spectra, PPY on ITO glass has been

deposited by varying the time period from 30 sec. to 2 minutes. The thickness (2 to

40um) of polypyrrole film is dependent on the amount of charge passed during electro-

polymerization.

The same set of electrodes has been used for electrochemically —prepared

PTS-doped polypyrrole films using 0.1 M of sodium salt of p-toluene sulphonic acid, 0.1

M pyrrole and 30 ml of deionized water. The current density of 0.3 mA/cm’ has been

used for 30 to 45 minutes for obtaining free standing films of polypyrrole. It may be

mentioned that the temperature of the cell has been maintained at 4-5 °C. Polypyrrole
U

films when treated with aqueous ammonia (NH;) for 24 hours resultk_thenr being

undoped.

3.4.1 MECHANISM OF FLECTROCHEMICAL POLYMERIZATION
OF POLYPYRROLE FILMS

The mechanism of electrochemical polymerization of pyrrole in general, consists
) l|4l.

of the following steps as represented (fig. 1
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Fig.1 Mechanism of electrochemical polymerization of polypyrrole

Step 1 relates to the oxidation of the monomer to a radical cation. In step 2
AN

~ . g
dimerization of the radical cations followed by 2 proton loss a neutral d:mer.\\-/““

OM.~$ oxidation of dimer o its radical cation (step 3). Step 4 shows the oxidation of

radical cation with another cation- In step 3, the formation of polypyrrole results as a

consequence of more repeating successive unit.
ijon occurs between the radical

conditions, the coupling react:

cations of pyrrole and the radical cations of the oligomer. Compared to the dimer,

Under steady - state

trimer and the polymer states, the polymers are more easily oxidized than monomers.

Therefore, these will also be present in the oxidized states and not in the neutral form
during the polymerization reaction. In such conditions, the current depends upon the
rate of diffusion of pyrrole to the region of the electrode. With regards to the subsequent

97



aromatization reaction, the various steps leading to the formation of polypyrrole

moieties are not as yet known.

The oxidation and reduction reactions can be studied by cyclic voltammetry. Cyclic

voltammetry is an electroanalytical technique used to delineate the cause of

electroactivity and the electrochemical properties of polypyrrole films because it can

better describe the characteristics of electrochemical switching behaviour. Fig.2 shows

the cyclic voltammogram of a 0.3 pm thick film of PPY that has been obtained at a scan

rate of 20 mV/sec in propylene carbonate solution with 0.1M tetra ethylammonium fluo-

roborate (TEATFB). Initially, -0.8 volt has been applied with reference to Ag/Agcl for

the complete reduction Of@ilﬁypolypyrmle film and then cycled between -0.8to0 0.6 V.

The oxidation potential of tetra eltylammonium tetra flu
on mctiori occurs at -0.3V in the cathodic sweep,

oroborate has been determined

as -0.2 V for a PPY film. The reducti
suggesting that the kinetics of the two reactions are different. It has been further seen
that the oxidative and reductive changes of a PPY films are independent of scan rate 2,

gnificantly broader than the anodic
and is subsequently oxidized at 0.4V. It may

The cathodic peaks are si peaks. It has been revealed

that PPY is completely reduced at -0.8V

hape of the cyclic voltammogram has been found to be

be mentioned that the s
dependent on the nature of BF, ions in the electrolyte which suggests that the kinetics
of the electron transfer Process is primarily limited by diffusion of counter ion in the
ffect can further be studied by using the

polypyrrole film. The doping and undoping €

optical measurements oOn PPY films I,
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Fig.2 Cyclic voltammogram of 0.3 pm thick polypyrrole film,
in propylene carbonate.

3.5 OPTICAL PROPERTIES OF POLYPYRROLE

FILMS :

3.5.1 FTIR STUDIES

rm infra-red (FTIR) and
ucting and neutral states of polypyrrole films.

Fourier-transfo UV-visible spectroscopy studies have been
performed to characterize both the cond
s the molecular properties of pristin

only reveal the structural evidence but also the

FTIR provides in detail e and doped polypyrrole
films. FTIR spectra of polypyrrole not

to the process of conduction.

mechanistic view related !
rrole film have been conducted using Nicolet FTIR

FTIR studies of various polypy
meter. various spectra of
ed following the standard method mentioned in

7

(m(xiel 510 P) spwtrophoto PTS and BFQ. doped and llﬂdOpﬁ

polypyrrole films have been record

literature 12931,

99



Transmittane (arb. unit)

2000 4500 1000 500

-4
Wavenumbers (em ")

e films (1) undoped polypigFFore;

Fig.3 FTIR spectra of polypysrol
S d& (3) BF, doped WIW

(2) PTS doped polypgiole;

Fig. 3 shows the results of FTIR spectra of polypyrrole films doped with BF," ion

(curve 1), PTS ion (curve 2) and of undoped polypyrrole (curve 3) film. Principal
transmission bands corresponding to polypyrrole are observed at 1550, 1474 , 1448, 1324

y. The band seen at 1550 Cn'rl is due to C=C stretchin@ .

and 1200 cm™, respectivel

/Whems 1474, 1448 and 1324 cm’' are res
rrole ring. Moreover, 1200 and 1050 cm™ peaks are due to

due to the existence of C-C and C-N

W pectively,

vibrations stretching in the PY
e 975 cm’ peak
to the pyrrole ring (def). The peaks at 575 and 625 cm’ are

rrole film is undoped in aqueous ammonia

:s due to ring breathing in polypyrrole.
the Pl'esencct;g/ C-N (def). Th 1s due e g 1n polypyrroie
¢

The band at 875 cm™ is due

due to the pyrrole ring (torr)- When a polypy

rve 3, fig.3) and a new peak appears at 1374 cm’. Further,

the 1324 cm peak is lost-(Cv

the'fat) 1550 cm™ peak is shifted to 1575 cm
/ indicates the conversion of penzoid Structure to quinoid structure. Another important

feature is the compensated reaction of NH;

4 due to the presence of ammonia. This shift

with (BF, doped) polypyrrole resulting in

the loss of 962 cm™ peak (.49,
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Results of this measurement clearly demonstrate the presence characteristic

~

vibrational bands of polypyrole moieties. Besides this, undoping with NH, does not lead

to the loss of any structure of various polypyrrole films

3.5.2 UV -VISIBLE STUDIES
The UV- visible spectroscopy is performed to understand the basic electronic

structure of a desired organic material. It is a powerful tool for characterization of

electronic processes that occur in the doped and undoped states of a conducting poly-

pyrrole film. Moreover, the UV - visible studies are likely to unravel the semiconducting

nature of polypyrrole. Besides this, these studies have been used to determine the

thickness of polypyrrole film provided it transmits more than 50% of UV-visible

radiation. The insitu polymerization studies can also be carried out with the help of

UV-visible technique.

0.2 —

o
\

Absorption

i
200 1100

700
wavelength (nm)
Fig.4 UV-visible spectra of undoped polypyrrole (curve 1),

PTS -ion doped polypyrrole (curve 2) and
BF, ion doped polypyrrole (curve 3) films.

° 300 500

v-visible spectra of undoped polypyrrole (curve 1), PTS-doped

Fig.4 shows the U
rrole (curve 3) film, respectively. The peak

polypyrrole (curve 2) and BF( doped polypy
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at 410nm (3.0 eV) has been attributed to interband transition derived from the w - T
(
transition of PPY moiety. The peak at 990 nm (1.25eV), 530 nm ( 2.3eV) and 435

nm (2.85 eV) have been observed for the doped polypyrole films. The ! 530 nm (?‘

(2.3 eV) peak is due to the doping of polypyrrole films with BF;" and PTS ions, re- _—

. "
spectively. The knowledge of optical properties of conducting polymers @lmponam to

understand the basis of electronic structure of PPY which is implied by its colour and

electronic spectra.

N
)]
9’<
N
(8]
o
o)

- N
o o
T

Absorption
o

0.5

rption spectra a5 a function
of polypyrrole films.

Fig.5 The insitu UV-visible abso
of voltage (V) for the growth

i i ied out on
Fig. 5 shows the results of insitu optical absorption measurements carrl

electrochemically deposited ©
containing propylene carbonate. It has been

‘ n ITO glass as anode and
BF, doped polypyrrole films,

Platinum as a counter electrode in a cuvette

growing at 1.0V. The w -1’ transition peak appears

Observed that polypyrrole films start
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. 124
at 3.1eV and n - 7" transition at 2.1eV for doped PPY, respectively. Further, as the

voltage increases the polypyrrole film becomes thicker at about 3.25V absorbing the UV
- visible radiation completely. The changes in the magnitude of absorption unravel the

role of polymerization of pyrrole resulting in the formation of PPY film.

3-52 +—

I 2-64 |—

i | \ |
0-00 N
1-40 1-74 2.08 2. 42 2-76 210

ENERGY (eV)—".

Fig.6  Plot of (a.hv)'? vs photon energy for unannealed
BF, doped PPY films M
Fig.6 has been obtained Dy plotting 1/(a hv)? vs hv (photon energy) for the
unannealed BF, doped PPY.The optical absorption edge as determined from this figure

is seen to be around 2.7 V. The optical enerey band gap (E,) has been estimated to be

about 3.0 eV. It can be scen that band edges are not VY sharp and energy gap can be

assumed to be an apparent band gap- The absence of crystallinity results in the band

edges being blunt. As in the case of amorphous sémiconductor, band edges contain tails
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with reasonable density of states. The observed energy band gap (3.0 eV) is well within
the region of other dopg:d polypyrrole systems. It has been reported that the band gap
of PPY lies in the range of 1.4-6.0eV depending upon the preparation of the films and
type of dopants. It has also been seen that the undoped PPY hav%a ;/a;ld gap of 3.2eV.
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fig.7 Optical absorption of BF/ doped PPY films in the range
ptical absorpllon fey uasnneled, (b) sancaled for 40 hours. ©
(d) annealed for 100 bours.

annealed for 70 hours,
the optical spectra of BF,
h as 20, 40, 70 and 100 hours,

doped PPY films that have

Fig. 7 (a, b, c and d) shows
r various durations suc

been annealed at 70°C fo
absorption spectra of BF,” doped PPY film are

respectively. It can be seen that optical
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modified as a consequence of annealing. This is expected for an amorphous solid. Apart
from the observed annealing effect, there is clearly a significant change in the optical

spectra arising as a result of dopants. The peaks in the region of 1000 - 2600 nm are

usually attributed to the polaron defect levels and determine the conductivity properties

of PPY films.

3.6 SCANNING ELECTRON MICROSCOPE (SEM)
STUDIES:

The surface characterization is very helpful for the determination of operational
characteristics of a device based on polypyrrole. The quality of polypyrrole films depends

upon the type of dopant ions, quality of solvent used, temperature of the electrochemical

cell, magnitude of current density and the polymerization conditions etc.. The surface

Characteﬁzatipn of the various BF, doped polypyrole films have been experimentally

~ CCoarv\te P4
"‘Vﬁﬂfé}lwd through scanning electron microscope technique [46].

Fig.8 (a,b,cand d) shows the SEM pictures of doped polypyrrole filins. The SEM

micrograph (fig. 8a) of a polypyrrole film shows a continuous and uniform surface. It can

be clearly seen that the SEM pictures reveal the restructuring molecules in various @ _

~ polypyrrole films. Further, a large number of pores and voids are observed after it is

annealed (70° C) for 15 hours (fig.8b). Further, when these polypyrrole films are

annealed (70°C) for 40 hours, uniform structures containing no voids and pores are

clearly visible in fig.8C, The continuous and uniform structure of BF, doped PPY film

perhaps yields a minimum value of resistance. Fig.8d exhibits the surface morphology of

a doped’ BF,” PPY film after it is annealed for about 100 hours. It can be seen that even

though the resistance of polypyrrole film has considerably stabilized, the surface
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morphology no longer remain smooth. Such polypyrrole films have used for the

fabrication of metal - insulator - semiconducting (PPY) devices described in Chapter VI.

—T5 ol NPLND

Fig.8 Scanning electron microscographs of doped PPY film
(2) unannealed, (b) annealed for 15 hours (€) annealed for 0°C
40 hours and (d) annealed for 100 hours, annealing temperature<70°C-

JE—

depends upon the carrier concentration

The value of energy band gap (3.0 €eV)
i . rrole
In the conducting polypyrrole. After 40 hours of anncaling the structure of polyPy
tudies
has considerably smoothened. For further processing of polypYroLe films, the $

: ticall
"elating to electrical properties described in the next section have been systematically
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3.7 ELECTRICAL PROPERTIES OF POLYPYRROLE
FILMS

3.7.1 DC CONDUCTIVITY STUDIES

It is known the polypyrrole films prepared by electrolytic polymerization of pyrrole

show high electrical conductivity- The mechanism of such a high value of conductivity has

estigated using optical and ESR studies. It h

yrole films serve as positive charge carriers

as been revealed that

been widely inv
47, In

polarons and bipolarons in the polyp
addition much attention has been paid to a variety. of factors which control the
ce of electrical properties of polypyrrole films

conductivity of polypyrrole films. Importan
rtaining to different dopant

has recently stressed [46]. Hence various 'experiments pe

(/ . . cri n\corporawd in various polypyrrole films have
anions such as BF,, PTS ,ClOs and CI'1n C

ted. The electrical conductivity
polypyrrole with a view to understand the

measurements have also been
been systematically conduc

carried out as a function of temperature Of
The electrical conductivity o
ary from 100 to 0.2 x 10® S/cm (Table I).

) f various polypyrrole films
charge transport mechanism.

measured by four points probe method V

e r 4
/ TABLE I- Conductivity and nasure of polypyrrole films

Conductivity

S/em |
0.2

/




At room temperature, electrical conductivity of various PPY films varies from 20

100 S/em. The conductivity of the BF, doped PPY and PTS doped PPY films has been

found to be 20 and 100 S/cm, respectively. The higher value of electrical conductivity of
PTS doped PPY film may perhaps be due to in oxidation with water which creates
intrinsic dipoles in the PPY matrix. The charge conduction mechanism in PTS doped

e molecular oxygen and water, which probably affect the

PPY film depends upon th
charge transfer interaction with the m - electrons OT nitrogen atoms in the PPY system.

() EFFECT OF TEMPERATURE:

in doped PPY films with BF," or PTS-ions has

Mechanism of charge conduction
presence of localized electronic

been of interest since it is the p-tyPe semiconductor. The
arising as 2 result of changes in local band

states of energies less than the band gap
arons and blpOlarons ha

Yy matrix. The temperature variation of

ve lead to the possibility of

order, including the formation of pol
present in the PP

new types of charge carriers
y studied on lightly do

ped and heavily doped

(Ud; conductivity ' has been experimemall

a and fig. 10 show the variation of 1080y, of electrical

(BF,) polypyrrole films. Fig-9

as a function of 10°/T both for lightly doped and heavily

conductivity (log daJ
sence of a linear fit in polypyr-

respectively- The ab

dOped BF4' doped polypyrl‘OIC films,
phenomenon is perhaps not governed

tes that the electrical

role (fig.9and fig.10) indic2
s via extended wave p

e charge carrier

henomenon.

by the transport of th
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Fig.9 Variation of logo, 10°/T for heavily doped BF/
vs 10°/T for lightly doped polypyrrole films

BF, pclypyrrole films

Fig. 11 shows the plot of 1080 V5 10T for lightly doped (BF,) PPY flm
a linear fit for electrical conductivity data obtained

indicating a linear fit. Fig.12 shows

? trate that

for highly doped polypyrrole as 2 function of at 10°/ T'®. These results demons tha

' ds the transport of
hopping of charge carriers perhaps plays an important role towards the po

i tra sta
charge via hopping resulting either from the deep trapped

tes or localized states. Since

sites are larger in number, the theory
in the case of lightly doped sample the trapped h ()ﬁ N
- . t t
be the dominant factor, which In the present context has been to

predicts that T'? will
4 T'. In a lightly doped PPY film,

y between T'? an

1 ]
ary as T'” because of the interpla
wer number of charges trapped at var-

the tor-ﬁglopping of afe

electrical conduction is due 19 3
ious sites in the polypyrrole films [37]- .
-5
oL
3 N
-7+
114 s )
.o of 10°/T =8 == 260 "
ol ? 0371

Fig.11 Variation of log 0u 85 %
s le films
for lightly doped BF, polypyr™®
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Fig.12 Variation of logarithmic of elect _
(log 0,) as a function of 10°/T"? for heavily doped BF4

polypyrrole films
ed in case of lightly doped polypyrrole

Some of the electrical parameters obtain
the Mott variable range hopping eq.1 [38]:

have been calculated using@Ie claﬂf)ﬁ
i — 2 1/4 Eq.1
2[9(1N°/ g Kg Tl

= v,, exp [(T /D]
nsity of states at Fermi level,

v,, is phonon

O4 =

Where Ty = 16 /K, N, o and N, is the de
raged characteristic decay length

empt frequency and «a is a three dimensionality 2V€
for localized sites involved in the variable range hopping- To facilitate comparison, e
role films has been plotted against 10° /T (fig.

e data with 2 composition depen
n measured to be 1.58x10*

d ..
€ conductivity data of various polyPY
dence.
t to th

(BE,) PPY has bee
th respect tO doped PPY films. The
tance has been found to

l .
- The linear curves indicate 2 good fi
The conductivity of lightly doped-

Slem which is 10° orders less in magnitudc wi
AO and a hopping dis
reases from 3.22X 102 to 3.21x 10"

lotnic. s
*calization length varies between 1to 10
r the lightly doped poly-

sity of states dec

e 0.607- 2.6 eV. The carrier den f
' calculated 10
eV has
eV''. The hopping length frequency d f
2 gz, The results of temperature dependence of the
10" Hz.
g model based on

¢ variable range hoppin

p
Yrole system to be 1.754 X
y data. It has been suggested that

Y suggCSt tha

Co ..
nducﬁ\nty in the oxidized PP |

Po
arons quantatively explains the 0bse
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for an ord
ered materi 1
rial having polaronic conduction processes th
, the jump frequenc
y of

the polaron i
n is due to si I
single optical phonon absorption and emission. It i
. It indicates that th
e

polaronic hoppi
opping conducti
. "
tion can give rise to temperature independent 1
activation ener
gy-

'Y t.hat.

Obt.aj i

]ABLE l [y para"!efels (1] l h“ dOPed
II: 1

polypyrro
__ le films for o, at 300 K = 1.58x 104 ot et
Temperat
ure ivati
T.00 x 10 Activation Localization Hopping N(Ey) i
‘,:Sfr%y length o’ distance | cm’eV” goppmg
e eV) A R x 107 v;;ir)lcy
Eél I x 10"
0049___—-—-1()% 2562 it LD

(i) EFFECT OF ANNEALING:

e variation of resis

700
C for various duratior% o

e initial 15 hours
) -
29/ after being
not result in any significant change in the

tance for BES doped PPY films annealed at

e. The resistance of the BF, doped PPY increases
il

of annealing reaching 2 peak value of 56 o) ¥
Wi/ 1,

Fig. 13 shows th
f tim

sh .
arply with time within th
annealed for about 30 hours.

and j
it decreases to a value about 1
py samples does

may perhaps be cau
the complex structure of the polymeric

Fu
rther annealing of these P

Tesistance of the doped PPY film that
rocess. Due ©
y films, polymeric m
Ims leaves voids and pores that act

sed by the evaporation of the

$0] .
vent during the annealing P
olecules are locked in the

Chaj .
ns in electrochemically depOSiwd &
turing of PPY fi

resulti
ting structure. This re-construc
f annealing . Annealing

s is completed within 15 hours 0

as -
resisti
istive paths. This proces
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ours reSUI i i
| | n O.d
a‘ld mms, Wh i i l
ce atta.lns a stable aluc i i i |

polymeric chai i
ains has occurred leading to a stabilized polypyrrole structure [28]

Resistance ()

1 1 1 1 1
20 40 60 80 100
Annealing Time, Hrs.

0]

Fig.13
Plot of resistance vs annealing time for BF/
doped PPY films; annealing temperature 70°C

3.7.2 AC CONDUCTIVITY STUDIES OF PPY FILMS:

n conducting polyP

mental techniques S
e nature of charge carriers in this non -

yrrole has attracted a great deal of interest

Charge transport i

In recent years. A number of experi uch as optical, NMR, ESR and
to determiné th
believed that polar®
our. It must, however,
conduction in this molecular

also ¥ :
PS have been used
ns and bipolorans are perhaps

de, . .
generate conducting polymer- It 1S
gin of elecmcal

ponsible for the observed
established. As in the case of inorganic

- th :
G‘J .. e exact mechanism relating to the oF!
,_//

been clearly

elec . =
tronic “?t.“,fal has not yet
been shown to be extremely

Semj
~conductors, dielectric



polypyrrole films has recently bee

val i i
uable towards delineating the phenomenon of conduction in various conducting

polymer films. In this context, ac conductivity studies with gold contacts in lightly doped

n reported. The observed ac conductivity in polypyrrole

films has been explained on the basis of available of conduction mechanism.

Polypyrrole doped with BF, ions is known to be a p- type semi-conductor. Such

a doped polypyrrole film forms a rectifying or blocking contact with a metal having a

lower work function than that of PPY system. It will thus be interesting to -
the phenomenon through dielectric measurements.

experimentally investigate
ted for studying the charge transport in polypyrrole

Al-PPY-A] structure has been fabrica

the systematic investigation of dielectric relaxation and ac

film. This section deals with
conductivity of undoped and BF{ doped polypyrrole films [48].
Blocking contacts have Deen nade by depositing aluminium (Al on

ppY films b
ed out using HP 4192-A impedance analyzer.

electrochemically prepared BF, y vacuum evaporation (10 torr). DC

conductivity measurements have been carri
tance as a fUnction_of

room temperature (290K). There is a

Fig. 14 shows the variation of capaci frequency for aluminium (A])

(Al) capacitors at

- undoped PPY - aluminium
00Hz but the marked peak at 2

00 Hz clearly

decrease of capacitance from 20Hz to 1
lene carbonate (solvent
arising due to contact effect. The decrease

). This has been assigned to

indicates the entreatment of propy

agner polarization

the presence of or Max-W
;z clearly shows the p

m 200Hz to 10KH

£ resence of interfacial
of capacitance fro

Polarization at the electrode-
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Fig.14 Variation of capacitance 8s 8 function of frequency for Al-undoped PPY-Al capacitor

ation of dielectric loss factor vs frequency as a function of

Fig.15 shows the vari
310 K (curve 3) and 400 K (curve 4)

290 K (curve 2),

temperature, 248 K (curve 1),
e loss factor (tané) peaks at around 200Hz to 100KHz

respectively. The clear shift of th
on of the entrapped solv
1y peak present in the FTIR spectra (fig-3)

demonstrates the orientati ent molecules in the PPY matrix. The

—Q vibrational peak (1700 cm

this observation.

presence of C

of undoped polypyrrole testifies
20— T
15 -
w
210
o
[t
5 —
° 10 1& 10’ 10' 1 o
: frequency ()
248 K (curve 1), 290 K (curve 2)

ijon of temperature,

Fig.15 Variation of tand VS frequency 85 8 funct
400 K (curve 9

'310 K (curve 3) and
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Fig.16 shows the variation of observed capacitance and loss factor (tané) i
mn
Al- . .
I-PPY (BF,)-Al structure obtained as a function of frequency. The rise in frequency
indicates the interfacial polarization arising due to the formation of space charges near

the electrode. The dielectric loss factor decreases with increase in the frequency and is

maximum at a frequency at around 800KHz. The variation of capacitance shows a strong
resonance at about the same frequency. Clearly, the resonance is due to the formation

of dipoles in thin PPY film when blocking contacts are made.

- 43
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o
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o) ] | | |
(o) 200 400 600 800 4000
(KHz)

Frequency

of frequency at zero bias-
115



Fig.17 is obtained by plotting log €” vs logw. It shows two relaxation times 0.25

f\tn

Hs }0‘ 0.03 pus, respectively. The origin of these relaxation times is the fact that

P°|)'Pyrmle is a highly disordered material and the charge transport occurs ,boﬁ along
-

the chain. The Cole- Cole plot (Fig.18) also shows the distribution of relaxation times

which has been obtained by plotting C(PF) tané vs gpacnance The deviation from the

semicircular graph is clearly due to the presence of charge carriers and their observed

rdingly the complex permitivity € can be written as [48]:

Eq.2

conductivity and acco
€* = e,+(e,-e-)/(l+iwr)

where ¢, is the static dielectric constant and 7 is the relaxation time.

24
2.0 L
2.0
10} “ i
o Ofp x i
- v
0.6
10} |
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2.0 1 IA’J-———“G’J;’-J 0.04 006 042 046 0.20
5.0 5.5 6.0 ' CAPACITANCE (uF)
» log W .
Fig.18 Cole - Cole plot for
- Y
Fig. 17 logw vs loge” for BF, doped PP PPY at 290K
film at 290K
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The mobility of the charge carriers has been computed using the following

equation '

p=(wh, e el e Al Eq.3
where w_ is the frequency at which the dielectric loss is maximum and 'V, is the static
€ = 100 and ¢, is the

bias across the film, n = 10"/ cm’ is the carrier concentration,

Fig.21 shows the variation of mobility as a function of

permitivity of space charge.
e negative temperature coefficient can

temperature. This needs further elucidation as th
f structural properties and conduction mechanisms

be understood only in the light o
in PPY films. Interestingly, the

proposed for the transport of charge carriers
n times. Although, 2 distribution between the types

investigations show multiple relaxatio
of charge ier or transport is not possible at this stage. The charge carriers are

to earlier results obtained @sing Boltzmann

polarons or bipolarons as compared
obility found in Al- PPY (BF,” doped)

perature dependent ™
ts. This suggests that
the observed negative temperature

transport equation. The tem
scattering due to phonon

- Al structure is consistent with their resul

. - /\
S dominant in PPéYL is perhaps the reason for
~ . . .
Coefficient. Much higher temperature inhibits the information O
negative temperature coefficient for mobility is also
e

f kink states which

results in diminished mobility- T

Observed in many Organic conductors-

GPLAY BASED ON PPY

3.8 ELECTROCROMIC DI
FILMS
rtant member of an emerging family of electrochemically
Pol . im
ypyrrole is an impo be clectrOChemicauy switched between oxidized

“onductive polymers which 1y. This characteristic has bee
tively. This n
(COnduCﬁng) and the neutral (insulating) states, respec y
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used for the fabricati i
abrication and characterization of display based on polypyrrole using

required elec i
trolytes. However, the application of electrochromic materials in display

devices i
requires many properties such as low voltage, low power, good colour contrast

low switching time and long life time [51,52)-

PPY films have been prepared as discussed i
n a desiccator for two hours. The elec
dwiched with other ITO glass plate
on, as glass/ITO/

n sec. 3.4 of this chapter. The films

washed wi
are Wi s .
th acetone and dried 1 trochromic

windo . .
w consisting of PPY in ITO glass plate is san
g in the semisolid configurati

havi .
ng the semi-solid electrolyte resultin
sed for the present studies are HCIl

yte / ITO /glass. The electrolytes U
PEO+PTS, and

e with alligator clips after ensuring

PTS+ glycerol + PEO,

+p
EO, PEO+LICIO, PTS-urea+glycerol

Pectively. The electrical contacts have been mad
ce. The cell is placed in Shimadzu (model 160

ed for different electrolytes at various

that th .
ere is a minimum contact resistan

A)
spectrophotometer and the spectra are record
cal bench and has

mator. The spectra has

been illuminated at 500 nm

vol
tage. The cell is mounted in an opti
been recorded

With
a tungsten halogen lamp through 2 monochro

as d; ]
iscussed in Sec.2.11.3 of Chapter II.
of PPY film in glycerol + urea + PTS

Fig.22 shows the visible absorption S tra
the film changes from violet (blue) to

colour of
" tdy
e film. The oxidi
at around 410 nm. When the

e]ecu,o
lytes at various voltages- The
zed PPY has a broad

Yello . .
"OW which are diffusing in OF coming &

increases and the

film,
Sare reduced it has been 57
uction the peak at about 1010

Peaks

at 540 nm gradually decrease™ At th

im 4. . 3
d Jar ch
isappears (in curve 3 (fig-22)- The SIf™
oth .
°r electrolytes used for the semisolid cel
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cell which indicating

potential used in semisolid cell are higher than the-that of liquid
s due to the presence of semi solid electrolytes.

that cell shows higher resistance perhap

0.40

I»

700

300
wavelen

Itage curve 1 (1Y) curve 2 (0.6V), curve
o

Fi
8.22 Variation of absorption VS freq v
X0 Curve 5 (-0-4V)
.2 V): curve 4 (0.0V) and | |
| rrent as d function of ime
of electrOChromic devices based
jon

Fig. 23 shows the variation ©
configurati® .
.1 PPY containing PEO Ki

A
-

for 4. : :solid
dop
on :ng and UM
PPY. It can be seen that the dopinE

d Polymeric electrolyt® at
. ely dOPed



monomeric unit when the semisolid configuration is used with LiClO, and PEO
electrolytes. The electrochemical current decays in the same way as obtained using
LiCIO, dissolved in propylene carbonate. It is seen ( fig.23) that in the presence of
glycerol the decay current is less than that of the PEO+ LiClO, and HCI+PEO,

g and undoping processes are considerably lower in

respectively. The rates of dopin
ion diffusion both in the electrodes

semi-solid cells and have been attributed to the slow

at limits the application of PPY to low rate

and the electrolyte material. This somewh

limited capacity devices.
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ig 24 1 1
- xhibits the olytes u.
chan ] -
ge 11 OpUC&I a*ansmittance for differen
] €. t electr ]y
sed

for the
semisolid
cell confi 1
iguration. The half time for colour ch
change related wi
ith

obtained for each system h
generally noted that the values are

electroc
hemi
mical current transient
as
been calculated to

evaluate
the switchi been
switching speed of the film. It has

in the ne;
eighborhood
of
0.2 sec. to 1.5seC for all the cells studied

(iii)

(1
.ll-._o.ss—-l |..-—15~"‘|
o | i (1v)
}..~O-5 s*l

Fi
8.24
Optical
te . transmi .
ms (ii) HC| +‘t;1éce vs time for cells listed for colour switching of PPY film (1) pPEO+LiCIO,, s
O (i) FTS+g|yccml+PEO. systems @iv) PEO+WS+SIYCCWI.SystemS o SYS
PEO + PTS, HCI

pPTS + glycerol + Urea the
trolled either

. PEOTl;e kinetics of the process may

» PEO + LiCIO,, PEO LiClOs T Glycerol but in
trary 0 expectation- It may be con
r by the counter jon motion. Due to

b
Y pro
ton
m
ovement into and out of the pPY
diffusion due the solid elec
croct, The diffusion

¢ the thin 1ayer ©
jven in Table 4-

ted by Randles-

Cun.e
nt d
ecay i
y is exponential (fig.25) con

film O
trolyte, hence

the
P
fesence of PEO
there is @ slight slo¥
ccls ou

Slow -

er diffusion of the 17

all the system and ar° &
can be calcuia

nluch

e
ﬁcie
n
ts have been calculated "

yclic vol mogra™

The g; of ¢
d i
iffusion coefficient
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Sevics equation as described in Chapter I (Sec.2.7). The redox couples whose peak shifts

e
d \on further apart with increasing scan rate have been categorized as quasi - reversible.
E.J .

/,." Having obtained these results, @ test of reversibility 0

/

f the system is to check whether a

plot of I, as a function of V'? is linear. It must be emphasized that a reversible cyclic

voltammogram can only be observed if both oxidation (O) and reduction (R) process are

stable and the kinetics of the electron transfer process on the surface is in equilibrium

// s0 that the equation follows Nerst equation -

/,//———_

0

W

CURRENT (mA)—
N

2:00

: PEO systems (u)
¢ tho wl%;ﬁ:ﬁ vy PEO+PTS 24
u_rﬁ“" 81)'
PEOQ + LiClO, systems
PTS + glycerol + PEO 5Y
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mance of electrochromic cells

TABLE 3: Parameters governing the perfo

Glycerol +PEO/
ITO

iffusion Cycle Comment
vorse® g:)eff. p, | life time (Process)
™) 107%cm’/s
5 | o162 > 10° Diffusion
Il;rO/PPY/HCH 210
e 1 |o113 > 10° | Diffusion
ITo/ppy/PEO+ | 09 -1.210
LlCIO‘/ ITO —_’_—,_2”" /- _————""——> 10’ Exponentia]
TO/PPY/PTS + 1.20 210
rea+Glycerol/
. ”’2’/ 0.060 > 10’ Diffusion
mo/ppy/pEO+ | 0-36 210
—— a7 |0 | Diffusion
3 t0 .
ITo/ppy/pTS+ | 042 3
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TABLE 4: Electrochromic cell parameierss calculated using the cyclic

voltammogram study
System Slo i
pe L, Slope I, Anodic Cathodic Current
of Cells /V'2x 10° /VY2x 10 Diffusion Diffusion Tmn:ir:am
amp/(V/s)"” amp/(V/s | Coeff. Dy Coeff. D, | 10™%cm’/s
YR 10"%cm?/s | 10"%m?/s
HCI14+PEO 1077 1362 0.129 0.206 0.162
PEO+LiClO, | 579 1170 0.037 0.152 0.122
| PTS+Ureat+ | 164 174 0.004 0.003 ;
Glycerol
P
PEO+PTS+ | 174 169 0.003 0.0034 0.003
Glycerol
rsiEED | 299 w 0.044 | 0.060 J
3.9 SCHOTTKY DIODES BASED ON PPY FILMS

Schottky diodes based on elec

Al and In) have been shown
to have ideality fac
vices pased on

have been reported
R. Gupta et al [54]. Schottky de

Current - voltage measurements have

Schottky diodes have bee

metals (Sn, Al and In) O BE, doped ¥
area in each device 1S about 10> cm’

plate. C

the PPY film from ITO 81355

Of Schonky devices are wndUCtai

125

to exhibit interestin
tors ranging from
pTS doped pPPY films hav
been undertaken O such Schottky diodes.
n fabriéated b
mioonducting PP

2 Gold contacts are made after carefully removing

using Keithley

g electrical characteristic

yrrent (D) - vOltag® v

y thermally evaporating p

trochemically deposited PPY and desired metal (Sn,

s. Such devices

10.11to 10.67 as calculated by

e been studied.

ure (99.99%)

Y film. The effective junction

S
) measurement of the each

electrometer (model 610).



CURRENTS

D O
VOLT(V)

arious metal /PPY (PTS doped) interface, curve 1 (In)

Fig.27 Variati

. l:’rlai.llon of current (I) vs voltage (V) for v
e 2 (Al) and curve 3 (Sn).

es containing indium (curve 1)

f various Schottky diod

Fig.27 shows the results O
-V characteristics of both

y. Interestingly:

all]m' :
inium (curve 2), tin (curve 3), respectivel
ed for BF, doped PPY/ metal

Al
PPY and In/PPY devices are identical € those observ

s for Al/PPY and ]

0 L
PY I"'{S‘}found to as g
n calculated using Schottky equation

inte
rface. The rectification ratio
ood as those obtained with

7’“33pecﬁv 1 -
ely. I-V characteristiCs for Sn/P

Al
and In. The various junction parameters have bee

f Chapter IL.
eality factors an
-values of parrier height X

as d:
discussed in sec.2.11.1 ©
d barrier heights calculated from

Table 5 shows the values of id
determined for

ctures. ThE

/PPY interface. It can be tentatively concluded

lo

gl vs logV plots for various stru
r than that of A
ttky diode with

further observed

In .
/PPY interfaces islowe
ppY film. It has been

tha
t Al makes the excellent SCM
rface properties. The carrier

prOCcSS and
films has bee

changes the inte

n found to be 3x10' cm” using the

tha
t Al undergoes oxidation

Co
Ncentration of doped POlypyrmle
The vahleS (o)

f various junction parameters have been

S(;h 2
Ottky - Richardson equatio™

8lven in Taple 5.
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TABLE
5: Calculated
electroni
polypyrrole films: nic parameiers o Schottky diode based on

F_.___
[« |

S

3.10 CONCLUSIONS:

It has
been seen that anion influences
g conduction mechanism

the electrical and optical properties of PPY

prevails for the undoped and

ﬁlms
- Mott variable range hoppin
doped PPY films.

lighuy doped
PPY film whereas 17 law holds good for the heavily

o is observed at about nm. The energy band gap

The optical peak absorptio
to be E, = 3.0eV. The

es has been found
carrier concentration in
the order of 10/ cm’. The

determ;i

i

ned by the optical absorption studi
conducting

valy,
€ of the energy band gap d

er, which in the case of PPY has b
ealing at 70° C.

Ims exhibits @ transition during ann

Tesistan
ce
of the BE, doped PPY fi
films as is revealed by SEM
sed by the evaporation of the solvent

res. The annealing triggers the
tablished that the PPY

pr%esS
of filling of such voids and
polypyrrole

film
becomes electrically stable- T modi

film
u
Pon annealing is also observed-
rs have revealed

j-PPY-Al capacito

Man Dielectric relaxation

i | harge carriers in PPY. S

’ iNteresting structural and pace
in the above system and 2 simple analysis of this

tharge )
Polarization has been observ



e theories further, has helped to understand the

s inside the PPY under

phenomenon on the basis of space-charg

char : )
ge transport mechanisms. The movement of charge carrier

lh -
e influence of an external field and the consequent creation of space charge has been

n to give rise to interfacial polarization. Approximations t0 space-charge theories are
in estimating the mobility

useful both in understanding the dielectric phenomenon and 1
ic spectroscopy can be of great use

indicates that dielectn

of charge carriers. This study 1
in delineating the charge transport - phcnomena in conducting polymers. Although, 1n

to be taken into accou

is apparent. However,

n of the space-charge

nt for the best estimates of

principle, the effects of diffusion have
it would be

ualitative nature

th
e values of mobility, the 4
equations of motio

Interesting to include the diffusion effects in the

rmitivity-

bou“dary, and hence in the complex P€
. It

fabricated using polypyrrole film.

is oontrolled by ionic diffusion for PEO

of the process
rea, the current decay has been

4+ Liclo, tU

¢ the counter ion

has been shown that kinetics
hereas the PTS
o the film©
sation of poly™
ment in the outpu

Containing electrolytes W
motion. It has been

s
hown by proton movement and int

er/electrolytc interface will
practlcal reali

ediate imprové

sh : :
own that improvements 11 the
t of the devices.

tance with imm
ted by thermal evaporation

d
epress the contact resis
It has been shown that schottky devices
devices have

of metal (Ag/Sw/Ag/ln) O7 ©
sunction Pammetcrs

cen f . ”
ound to exhibit improved V
1 anilin fi
ibes the results of similar studies carried on polyantt e film
The next chapter descrl -
ochem:cal and yacuum dt:posmon
¢, electf

Prepared using solution ¢2°
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STUDIES ON CONDUCTING
POLYANILINE FILMS

4.1 INTRODUCTION

Polyaniline is the oldest organic synthetic metal, known till date "' Until recently,
it has been considered as the most ill-defined class of materials, which can be obtained by
241 [ the late fifties, Mohilner et al 15T have

the chemical oxidative polymerization of aniline
Proposed new methodologies for the symhesns of polyaniline ‘. The current phase of

: c}“ 1980. Polyaniline has

(M_Though polyaniline is not so]uble in most

been considered to be a

Polyaniline research has been e;gsgng—sm

novel electronic material for electronic devices
ocessable under specific co

consists of upto 1000 or more repeat

nditions.

Organic solvents, it can however be made P

of polymers, which

Polyaniline refers to a class
tely oxidized state

(ates ranging from comple

Units of aniline.It can exist in four oxidation S
(Pernigraniline) t /red ced fOrm)WéiUcoemeraldine) 181 The structure of polyaniline has been
0 u 4

8iven in fig. 1:

—
—

H P
N Q,H/@@/N =N

Fi
81 Structure of polyaniline-
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!'@%'_@4«@/4@
| K
‘ i t, +, :
= ¢l J‘_ u 4
B fueraldine salt X
<0y
Perniqraniline
X
Fig.2 ’
Structures of various forms of polyaniline-
of polyanilinc exhibits the highest level of
191

jdation state
ts value 0

¢ classes of eme
e structures Partly protonated

The emeraldine (0.5) O

conducrjvity upon protonation reaching 1 5 S/em with 50% protonation
Emel‘aldine base (EB) and its salt are tWO distinc raldine base (EB I) and
[ exhibit parti

casily by the ©

erization of aniline in

it H
C
1 salt present in ES
xidative polym

D'Uly -
aniline (ES-I) can be synthesized

ty of oxidizing agents

aqlleo
U acid media by @ VAT°
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ammonium peroxydisulphate, (NH,)S,0;, in aqueous HCl. The black green partial crystalline
powder is classified as emeraldine salt ES I. ES I contains only 42% of protonation level
[10]. This polymer can be deprotonated by aqueous ammonium hydroxide or aqueous NH
to give black blue amorphous powder which is classified as emeraldine base Iie EB -1 |

Exhaustive extraction at room temperature  under nitrogen of as - synthesized
emeraldine first with tetrahydrofuran (THF), then with N-methyl pyrrolidinone (NMP)
results in the removal of 20% (weight percentage) of oligomeric material and impurities.
r is classified as EB II and it is found to be crystalline

Th y
€ resulting emeraldine base powde
e emeraldine hydrochloric salt ES II,

Upto
doping level of 50% (pseudo—onhorombxc) Th
{M HCI is partly crystalline

of electrical conductivity than

%tained by doping of the EB II powder with and has a crystal
_f 1191, It has higher value
eraldine base powder from
roperties of as synthesized

stru .
Cture different from that of ES
which EB-II

ES-q .
Obtained ',?y protonation of as - synthesized €m
ls d
erived, CNMR studies reveal information the structural P
[ and EB-IL, respectively-

pling for EB -
spin casting, vacuum

1 l-|5]. rl-—h]ck

pol
Yaniline obtained by oxidative cou
Thin polyaniline films

depositi
si
tion, Langmuir-Blodgett and

ies of polyaniline by Cao et al

troscopic studi

ion of Langmmr—Blodgett films of

llﬁ]
(141 The insitu

(7 and Ram €t t al.

wh _
€reas optical and clectrochem
Jectrochemically

wdied by A8P" et al

NIYan' %
iline has been extensively
:ed out on the €
e . i eters such 3s rectification
€s1zed polyaniline film (181, The exccllent electronic param !
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ratio, barrier hei
’ r height, work functi
) unction of vacuum deposited ili
polyaniline / interface
have been

experi
mentally determined '".

tion, electrochemical techniques have been used for the

Soluti
lution cast, vacuum deposi

' ) p Omrtjes Of

these fi
Ims h
ave been experimentally .nvestigated .

41.1G
AGE
NERAL PROPERTIES OF POLYANILINE
differs substantially from earlier polymers

The :

emeraldine base form of polyaniline
veral aspects- Firstly, 1
r of the band gap so that the valence

po A - - t 3 h

SYIllm 1 te
‘ etric an(i .[S F 1 act' a l]le cen
1 ermil level iS nOt ex y t

ll9l_cOnsequently, the energy level position

and oo

nducti .

! ction bands are highly veﬁ a.symmctric
ced absorption SPE
polymers (e.g trans-

tra differ substantially from those

of the '
doping induced and photo-indu
polyacetylene) lpe2l),

in ¢h
arge - N
conjugation Symmetric conducting
toms arc within the conjugation path forming a

Seco
nd]
y, both carbon rings and nitroge” a
substantially from

the emeraldin® polymer differs

generg];
ized AB polymer . Thus,
bute signiﬁcantly to m - band

pol

Ypyrrole and polythiophene whose heteroatoms do not contri
ase can b€ conve lating state (04 =
oom temperature:
are held constan

polaron band appears in a

rted from an insu

formar:
‘Mation. Thirdly, the emeraldine D
if protons are added to

1o
S/c

m) to metallic state (G * 10 S/cm) at
n the chains t

‘N= ..
= Sites whi )
while the number of electrons i

ith protonic a broad

acids,
ap with a very narrow band near

sed for polyanilin

. When polyaniline is doped W
ap ins

tead of two and a second pand appears deep in 11 &
and model has been Propo e 2 The

Conq
uct
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detailed : .
analysis of electronic structure calculation is supported by the experimental

eviden .
ce produced by UV-visible spectroscopy, ESR and XPS studies, respectively. The
metal-to-i st :

o-insulator transitions of polyaniline strongly effect the chemical structure and the
els, the nitrogen atoms can be

electroni
nic band structure of polyaniline. At all doping lev

prot
onated and deprotonated depending on the pH of the medium.

oligomeric polyaniline show

zag chains of the nitrogen atoms in accordance with theoretical

X-ray spectroscopic analysis Of s an angular rotation of

ad' .
jacent rings relative to zig

Predictions in polyaniline.
of PANI exhibits in the intermediate and fully oxidized

The electronic band structure
e band gap- The conducting form of

fo
rms, polaronic and bipolaronic defects in th

tal where the defects are delocalized over the

Polyaniline ;
yaniline is suggested to be a polaron me
th in semi—quinoi

d distortions for all the ring structure

Who : en
e undisturbed conjugation leng
and bromide have been

as chloride, jodine

halogens such
dine base. The charge transfer

ity of the emeral
n imine’ repeating

ied by Tang et al =l

(pol .
aron lattice). Traditionally,

Useqd
to enhance the electrical conductiV
unit in the case of

Nt )
raction with halogens results in a decrease !
n extensively stud

€me ;
raldine base. This phenomeno” has bee

ave so far provided

Optical spectroscopic measure
) form of

Nformar:
fMation on the electronic structure |
POlyan:i: the degree of protonation. Upon
Yaniline and also the band structure as a function of 2
v in EB polyme’ Jappears. In the oo & film
in

Protopag:
Nation, the absorption at 2.1¢€
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of < :
ES, three characteristic absorption peaks have been observed at 1.0, 1.5 and 3.0 eV

respectively . In a fully oxidized polyaniline film (doped with conc. H,SO,), absorption

peak at 2.2 eV along with weak absorption has been reported "8It has been proposed that
sformation to the metallic state is due 1O the formation of a polaron lattice in this

conducting polymer.
rption centered at 0.5€eV has been attributed to the presence

In IR measurement abso
al. 7 have suggested that this perhaps results

of g

charge carriers in polyaniline Kuzmany €t
on. FTIR spectra of polyani
um with pH 3.0 shows maximum

line obtained as a

in th i
e observed metal-to-insulator transiti

funct; e .
unction of the oxidation state in the aqueous acidic medi
intensity at 1375 cm indicating the presence of charge carriers in PANL FTIR absorption
al 1 on pol_yaniline (in

arious optical parameters such as

fudies conducted by Sariciftci €t fully oxidized) support the
The values of v
") obtained for this cO
gated polymers. A.J. Epstei

apphcabi“t)’ of free carrier model.
nducting polymer show

efract; .
factive Index (n) and die]ectric constant (€
ed for other conju fy et

on-linear optical susceptibility (X?) in

Taso "
nable agreement with those obtain

al 2
have reported an unusually high value of n

mlya‘nﬂine film.

r the stretched polyaniline

ductivity, Tde

The highest value of dc con

Eleg

tr ;

ochemical techniques show 4 of interest for many years.
n

Mechanism of charge conduction in pO
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e emeraldine base polymer to a protonic acid (HCI) causes a

For example, exposure of th
orm of polyaniline. The salt form of PANI

transformation to the emeraldine salt (ES) fi
uli susceptibi]ity and a free
increase of susceptibility with

exhibits metallic properties including Pa - carrier absorption
ealed that there is a linear

typical of a metal. It has been rev
leads to the phase segregation

between

increasing level of protonation. Partial protonatlorl
jally for doping level g

ts carried out in emeraldine salt

reater than one. Zuo et

Protonated and unprotonated Tegions especl

transport measuremen

al
have proposed through charge
ited tunneling among the small granular

th ) ‘ )
at conduction occurs via charging - energy lim!

grains.
dependence of both electrical conductvity G, and

- level have established the first systematic

Measurements of temperature

th ’
Mmo-power as a function of protonation
ands 1n polyaniline. DC conductivity

ic isl
@idence relating to formation of granular ™ metallic
salt polymer has been found
o' to 10" HZ) de

to be very sensitive to the

(Udc) Of the metallic cmeraldine e
pendent conductivity studies have

enyirOn o s en (1
mental dity. Frequen® i

humidity- ¢ moisture is on the barrier between the small
ffect ©

d
eMonstrated that the prima”Y ©
mlymer .
grains. o
line has been Ppro sed to support th
(onated polyan! propo pport the

(30 [n a temperature dependence study of-

ge petween 0 to 0.08, it has been shown

Polyanili :
Yaniline having proton? ar to that observed in the case of insulating

that ral ¥ s
Charge transport in thi $ mﬂw ) uPUO lﬁ due 1o the hopping of charges
CO v
Matery at the charg€
als. It has been proposed tha | ot e cently S uggested WO relaxation
Ram et

am,
g the fixed polaron sites-
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mechanisms operating in the emeraldine base.

to electrical conduction mechanism have been

Most investigations pertaining
gold and silver in pellet or film form

experi ; :
perimentally performed with ohmic contact such as
ower work function makes a rectifying contact with

Of e
polyaniline. Aluminium (Al) having a |

Polyaniline.

4,
14 APPLICATIONS OF POLYANILINE

yaniline films in air as well as water including the

Excellent stability of conducting P!

g and conducting States with voltage has prompted re-

€ase ..
of transition between insulatin
rs and also various

Sear .
Chers to use it in e]ecuochromic displa as jon-exchange
tive applications

emitting diode,

of polyaniline include Schottky

Mic ’ pec
roelectronic  devices. Other Pers
mic cells, light

photo cells and glucose

diog
€s, cable shielding, electrochro

S'e—HSOr et@lsz_ul
Most conducting polymer® suitable for device can be prepamd from wet, solution
In such @ process it 1s difficult to keep 2 precise
of conducting

teristic properties

ty and charac
be helpful towards the

Con

rol over the parameter,
POlyanei:

Yaniline fijlms. Vacuum dCPOSiwd

fabps
r'l .
Qtion of desired devices: ' i
{o the doping effect on

w detailed
tical constan

iy Keeping this in Vi€ been calculated
niline haye been conducted- op
Usin

B UV.visible and ellipsomet™

Pergyg
Ning 1o the role of alumini™



mechanism in polyaniline films. The space charge relaxation studies including DC electrical

conductivity (o,) on HCI doped polyaniline films have been sys
cally carried out on aluminum-polyaniline

tematically conducted.

Dielectric relaxation studies have been systemati

ANI-Al) capacitor configuration both as a function of

(emeraldine salt)-aluminium (Al-P
f the results obtained for such a

frequency and temperature, respectively. The analysis 0O
f mobility has been compared with the value

configuration has been shown and the value O
(41_Schottky diodes with both solution East

Obtained by other methods ~shown in literature
been fabricated. The different electronic

as well as vacuum deposited polyaniline films have

termined. Besides this, the semisolid electrochromic

Parameters have been expen'mental]y de

cell with different semisolid electrolytes have been fabricated.

42 STUDIES ON SOLUTION cast
POLYANILINE FILM>S |
ported ' that

table material. It has been re
methylpyrrolidinone (NMP)

Im is doped with

zed as an intracC

Polyaniline has been categori
powder in N-

U films obtzined by dissolving eME ™ base

yanilin€, when emeraldine base fi

e salt) after processing are found to

d
%S not change the basic structur® of pol

"

ifferent protonic acids, the resulting films (emeral
(12l

ms of polyaniline and

e higher values of electrical conductivity
pare solution cast fil

e and electrical conductivity

| An attempt has V-visibl
Itg ) . -
Properties have been  investigat® using
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y

exarnined.

4.2.1
PREPARATION OF SOLUTION CAST POLYANILINE FILMS

cally synthesized by polymerization 0
as an oxidant. 0.219 mole of distilled

Polyanili ;
yaniline has been cheml f aniline ( Merck)

Usin 3
g ammonium peroxy disulphate [(NHJzSzOs]

00 ml solution of 0.05M (11.5 gram) ammonium

Polyaniline (20 mI) is dissolved in a 2
oc. 1M HCI is slowl

51 The dark green precipi
ed with 1M HCL This precipitate is

yadded to the above solution and the

Peroxydisulphate precooled to 0-3
tate of polyaniline

Feactj
on allowed to continue for 4 hours
s filtered and wash

red from the reaction vessel i
hlet extractor and is dn

ed under dynamic

furty
e
T extracted with tetra hydrofuran using sOX
Itered an

then undoped using
for 24 hours. The blue powder

d washed with deionized water as

again fi

VaCu
um .
. The emeraldine salt powder is
aqueous ammonia at

Wwell :
as acetone for removal of any oligorl'lt‘fl's-lt 15
PH

12.0 for 12 hours and is dried under dynamic yacuum

thuS
Obtaj :
tained is emeraldine base-
sed for the solution casting of

powder SO obtained is U
cally in the 250 ml

The emeraldine base
is stirred magneti

eraldine basc
and the plue solution i

Polye

m .

eraldine film. 1 gm of the em

s filtered

for eight hours

cast emeraldin® pase films on glass

NMp
('b.p. 202°C) at room temperature -

f emeraldine

el. This solution
standing films O

thrg s
u
gh a buclllj\ﬁer funnel.
matt‘.s

and is heat treated at 1

* These films are washed with aceton®

» IMHNOJ, 1M HCIO, and 1M H2504 unde
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The films of various thicknesses (10 t0 150 pm) of emeraldine salt can thus be obtained

when heated at 150°C (for removal of any moisture).

-

SOLUTION CAST POLYANILINE FILMS
peaks at 3400, 2900,

/
422 FTIR STUDIES ON

The FTIR analysis of emeraldine base film shows characteristic

1 s due to secondary amine (N-H)
1625 and 1175 cm™ (fig.3). The peak at 3400 cm™ 1s due

s due (C-H) stretching vibration, while 1625 cm™

N
stretching vibration. The peak at 2900cm™ 1
bond (quinoid)- The s
tretching and bending vibrations involving

i trong band at 1300 cm’' has been
is attributed to aromatic C=N

attributed to the combination of several $
is due to C-H stretching for

p@_k assigned at 823 cm’

emanating from C-N bonds. The

€meraldine base.

.
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Ei s .
ig.4 shows FTIR spectra of polyaniline doped with different protonic acids. Curve

I (fi
(fig.4) shows the FTIR spectrum of HCIO, doped polyaniline film. The band at 1375 cm’

appears to be due to the oxidation of polyemeraldine base film suggesting the metallic state
of PANI. The intensity of 1500 cm’' peak decreases whereas 1590 cm™ peak increases with
dopi : : '

oping . Incidentally, both these peaks have been assigned to the benzoid ring. The

f] ) ) iy ;
Tequency at 843 cm’ shifts to a higher value with increase in degree of doping. The strong
Characteristic peaks at 1100 cm™ and 640 cm pertaining to CIO;” ions in polyaniline matrix
Can be clearly seen in this fig. 4 (curve 1). There is also an increase in the intensities of

1300 and 1140 cm bands due to enhanced doping. However, there is no change in the

intensity of 3425 cm™ absorption which arises due to N-H vibrations. The band observed at
around 1100 cm” originates not only from & -C-H of the rings but also from ClO, vibration.

1140cm™ band corresponds to the Raman active ring §-C-H vibration mode.

Curve 2 (fig.4) shows the FTIR spectrum for the H,SO, doped polyaniline film. It

exhibits peaks at 1375 and 983 cm" assigned to the presence of HSO, ions. The peak at
presence of CI' ion in polyanilin
Curve 4 (fig.4) exhibits the effect of higher doping

1175 cm! indicates the e film as shown in the FTIR spectra

of HCJ doped polyaniline (curve 3, fig.4).
m' has been attributed

With HNO, on polyaniline film. The strong band observed at 1375 ¢
this, another strong band at 1175 cm™ in

to the higher doping in PANI film. Besides
served. The band noticed at 1629 cm™ has been attributed

€meraldine base film has been ob
sitions of the peaks around 800 cm

o the emeraldine base film (curve 3, fig-4)- The PO
ase shifts as a result of the protonic acid doping.

Which appears for the polyemeraldine b
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‘ . . o doped with different protonic acid: curve 1 (HCIO)
Fig.4 FTIR tra of some solution cast polyaniline films : '
curve 28'(’::250‘), curve 3 (HCI), curve 4 (HNO,) and curve 5 (polyemeraldine base)

423 UV.VISIBLE STUDIES OF SOLUTION CAST FILMS OF
POLYANILINE .

The effect of both change in the oxidation level and also the protonation level on the

1ele0tronic structure of polyaniline are presently some of the most important issues. The
- i ied in recent years. The protonic aci
resulting spectral changes have been extensively studied 1 y protonic acid

doping in polyaniline changes the number of electroqs in the valence band or into

. _The maximum doping level in emeraldine base
 conduction band and moves the Ferm! level ping

is about 50% with protonic acid whereas the dications are formed near the quinoid ring.

However, the extensive observations and other studies have shown that the protonated
! ’
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mer results via polysemiquinine radical cations and the resonance forms consists of sepa-

polarons. The sequential change of polyaniline with protonic acid is given in fig.5

Absorption Coefficient(ox) (10% cm™)

Energy, h (eV)

ine solution cast film, Curve 1 (undoped polyaniline), curve 2 (H,SO,

-visible spec il
N A fsome polyins polyaniline). curve 4 (HCI doped polyaniline) and curve 5 (HNO,

lyaniline), curve 3 (HCIO, doped
€).

“he optical absorption spectra of protonated polyaniline films have been shown in

i :on bands at 1.4-1.5,2.3 and 3.3-3.6eV for each of the
I‘, ig.5 shows the absorption

| It is interesting to see that the polaron bands observed at 1.4eV and 1.5eV have

signed to the presence of HNO, and HCI in polyaniline, respectively. It can be seen
| g ¥,

Jl' 7" transition is not so sharp in the doped polyanilin
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Fig.6 Plot of (1/h v.a)® vs photon energy (hv) for some solution cast films; undoped polyaniline and with
" various protonic acids such as (b) H;SO, doped (c) HNO, doped (d) HCI doped (e) HCIO, doped
' polyaniline respectively

|
| Fig. 6(a to €) shows the plots of (1/a.hv)? vs photon energy (hv) for polyaniline
| )
films such as emeraldine base obtained as a consequence of doping with different protonic
!

acids. The band gap obtained for the undoped polyaniline has been calculated to be 3.6eV.
|

The values of band gaps of various doped polyaniline film lie in the range from 3.25 to 3.3
a

eV. These values are in agreement with the data obtained for vacuum deposited polyaniline
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42.4 THERMAL STUDIES OF SOLUTION CAST POLYANILINE

45

125

7.5

Heat flow (mW)

3715

[ | 1 | | 1 ]
° 440 220 300 380

Temperaiure (C)

Fig.7 DSC thermogram of 8 solution cast polyaniline (emeraldine base) film.

1 .
analysis is known to give useful informati

|

Thermal on in relation to the stability 4 of

conducting polymer. In this context. differential scanning calorimetric studies have been per-

formed on some sol

Lonductmg polymer. The observed endotherm at 100°C can be attributed to the presence

Q) in the polyanline matrix. The observed endothermic peak can be

ution cast polyaniline films. Fig.7 shows the DSC thermogram of this

Qf intrinsic water (H;

| o
attributed to the loss of weight of polyanili

y change \from 140 to 300°C is due to the presence of cross-links

ne arising due to the release of water molecule.

The endothermic enthalph

in the polyaniline chain. The broad exothermic peak at about 250°C occurs due to the loss

{38]

of weighf (7-10%) of polyaniline films
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2.5 ELECTRICAL CONDUCTIVITY STUDIES OF SOLUTION CAST
POLYANILINE FILMS

| ctivity of metallic emeraldine salt polymer has been found to be

The electrical condu

afisitive to humidity. A conduction mechanism based on electron - hopping between

ycalized states, known as a proton-exchange-assistcd conduction of electrons (PEACE) has

wently been proposed. Such a behaviour has been understood on the basis of quasi - one

dimensional variable range hopping model. However, no unified model presently exits that

an explain the observed electrical phenomenon over the entire temperature range. DC

onductivity (g,), studies on HCI doped polyaniline films have been experimentally

erformed on some solution cast films. The ohmic contacts have been obtained by vacuum

eposition of silver onto polyaniline films.

Fig.8 shows variation of 0g obtained for HCl doped polyaniline has been plotted as

function of 10°/T, indicating a poor fit. These results suggest that electrical conduction in
ICl doped PANI is predommantly via hopping of charge carriers. The plot of loga,, vs T
fig.9) does not once again yield a linear fit suggesting that the variable range hopping
t in this temperature region.

onduction mechanism is perhaps not predominan
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Fig.8 Variation of In 04 V5 Fig .9 Variation of In o, VS
10°/T of solution a HC‘!‘I|r lO’fT”‘lof slsolutlon
polyaniline film cast polyaniline film
g.10) has been attempted 139 A linear fit can be clearly
g conduction phenomcﬁon

Plot of logo,. VS 10T (fi

ariable range hoppin

quasi 1 D-v
y along one di
ce measurements of
yaniline chains are assumed

mension 18 perhaps operative in this

Seen
_ (fig.10). It appears that 2
electﬁcal conductivity

Condy,
Cting polymer. The temperatu

in
Polyanit;
yaniline suggest a Cigar shaped metallic T€
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to have finite 1
ength and are perh
aps packed parallel into bun
dles. If the disorder i
r is weak

7 i c
th \4 ’ i

’ €

several chain i
s. Thus there exists a fairly high temperature below which the quasi 1D-VRH

model is applicable.
The electri :
electrical conduction along the polyaniline can hence be expressed as %4

o = g expl - (TOIT)m] Eq.1
Oy = e’ vph/aKBTA Eq.2
Eq.3

and
T, = 8a/g(Er Kp)
Where v, i
« is the attempting frequency K, is the Boltzmann’s constant, g(Er) is the density

s the average cross-sectional length.

of sta .
tes with the sign of spin, A 1
as been found to be 1370K which is in close

r the emeraldine salt h
Zuo et al (91, Moreov

The value for T, fo
er ’value of T, is nearly of the

agreem .
ent with the calculated value by
_ limited tunneling model proposed

e charging - EneTBY

Sam
e order as deduced from th
(Ep) in this conduc

ting polymer has been

8rany]
ar metal. The value of density of states g

ping Jocalization length has been taken as 10 A
5 ‘

Obtaj
ned as 4.2 x 10?* J* cm’. The hop

In (conductivity)

Fi
10 Voo
Variation of logoy. VS 10%T"?
cast HC doped polysailine fl™
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426 D
IELECTRIC RELAXATION STUDIES ON SOLUTION CAST

POLYANILINE FILMS

m in conducting polymers has been investigated in recent

Charge transport mechanis

years usin
a num :
g a number of expenmema] methods such as dielectric relaxation ,ac conductivi
’ V[ty

and
photoco ivi
nductivity etc ©°. It has been proposed that non-linear excitations such as

Lant role in the transport of
d to be one of the valuable experimental

Solitons
and polaro i i
polarons play an impo electric charge in conducting

rs. Dielectric spectroscopy has been foun

n of charge transport 1
er model that explains the observed

L0018 fo
r :
understanding the phenomeno n conducting polymers.

Philip et al *. have proposed 2 randorn  dim
a function of oxidation. Javadi et al. "““ have

ele,cm-
cal -

conductivity of Jeucoemeraldine 25
ased ON granular polymen'c metal particles and

€Xpery

m

entally shown that a model b
ncy and temperature

plays an jmportant role in the freque

aniline. Further,

o salt form of poly

locay;
izati 5
zation within metallic islands
the barriers present among the

depen

d )

ence of dielectric constant of poly
aniline have been

Srany|
ar polymeric metal particles of emeraldin

carried out various studies relating tO both temperature

power as

a function of protonation level of

rt in emeraldine base is

Similarly, Zuo et al (2% have

dng
Rl -

lectric field dependence ©Of 9 and thermo
¢ out that

do . - . ue

o pointing out to
ated by phase segregatio” with protonated and unpro

ted tunn

Po]
Yanil;
iline. These studies have brough

e 0 1
: . & m
Peration of charging €ner8Y himt s
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A\
l,j_'

- Qpaci
tor configuration wherein Al

Space charge relaxation studies have been used to experimentally determine the

of organic conducting polymer . During the

mob
Ill‘t)'_(lf charge carriers in thin films
,-_.____—-\
.. studies have been carried out on

p .
paration Of the Ph.D. programme, dielectric

aluminium(Al) capacito
ts on thin films of polyaniline. The AI-PANI-Al

functions as 3.74 eV and 4.12-4.28

aIUm
mmm(A]) - polyaniline- ¢ configuration in the frequency region

| 10° to 107 Hz using blocking contac
and PANI have work

space charge

No injection O extraction of charge

polarization near the

ev, res . . .
pectively, is known (O exhibit interesting

EIecu-
odes under the static bias across the sample-

rodes (AD are b
f the present inv
e mobility of charg

aniline on the mobility of

ocking and the charges align towards

from polyaniline as the €lec
estigations conducted on

thejr
respective electrodes. The results O
e carriers on

: nformation on th

A]‘PA
NI-Al structure yield valuable 10
thickness of poly

Polyan:r:
Yaniline. The effect of both tempefa‘“"e and
Char )

8¢ carriers has been systemat! tically investigated-

easurements  are

Al/p
ANIlgl‘aphate and Al-PANI Al capaci -
i d capacital
e th the dielec c an
ey (617) electrometer Bo - -
kﬂesscs 0 pO y iline
perfonned NI-Al configur@ having different thic
on various Al-PANI . " -
200 mV dc
e voltage of 0.1V, with 0 oy, 50 mYs 100 mV 219 “
| 0 5 Hz 0
lng " ce analyzer operatl g in the uency raﬂgee(v e )
_yoltag )
) of currcnt(l) s
e - figuration fab ;cated usin a dest”
_Al con igu

Al.p
A i
Nl-graphite and /’«l—pol)’ﬁ““““e



(30 pm)

of polyaniline i

_ From this figure, one can clear

, ly see that Al makes a
Schottky

contact wi -

Aumlya:ll‘.h polyaniline (curve 1), whereas it forms rectifying contacts on both sides of

o anf Tne!Al configuration. In the light of this result, I-V measurements on

" yaniline-Al configurations have been carried out for various thicknesses of polyaniline
as 15, 32, 45, 54 and 145 pm, respecuvcly at room temperature. From these results,

e rectifying behaviour in all Al-PANI-Al

it can perh
Lanls o be concluded that Al shows th

Fi . .
g- 12 gives the Variati(}ﬂ Of capacim_nce W]th frequency meaSl.lred for a number of
ofpo]yanilinc at room temperature at 100 mV

AI-PA
NI-

Al structures with varying thickness
reases With increase in frequency

dc bl
as
. The value of the capacitan®
for all Al—PANI-A

| structures. Fig. 13 shows

Tesul

gy &

g into a resonance behaviour at 680 KHZ
ted using polyamlme film having respective

of capaﬁltancc with frequency coupled with

) indicates the presence of space charge
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@ — HA5pm
L
Fi
@ eraldine sal)-graphite and
: variatj its) for Al ANI (¢ g d (x)
-mMANl (emeﬂll:‘:e ot;;unmt. I (mA) - vol(t:fe‘./:; :t‘:zn ()chu | 1 (mA) -voltage: V (volts) characteristics
3 (4S*PA.N] (cmenaldi :’]Al C;Jnﬁg‘l:g‘::::lin & i functioﬂ of th - curve l(lOpm), curve 2 (18[1[1:1), curve
Kkm ine salt)-Al con 1 . el AN
o Curve 4 (54pm), curve 5 (l45|lll‘l)- 06— =
—
g )
0.4 e " p
g S 2
0.2 \\\
~_
N o “
\M%“ﬁlfkwaw.jfmﬂ .
W 10 :
F 0.?0 3 1 Frt’;lm.‘;i)’P i (em,eraldme sa]t)-A]
' or Al-
&.12 Vatiai: £ with [ogarith? U:“c{ (10pm) curve 2 (18pm), curve 3
(4sﬁ iulon of differentia! capacitsn® (j-'::nctioﬂ of thicknes® curv
con‘“staticbiasofl \ A
 Curve 4 (54pm), curve (145p0)-
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Loss .

the Al-PANI (Emeraldine salt)-Al at

Fjg .

3b) v
4 arj
OUS bigg v:;::;e (:)Sf dielectric loss Wi logarithm!

ig.14 andOmV (0), lOOmV("rhjmd 200 mV (x)- di carried out on )
A'P AN fig.15 exhibit th results © of system matic StU 1€s a given

~Al )
structure relating to both dielectric 1o and capacitance as a function of
200 mV, re3pecuvcly The observed

L
at
Various bias voltages such as 50 100 and
and dielectrlc losS (Fig- 15) with bias

l:]c
ase
in th
e value of both capacitan® (Fig- 14) a1

e region of

Vo)
age
l“d[
*\I\PANI Cates the increased density of charg®
l ._Al confi - ) wcufs at the
4and . guration. [nterestingly’
g.1 »
S) as observed earlier 1" (Fig.l3)
‘ of th

Fi

g.1

lngg, 6a shows the variatio”
n



" 1 us and 0.3 us, respectively.

Fig. 16b is the Cole-Cole plot obtained asa result of the present measurements for

Various temperatures such as 120, 290, 323 and 373.6 K, respectively. The marked deviation

. ype) from semi-circular arc as seen in this Fig. 15b. points out to the operation of a
Qmplex relaxation behaviour in this typjcaj system arising due to presence of charge carriers

i rmitivity, as
4 their conductivity. Consequently, one ¢a1 express complex Pe W

€= e +[(€-€)!

Where .
0

ins[an ;

aneoys dielectric permitivity, o 1S
ype behaviout
rs (presum

(Fig- 16b)

gy) |
ably polarons/bipolarons) and

& frequency. The observed sceW t

bo ”
from the conduction of various charge &

”’Ieir

dipoles

40

[
(6]

20

Tan x Copocitance

. . (
Qﬂ] |G(a) ﬁmc""“,w f tempP®
- “as 8 on 0
Q“Pve;%le Variation of imaginary part of ®  Alas® funct
3 (-, Plots . o salt)
(323, for ALLPANI (emeraldin®
» Curve 4 (373.6K)-



The natu
e o :
e of semicircle (i.e. scew type) indicates the presence of different
tion rates
. F . y .
v urther, the relaxation time obtained from the Cole-Cole plot is found to
€pendent
0
n temperature and obeys the following Arrehenious equation "

Eq.5

T = 1, exp[E, / kg T]
e activation energies| E.’
>/

Hhere E is th
e activation energy, kg is the Boltzmann constant. Th
pectively. The observed

of g

ﬂduCtio

N have been calculated to be 0.042¢V and 0.028¢€V, res
“ndicates the presence of

shify
of the
Cole-Cole plot with the increase 1N temperature

ration. Moreover, th
Cole-Cole plot signifies the

m“lti
Ple relaxgy;
axation in the given Al-PANI-Al configu e departure from

vi .
lour beyond 0.3 uF curve 2, (Fig. 160) seen in the

butig |
" originati i _pANI-Al configuration.
Simiy Originating from the contact  (AD of the EIVED Al

Cole plots (Fig- 16b) cal; a.'lso be seen. The
il 7 ult of thermal

ar behay:
av .

0 lour in the various other Cole-

ﬂ[aq

eff&:t
®a may perhaps arise due to the Sc

tion of frequency at different

ted for the damping

Tati()n
of aluminium on polyaniline film

Fig
t&n‘De -17a exhibits the variation Of dielectric |
Rtureg . jaxation €XPE
- The relaxation observed here is typ! o
" are similar; the shift 1n the

0
fdipg

of 1085
pes s be attributed  tO the

le

0 -

Scillators. Although, the sha
can perh?p

Iy
Uen
Cy _
at which the dielectric 1055 maximufm

ure, the shift

Py
NI
Al configuration. Moreover the
i ueﬂcy-
of the applied electric field at higher |
A magm
" attempt has been made t0 comput® the

158
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ing the following relation ' :

Eq.6

b= [wu: eloLII n3 e! VJ 1/4
m dielectric loss, V, is the

wh ; _ . ,
fe w, is the angular frequency at which there 153 maximu
%aic biag (0.1V), n is the oy concentration, ¢ = 100 and rgso‘i‘s the permitivity of space
tharge Fig.17b shows the plot of 1 /C? against applied voltagé’.’ The slope of the observed

conccntration, that has been found

Curve ) .
@n be used to calculate the magmtudc of carmer

B~
10“ Cm-l).

at different
1 (120K), curve

b e Ve - 7 (373.6K)
3 with i 3K), curve 200,
oy 17 . .. loss statiC 3658 function O
zr(nlgera&lesv?ﬁaﬁon of dleli]mfne salt );3‘13 ?(32310’) cu:; wnﬁguraﬂon a
- € u t) -
ty 31() or Al-PANI(eM (2901(), c " dine
eme

v, Curve 3 (213K), Curve g ~(
! Arigg ’ _pANI
Mgy o of CE of AT

tage (volts)



of mobility as @ function of temperature. This figure

pto 300k after which we no

rgoes a phase transition

Fig. 18a exhibits the variation
tice a sharp

indicates
that the value of mobility increases slowly u

that polyanilin€ unde

0d sudden ;
en increase at about 340k. It appears
rence of a glass - rubber transition

U this te
Mperature. Such a behaviour points to the occy
calculated 3t 300k has

n calculated as a function of thi

alue of slope ob

been found to be 9.6

0 polyan:
Yanil; .
iline films. The value of mobility #:
ckness of

X 10% oni
of mobility
tained as <2 confirms

2

b /V.sec. The value
Yanilj

ne film has been shown in Fig- 18b. The Vv

the
Presen
C¢ of space charge po]arization.

30

13
O, @) y
.
“_ (an

\"l[h V"ia&' -1
(my .00 of mobility, ¥ pserV
. r:t)“:) variation of mobil?” ¢

(K
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~— consistent with the existing models. It is howeve
> , e
ponsible for the observed dependence of electrical

\
\

The temperature (120 to 290 K) dependence of electrical conductivity as a function

of measured frequency 'f’for the AI-PANI (emeraldine salt)-Al structure obeys the relation

o (f,T) = B f, where B is a constant and the value of S has been found to be 0.87.This

result suggests once again the operation of one dimensional variable range hopping

conduction mechanism in this system in the above temperature regime [44] which is

r, difficult to ascertain at this stage the exact

Mechanism that may perhaps be res

_ Al structure on frequency (f) at

“nductivity, o(f,T) of Al - PANI (emeraldin® sal)

el
®vated temperatures (T > 290K).

|
HE ALLYPREPARED
3 STUDIES ON ELECTROC P | .
POLYANILINE F FILMS

e optical,

hemical studies etc.

Elecu- ; Zﬁd
ochemically synthes! ._ation, spectroc

POI)’anllme films 1. The

Elog
Sty
“hemical ang SEM studies: T
h&ve bee he films have been
1 mostly studied ON electroc pared polyamlme nm
[r(ﬂhemlcally p ajues ofopUCal parame_.

Properti .ous €lec
perties of van measurements-

Somemc’ A
delllp red expcnme"‘f’l‘y usin

i -

nvesﬁgated the ellipsometric

e using UV-visible an g

Ty in _ been meas
Polyaniline films have

hniqlle
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431 p
E{‘ggggﬁmow OF POLYANILINE FILMS USING
OCHEMICAL TECHNIQUE

The thi .
in polyaniline films have been deposited on ITO glass plates. The potential

Sweep
210 1.0V has been used at @ scan rate of 20 mV/sec for obtaining thin film

f polyan
Yanilin
e on ITO glass plate when the cell contains 0-1M aniline in 1M HCI solution.
0.5 pm) on
rting. The films are undoped in

ut 60 t
0 120 sec, polyaniline films (0-1° [TO glass plate are obtained.

suppo

Po|
Yanilip
e
4y films thus obtained are, however, not self-
dmmonia (NH,) for obtaining the desired emeraldine pase films. The emeraldine
ydrazine for obtaining the leucoemeraldine

film ;
is

treated for six hours With phenylh
six hours with (NHy

g treated for
dine bas€ on
SO, result in

fily,
S. Th
e -
emeraldine base film on bl ),S:0s results 11,
treated for

fu
being subsequently

1zed
Oh state (pernigraniline)- The emeral
dl MH; emeraldine salt form,
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dielectric constant versus photon energy (hv)
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4SCANNING ELECTRON MICROSCOPIC STUDIES
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44,
IPP;)FIR STUDIES ON VACUUM DEPOSITED
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y deposited polyaniline films and those

Fi
12.23 shows the FTIR spectra of freshl
[
that of emeraldine

EXDON

to

e HCI vapour. The FTIR spectra (curve a and b) correspond to

and : " ol
emeraldine salt. It can be seen that characteristic peaks corresponding to the

1493, 1304, 1180, 960, 870, 820 and 740 cm’”

m! are due to C=C vibrations of

"Sect;
v
ely. The intense peaks seen at 1590 and 1493 ¢
-1 has been attributed to @

n there 152 peak at {170cm™ attributed to the

Mbjpyg:
Mation of C-N in quinoid an d benzoid sequences: The peak at 1
. confirmed by a composition

combination of C-N

quinoid
benzoig rings. The peak at 1304 cm

Mipcs
qulnold
and benzoid sequences. In additio
170 cm™ has been

e 1170 cm’! peak is missing. The peak

[

"FTIR spectra of doped (HCD) polyanil
nzene ring and the peak at 960, 870

yibrations associated Wwith C-H

Cm-l .
13 due to the existence of 141

pending
that of emeraldine base.

g

T4 Cm! hing
are attributed to yarious stretC
evapOration process

iy
- This ind; iline S
cates that the polya™

Owev
(atoms,

er! it is m - 'Ou
ssible that the varl
y to intimate

trat€ ili
e subs s 0 yield 2 polyaniline

mo]eCUlc-sp
inimum

%cules
and jons) arriving at W
t favorable min

e ion of the ?
iffusion be the mos

Cty . peaIS to
e o . .+ This @P
Similar to the starting maw“a]' expeCted v

Ny
8y ¢ ,
e a5 confirmed by IR S*4



TRANSMITTANCE

“o

number of defects.

100 //—‘

90}k

80

70

60

000
1200 !

wgve

1600 1400

number (em

ith HCL.
o (B) sfter 1P v
depos!
films 85 &

8.24 FTIR spectra of vacuum dcpos‘t"-"d PO

line filmsis shown

. Jyani
ited PO
. s vacuum po? ly
of variov® m dePOSiwd po ,
o that obtained i

aniline films

in curv i
'8.25.UV-visible spectru™ ¢ This P yrum resembles the



0Pl - _ ok
@ absorption  afier exposure 10 - A shift in the 1.34 eV peak to 1.29 eV and the

C€ of a peak at 1.64¢eV is observed. This is @ measure

fil
ma.nd lhe I 64ev Corrcswnds to [he negallvc pOlal’Oﬂ Uap]:x:d a[ QUInOId. !
fthc ﬁlm to- NH,, xh:blt.s pt:ﬁlﬁ at 1. 35 25 6

Curve 3 (fig.25) represems cxposurc 0
aniline film consists of a large

r

g 4 \
/ eV. This indicates that the vapour dcposned poly
are neutralized by NH;,

dine base. The 2.6eV peak

M = and not by N
er of dangling bonds or reactive sites which y M2
uDOn
“XPosure o air. This spectrum is similar to that of emeral
e 1m-
with NH,, HCI o 08
v »Qw Jine film on being

Clerigty - . ity of vapour
C of polyaniline. The conductivity g . tra of our HCIl doped
The opt_lca-l spec

Ybe g
u )
€ t0 over - oxidation. However .t is an inherent
as 1 1S

al emeraldine

lhe
Cffec peak at 4
t
i of HCJ doping on -7 * transition . possﬁ)l]‘“ es like the removal/
gned to a ql.llﬂold A" fvin rise to
iy 2 hole polaron trapped ™ near giving
ltigy
cuum
iple oWi"

v
Yo,
g di
S
tortions, twists etc-» ™ qui ¢ p.olya"ili"
o -

%Slled
b

Polyaniline films. The cncrg)'

0
M

e
) Plot of (a.hv)? vs photo” encr®

e di
M tical abs°

174

of the oxidation state of the

? :

|



ABSORPTION (ARBITRARY UNITS ) —

414 2.48

(1) as deposited (2) after 48

Fi
f vacuum

82 . deposi
by :;nepwu, V-visible absorption spectra Of TRy (4) after eXPO%
to air, (3) after exposure to N1

8:00
6:00
N'—\
?b.
|5 400
200
000
b
g‘:’-6 ited :milar to the
Plot Of (17 a.hv)? vs hv for the s = it OPti spect® *
bang gap. xhibl lgucoememldme
\ ¢ emeraldin® close 10 1"
Luum ¢ sited films O flm a protonic
D“llf‘inu o th Thes® being e
Ine er m ¢t on g is in
h“h films prepared by ol — eraldin® sal o polyamlme film
but are conduCU“g um depos! 2 deposited
g converted to the cth vacu at vapou
. . Ating
The ctivity © ., indicat”
val :~a] condu ride
E()“d ue of electl'lca-l raldlnc hydfochlo "
t, ® ®ement that of with €M® i appllcaﬂ"“



4.5 APPLICATIONS
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Sﬁl SCHOTTKY DIODE BASED ON POLYANILINE
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DEVICES
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Cells for electrochromic studies are constructed as follows. Polyaniline (nominal

bickness. 1 ymy) was coated on indium-tin-oxide (TO) plate by application of alternating

g 0.1IM aniline. The film is dried and dip

Yol .
e (0.1V to 1V) in HCl medium containin
another plate of ITO. The

tog , |

"l With the appropriate electrolyte and then covered With

" 4ssembly was then sealed with wax o keep out air. The schematic of such an elec-

en

tal set up is similar
is illumi 632 nm with

i cell 15 illuminated at

rence 1 ma,-—Apphed voltage

| ——-f——:vElectrolyte

to that as discussed In

b0Chporr: |
mic cell is shown in fig.31.The experimen

the
hapter 111 (sec. 3.8.1). The only diffe

!
s

lup

i,

ARY
RARA

Light

IFRRRRL

Lo Indium tin oxide

Fi

8.3)

C%ﬁgum‘ion of clcctrochcmic!d cell polvan ‘3'8‘1)'The
i at as
. The experimental set Up is sm‘nlar o th
n|
di .
lffemnce is that cell 1s illuﬂ““a[""d -
"oy jisted in 201°

Hting the performance of the cells

Mgy, gence |
Q!‘ltl()n@d depen The voltage required 10 be

- : 2) the

iy above viz. 1) switchiné tme 2)
jonic co |
QD n WhICh in turn 18 controlled by the | led CYChng' e
Dlim q*
Py to the cell and 4) the Stablllty
| extensi

iy
e switching, which h2s

O
s 10
aspects, The overdll proces® .

b
ylhe

1.
®quence shown in Scheme
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From the i
- mechanistic steps shown above it is clear that he rate of switching can be
y pro .
proton or counter 10N movement into and out of the film. Which of these

the rate ;
te is however, decided Dy the actual pH of the medium.

HHZ‘ NH 4
H -

h
H H
Hel(l)

+ =
NH'y KH -l 2) 7KK, KA

H H y
0@ €
o) O)! o).

N

SCHEME 1
Th obtain a cell containing PANI/PTS+
e el& . n'aﬂSlC“t .
hfea trochemical current o is pown in fig. 32 Also shown 11 fig.33
s+ P
+PANUPT s . As T porfﬂd prewously the

+
Gl
Ty ycerol, PANI/LIiCIOs

the
Optical absorbance versus gme for the
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e half time for the colour

e’ecumh .
emical and optical responses correlate directly. Th
Chan
ge :
(tos ) is used to evaluate the switching speed of the film. These values are given in

ary from 330 msec. to about 1
loying similar media where

able | :
It
is noted that the ty values V second for the cell

Sudieq
These are much faster than electrochromic cells emp
Thus, polyaniline/polymeric electrolyte

the
res .
POnse times are usually more than a second.
ding Prussian blue.

ystems inclu

Ystems oo |
pare very favorably with other electrochromic 3
Diaz in but these aré in liquid

Am
uch .
faster response of 100 psec is obtained earlier by
;) among cells listed in Table 1V, It can be noted

e respo
emselves the cells containing the

Ce“s Compan'
ng the switching half time (¢
nse. However this is offset

thay
the ;
introduction of the viscous mediu™ slows down th

Y the
COnvenience of handling the electrolyte- Among, 1

Poly

Merjc |
e - - - .
lectrolyte show only minor variations i fos
mass transport 0N switching time, we consider
rrent transients

pEQ are shown in fig.34.

In
order to investigate the effect of the
for three (_;ells viz:

hing. The ¢

the
b ANI/PTS+

P‘\N €Nt transient for the redoX switC
Iy
®a+Glycerol+ PTS, PANI/LiClO4+PEO’
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02
(11i)

(1)

J
0.5s
0.36s
—
(1) Urea + glycerol +PTS,

["} L Elmtmche
Cl mical
+ curren
«+PEQ anqg ("ul) lstranswm for the colour switching ofpolymiline films:
PTS + PEO

0.55

(i)

(ii) LiC10, and (iii)

%2833
*
E E Ptical transmitt

ime for U
lgmns‘:de from the St P

* The
ordinate is the pbolodl
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Current (arbitrary units)
e <
1

1+ e
\
b ™
—
\h
i e
L 1 e s Y B
% ofz 0.4 0.6 0.8 10 . 12
t(s)
glycerol, 2 PEO+LICIO,

g pTS+Ureat

Fi
8.34
Analysis of the curreat transicats for the polynmlmc switchin

g (3
(3) PTS*'PEO
t while

+ PTS cell exhibits an exponential decay of curren

+ PEO cells sh

ime dependence

The PANI/urea+ glycerol
ow a power of ti

d PANI/P’TS
urea+t glycerol cell, the

t-he p

A :

NI/LiClo,+ PEO an
(541 This leads

PTS cell, the dependence Of

medium isa polyrneric

thoy,
. they both reflect the mass trans
NI/LiCIO,

Mag
ol ed. with the PA

s
ransport js unusual since th
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Olyte and semi-viscous, mass

the o,
Cation (Li*). This iS reflec s

Po .
Se of the cell is al$0 an;rlbutable
eIV WE hav

Qe
Cul
Aling the diffusion c-,nefﬁcw:ﬂtS
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Where th
€ symbol i
s have their usual meanings. The concentration C in the Eq.18,is that of

te in the polymer matrix. The value

an
ion or the cation of the suppor‘ting electroly

Rudzinski et al (56} The geometric area

of 2M
has been
used from the value calculated by

of the
film
has been used in this calculation.
n comparison with the

n excess of 10° cycles. I

The |
life cycle of the given cells are i
¢ devices of polyaniline fil

m. The

Valy
€ of 10° cycles ‘
reported for liquid cell electrochrom!

es employed which in turn is due to

Shﬂﬂe
rlife
me of the cell is due to the higher voltag
ted that the

[he
3s].SIanC

el s
wil]

have a longer life "*".
rochromic cell

: Parameters governing the performance of elec!
~__
s I |
Js //
= . Voltage piffusion e |
Half life | olied cocfficient (@) | €Y
s cm?/sec X
x_‘—— (tln)isec (V) 10-10 I
ITo // 09— ¢
_1.33t0 1.1 0.692 =1
>10°

IHCly/pTS+ | 077

Py
g VTS|V
1610 112 L/,._-—-————
>10°

N 0.96

P
ITEOIITO (HCI)/PTS +
‘O/p g g8 | I
L‘QIQ ,Nl(Hc1)+ 0.875 31!
e 0
' - /——-—--__-__—_—
>10°

2
\

L

™
5
W

Koy A
[TCUTI‘(;“G{CI)/PEO'*' 1.16
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4.6 CONCLUSIONS:

ed by solution cast, electrochemical and

ms have been obtain

VaCUUm d .
eposited methods, respectively. The Oll’liCﬂ-l properli
P of polyaniline has

ques. The band g2

g with polyaniline films has been found to
as in surface morphology-

HCI ‘d0ped polyaniline

s obtained

The polyaniline fil
es of these films have been

| Characteri -
zed using available techni been found to

A o

/ ‘ een 3.0to 3.2 V. The proton acid dopin
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ignificant effect on conductivitys band gap 2 well

The temperature dependen
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a quasi 1D- variable rangé hopping ©

g 1D - variable rang® hopping ¥.

e compared wi .
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ut on Al-PANI-Al capacitor

axation studi
nt Of Chal'ge

henomenon

es carﬂed 0

leading 1O in

Th
e results of dielectriC rel
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STUDIES ON CONDUCTING
COPOLYMER FILMS

5.1
INTRODUCTION
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52.2 THERMAL STUDIES

thermogram obtained foran electrochemically prepared poly

Fig.1shows the DSC
seen that the heat flow increases slowly with

(o- napthalene oxide pyrrole) film. It can be
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known to be proportional to (-

from

the absorption spectra shown in fi coefficient for one
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ed by plotting (1/a.hv
gap E, Fig.8 shows the
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)? vs the photon

E )
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53.1 THERMAL STUDIES

orimetry experiments carried out on BF/

The results of differential scanning cal
- ! | pyrrole pyrrole) films are shown
Goped poly (N-phenyl pyrrole) and BF, poly (N-phenyl Py

d 330°C in (curve @) can be clearly

" fig.10. Two exothermic peaks at about 160°C an

t urs as a result of the
rature 4

e 160°C occ
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m obtained for poly
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pecwd to con
10). poly(N-phen
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534 ELECTROCHEMICAL STUDIES

C - . . .
yclic voltammetry is an electroanalytical technique used 0 determine  the

electroacti
ctive and the electrochemical properties of conducting polymer films. The cyclic

voltam
mograms obtained at small concentration  © mM to 50mM) of pyrrole and

phe ,

pcak indicates that eleCtro—Oxidation of

fluo )
roborate is shown in fig. 12. The broad cv
al of 0.7V VS quas

N-ph

03 —
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3.4 gCHO’I‘TKY DIODES BASED ON
ONDUCTING POLY(QL-NAPTHALENE OXIDE

PYRROLE) FILMS

Th . . 5 - . .
ere is an increased interest in the possible US€ of molecular organic materials
cal devices. Basic questions as to whether or

as the acti )
active materials in electronic O opti
odes of operation

ted polymers are m

familiar in inorganic semiconductor
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t high electronic
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beenn:d se(:mm N- methy.lpy‘fm]e an at these devices
for the fabricatio” 0

*how better rectification 2" ng exc!" o
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higher work function.

Similar results have been obtained in €3¢ o
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Junction indicating that po[y(a—napthaje"c///—l
J 2 3 4 5 6

B

l&lﬁ " .

(4)rr:l"t (1) - voltage (V) f:hﬂf““mmst|
(5) Pb and (6) Z0

212



AR

Fig.13 shows the results of electrochemical doping of BF, in in poly(N-phenyl

pyrrole pyrrole) copolymer film. The oxidation peak has been obtained at 0.7V and the

: e
reduction peak at 0.6V. The appearance of redox peaks shﬁv that the composite is

electroactive. Oxidation of BFy anion at this electrode leads to the entrapment of

ting polymer matrix inhibiting furthe
f conducting copolymer of N-phenyl pyrrole and

products in conduc r oxidation .

The insitu polymerization O

/{*-‘,'r‘/) . .
pyrrole films have been studied via UV-visible spectrosco

py. The experiments have been

trode cell comprising of a teflon cuvette containing

performed using the a two €lec
I of propylene carbonate with tetra-ethyl

yl pyrrole (0.2M),in 5 M
).. The peak at 388 nm (3.2 eV
51eV) has been attributed to the n-m’

pyrrole (0.1M), N-phen
) has been ascribed

to - transition whereas the peak
transition in doped p01y(phenylpyrrole-pyrr°le) copolymer films (fig.14). The change in
unravel the role of

tion as 2 result

rrole pyrrole) conductin

o m—

of yV-radiation

the magnitude of absorp
g copolymer film.

polymerization of poly (phenyl PY™

4

N

o

ABSORPTION

100

O

o 500

30

gth (nm)

as a function of voltage in insitu

nm)
cvel (1 .5V), curve2 (1.75V), curve3 (2.0V),

Fig.14 _visible
Variation of uv \nsI (N-pheﬂ oy

polymerization of poly V).
curves (2.25V) and curves @5V
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Figure 15 has been obtained by plotting (1/a.hv)? versus photon energy (hv) for

the BF, doped poly('N-phcnylpleOle‘P)'mle) copolymer film. The optical absorption
edge as determined from this figure is seen around 3.0eV. It can be seen that the band

edges are not very sharp. The optical energy band gap has been estimated to be 3.2eV,
which is very close to be value obtained for the polypyrrole films (3.0 eV). It can be
remarked that the band gap of polypyrrole lies between 1.4 to 6.0 eV depending upon
preparation and attached group with monomer 2

0.14 —
042
~ |
A
¥ 040 |-
L
<
0.08
0.06 5
O e
hy (eV)
| ! ducti
Fi oton G068 pv (V) for poly (N-pheaylpyrrole-pyrro e) conducting
ig.15 Variation of (1/a-bv) VSPPO0
copolymer film
cluded that poly (N-Phen)'lpymle-wmle) films
. be con
From these results it
,ocessible'”'-

are both electroactive and P
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5.4 ngg]())'I'I‘KY DIODES BASED ON
UCTING POLY(a-NAPTHALENE OXIDE

PYRROLE) FILMS

There is an i i i i
increased interest in the possible use of molecular organic material
: e
as the active materials i i
rials in electronic Or optical devi i
evices. Basic questions
as to whether or

not it is possible to
make use of modes of operation familiar i i
amiliar in inorgani i
_ ¢ semiconductor

scien i
ience remains largely unanswered. Conjugated polymers are molecular analogi
y ogies of

inorganic semiconductors, which exhibit high electronic mobilities in doped state. Des
. pite

e in the past decade towards the understanding of th
€

the considerable progress mad

f conjugated polymers, there h
ductor device, structures. There are several reaso

. ns,

their active component in semicon
e conjugated po

electronic pr i
properties 0 as been relatively little work on

lymers cannot be conveniently

of which is

ms [‘equu‘dl in l.hCSC d
solvents and are infusible. Conducting copolymers

the most important
evices. Most conjugated polymers are not

processed to the fo
e in easily handled
le and pyrrole, poly(p-ph
diode. It has been shown that these devices

readily solubl
enylene vinylene) etc. have so far

obtained from N-methylpyT©
rication of Schottky

been used for the fab
device parameters. Keeping

uding excellent electronic

show better rectification ratio incl
e to fabricate Schottky diode based on

these results in mind an attempt  has been mad

ide pyrrole) Wi
n fabricated by depositin
ts have been made by painting electrodag

th different metals.

poly(a-naphthalene 0X
g Ag,In, Pb and Zn on one side

Schottky diodes have bee

of the copolymer film.
1ms. The effective junction area in

(E+502) on the other side of conductl
2 -V and C-V meas

¢ 4.0x10%cm’
| 617 A) and an Impedance Analyzer (m

urements have been carried out using

each case is abou
odel HP 4192 A).

Keithley electrometer (mode
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Results of I-V measurement

carried out on metal/poly(a-napthalene

oxide

yrrole) junction with different metals (Sn, Pb, Al, Ag,and Zn) have been shown in fig.

16. It can be seen that all metals used for the fabrication of these junctions form

blocking contacts. The striking asy

. case of poly(a-napth

' Fig.16 Current ) - vol
| e o pb and (6) 8

Similar results have been obtained

junction indicating that poly(a-napthal

(4) Al (5) Pb

alen

.

tage (V) cba™e W

-50

.60 [”

stics of v

212

in case of Zn/poly(a-napthalene

1 [E-] 2
v (VOLTSYr—

arious metal/copolymer jun

mmetry in the case of reverse bias conditions in the

e oxide pyrrole) indicates complete blocking of charge carriers.

oxide pyrrole)

ene oxide pyrrole) has a higher work function.

25

ctions (1) Ag.(2) In, (3) Sn,



Fig. 17 shows the variation of InJ as a function of voltage for

|

?b/poly(a-napthalene oxide pyrrole) and Zn/poly(a-napthalene oxide pyrrole) junctions
i . .

ylhm these are forward biased. The observed linear behaviour between InJ and V at low
resence of Schottky type emission (fig. 17). At higher

fields (< 0.2V) points out to the p

fields (2 0.2V), InJ vs V characteristics are found to be highly nonlinear. It can be seen
|
that Schottky barrier disappears beyond 0.2V (the threshold voltage) and the current is

resistance. The various junction characteristics can be obtained using -

limited by the bulk
éhe Schottky emission equation for Pb and Zn/poly(a-napthalene oxide pyrrole)
have been given in Table 1.A

le indicates the excellent Schottky behaviour of this

interface. The results low value of ideality factor obtained

as 1.2 compared to that of polypyr™

The estimated barrier height estimated from (fig.17) InJ Vs V

conducting copolymer.

(261
characteristics lies in 0.45 - 0-5 V 286 =

paramelers for some metal /poly(a -napthalene

TABLE |: Estimates for the junctio”
oxide pyrrole) junctions-
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Fig. 17 InJ vs V characteristics of (1) Pblcopolymet junction and (2) Zn/copolymer junctions
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t o

8 shows the plo . T
yields the relationship, J a V7, indicating

tes. Such @ plot
rrent (SCLC). The observed value of m > 2

Figure 1

direction for the flat band sta

) 4 _ : :
the existence ted current mechanism behaviours with a

| harge limi
. .. tion Of Space ¢

,indlcates the opera uded that SCLC is perhaps caused by the presence
conc

;ivén energy range- It can be
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of traps interf -
at interfacial i
region comprising of metal and the poly(
a - napthalene i
y oxide

pyrro
yrrole) conducting copolymer
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04 06 0B

02 o o
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08 o6 o-4

In/poly( a-napthalene oxide pyrrole) junction

Fi
g.19 1/C? vs voltage (V) fof
ave been made on indium /

measuremeﬂts h

Capacitance(C)'V(’“age(v)
. tion of 1/C? with voltage(V) follows th
e

juncthﬂ- Varl

pol
y(a-napthalene oxide pyrrole)
Eq. 1

foll
owing equation (fig- 19) "

j q € 2}\1
s the junction, C, is the

_V) = 2/N
the voltage acros

V is
area of the electrode and 'V, is the

Where C is the jun

dielectric constant A s

comtat el e V to 0.8 V is observed.
.nated 10 be 2x10"/cm’. This value of

the value observed fora polypyrrole

The
carrier concentration a3
e less than

Conce :
ntration is four orders of



film. The observed i
behaviour from 0 to 0.4V is perhaps due to the ch
charges trapped in

]m-l band Of ] i
t.h 1
Indlum/poly(a-napthalene OXide pyr]'ole) junctiOn "[-h
: - leICtion

capacitance C can be expressed as:
C =¢€,€ Al W Eq.2

where w is the d 1 i sam
epletion width , A is the area of th |

’ e ple and ¢, is the di i

s ielectric

constan i v
. t of the material used. The value of €, has been calculated to be 13.6
.6 and the

d Ie'- . % % 3
epletion width for mdlum/poly(a-napt_halenc oxide pyrrole) junction has been i
estimated

to be of the order of 300 A.

It can be seen that the values of various electronic parameters such as ideal
1 ity

actors and rectification ratio, etc. are considerably improved than tho
se of

metal/polypyrrole junctions 2

5.5 CONCLUSIONS

processibility of conjugated polymer can be enhanced

niques- The thermal characteristics of polypyrrole can be

r with a-napthol or N

Jess conducting than polypyrrole. It has

by copolymerization  tech
ymerizing it eithe _pheny! pyrrole, respectively

ncreased by copol
e been shown to be

Ihe copolymeric systems hav
polymerizatio
at the same poten

n of po]y(a—napmalene oxide pyrrole) and poly

>een further shown that
tial as that of polypyrrole.

N-phenylpyrrole-pyrrole) starts
as been studi
ge pyrrole) 2
port in poly(a—naplhalenc oxide pyrrole) and

ed by insitu UV-visible spectroscopy. The band

Copolymerization h

o-napthalen® oxi poly (N-phenylpyrrole-pyrrole have

ap for both poly(

e charge 21
S via variable range hopping conduction mechanism

a-napthalene oxide pyrrole) junctions have

>een found to be 3.2 ev. Th
yrrole) occur

oly (N-phenylpyrrole-P
metal/ PoIY¢

-V characteristics Of different
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been found to exhibit excellent Schottky behaviour with low ideality factors. Both the

junction characteristics and electronic parameters for metal /poly(a-napthalene oxide

pyrrole) have been estimated. The excellent ideality factors obtained for such a junction

using Schottky device indicates that this important conducting copolymer can be used for

technological applications.

Next chapter describes the result of the optical and electrical measurements
including some such appli&ltions of the Langmuir - Blodgett films based on cadmium

stearate and polyemeraldine base, respectively-
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CHAPTER Vi



- STUDIES ON
LANGMUIR -
TLMS BLODGETT

6.1 INTRODUCTION:

It 0 f 1 ]
has known or man in water can be reduced

by pouring natural oil on its surface. Benjamin Franklin has performed such experiments
at Clapham in a pond and has concluded that as soon as oil touches water, it spreads
instantaneously to many fect around the surface of water- This has been attributed to
d oil drop n2 Lord Rayleigh Bl has concluded the

repul<;
pulsion between the water an

the surface of water can be | nm thick. Later Agnes Pockel

imum extension of oil on
ning to molecular size for

(4]
h . .
as performed experiment for direct measurements  peri!

dation © shape and orientation of molecules

f the size,

th .
e spreading material in its eluci

at ai .
air - water interface.
isotherm of stearic acid

Irving has invcstigated the

and differen

presSure- area

(CH,(CH,),,COOH) | fatty acids dring ¢ Y 1917 - 1920 2. Studies
relating to sequential cransfer of monolayers " the glass subSIr(e have been carried out
nolayer assemblies on the substrate

by Katherine Blodgett I 1920 B3I, These puilt up MO
as Langmuir _ Blodgett films whereas th

e floating monolayer 1is

the research on LB

are
now referred 1O
nd world war,

te
rmed as Langmuir monolayel -
. . (Mpas found some of the applications

fil i
ms has not made much progress till
: jes in 1966. Fukuda et al ® and

ed the work ©
y depOSi

of

LB films and revieW

monolayers on solid

Lauda et al "* have succeSsivel Puppers
s in molecular electronics

possibilities their application

wi .
th a view to explore
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Malcom et al ™ and Daniel et al ' have carried out a number of investigations

pertaining to contact angles and the energy transfer ratio of molecules that form LB

films. Physical characteristics of Langmuir-Blodgett monolayers have been examined by

respective measurements of pressure, surface potential and viscosity as a function of area
A LVU'\TK'

per molecule.
work by Langmuir - Blodgett (LB), in the

Half a century after the pioneering

of LB films has been regenerd
that such multilayers being ordered

ted "% The field of LB films has

science and technology
rust with the recognition

received a major research th
ications in molecular electronics and opto -

at the molecular level, can have appli
electronics ''". The LB technique is an elegant means of depositing organic multilayers
onto solid substrates. MOst classic materials, which are used for LB film deposition are
posscssing both hydrop

active molecules

hilic and hydrophobic

cylindrically shaped surface
d fatty acid salts).

chemical groups (e-g fatty acids an
there have been a number of reports of non-polar

les include fullerenes (Ce),
poly (methoxy
:on of conducting LB films,

ards the applicatio
e monolayer 0 facilitate the deposi-

metallophthalocyanin€s,

. - tow.
aniline), polyaniline €tc- w21, Aiming ©

a[tached to th

uitable methods such

generally a lipophilic fa
y a lipopht polymerized by s

er. These

n-ochcmical

Polyalkyl thiophenes,

tion of an oriented 12y - vel
techniques: respectively

kyl substituted thiophenes hav
ms have been obtained from

as UV-vis radiation ©OF elec e been used for

a variety of al

films = -
fabrication of conducting LB and a given conjugated polymer. The

Mixed monolayers comprising a a5 Y-LYPE LB films and when desired

Tesultant mixed monolayers



on

dippi :
pping or electrochemical supramolecular structure of LB films

Lan ir-
gmuir-Blodgett films can be characterized by a number of availabl
able

techni Y :
ques. In this context, ellipsometry, UV -visible, interferometery low angle X - ra
) = Y

diffracti
ction, etc. are used to measure the thickness and uniformity of freshly prepared LB

fferent liquids (ie water or glyce

y and uniformity. Fourier transform

surface free energ

evaluate wetting properties,
grazing angle and attenuated - total - reflection

infrared (FTIR) spectroscopy in both
(ATR) modes, have been used to learn about the directi
olecular orientation, packing and coverage of LB films M.

on of transition dipoles and to

evaluate dichroic ratios, m
is used as @ .
e understanding ot
ction is used to stidy 1

eutron diffraction studies of

| for the quantitative analysis of molecular

Ra_lnan
spectroscopy
rdered processes, order - disorder

0 & 3
rientation which contributes 0 th
e monolayers of

s. Neutron diffra

q an alkyl chain. N
additional structural info

transition and organicC film

ulky groups i
dicd to providc rmation that

molecules containing b
Partially deuterated chains & stu
o diffrac ful for understanding  the

t :
ogether with electron and
g and orientation scheme

contribution of different parts 10 the overall packin
Langmuir - Blodge! cims of cadmiu™ parate have been deposited on
conducting lypyrole films . UV - Jisible and scanning
rface morphology

electrochemically prepared
e been U

e
lectron micrographs ha¥
iline h

of the of these film. Besides this, LB ﬁlmSOfPOI_Vamlme

. ible R, SEM and cyclic voltammetry
Substrates ized DY yv-visive

and characte”
techn; gmium S o LB films P2 been used for the fabrication
niques, rcspeCtiVCly- miu
miconducto” dev!

of )
metal - insulator - ¢



6.2
] PREPARATION AND CHARACTERIZATIONOF

S
OME LANGMUIR - BLODGETT (LB) FILMS

/
6.2.1 CADMIUM STEARATE LB FILMS

Stearic aci |
acid (procured from Merck) (10 -20 pg) is dissolved in chloroform and

f water (pH 5.6) contained in a Joyce
recorded at a barrier speed of 0.3 mm/ min.

-water interface in this trough at a

1
s dropped on the surface O Loeb
1 trough (model

4).
). The pressure - area isotherm has been
ers are formed at air

Th 3
e cadmium stearate monolay
le films deposited on ITO glass are inserted /

s
urface pressure of 25 mN/m. Polypyr©
min in the LB trough

tes. yV-visible spectra of such cadmium
model 160 A) spectrbphotometer,

withdrawn at a rate of 1 mm/ resulting in the deposition of the
rs onto the substra
ed on the Shimadzu (
m stearate LB films has bee

stearate

CdSt, mono/multilaye

m
onolayers have been record
n investigated using

T :
e surface morphology of such cadmit
Croscope-

J
oel 35 CF scanning electron mi
;mmediately apparent on examining the pressure

A number of distinct regions

pressibility in the solid phase transition is found to be
alue of 22 A
¢ acid molecules in sin

- area isotherm curve. The com
ture. The v 024¢ 25 mN/m of cadmium stearate

in literd
pi od bY steari gle crystals, thus

ose to that occy
dimensional solid. Fig.1shows

n ofa com
:od out i

annealed (70° O
umber of monol

Per molecule is cl
pact film as a tWO0

n reflection mode
polypyrrole films. The magnitude

Co .
Nfirming the interpretatio
th - . on various mo!
€ results of UV - visibIe studies nolayers
ted on the
ayers indicating uniform

of . .
cadmium stearate depos!
in the D

of .
absorption inc
lypyrfo'c surface.

n
Ature of these cadmiumM stearatf
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300
WAVELENGTH

monolayers of cadmium

gﬂ! (nm) for various
15 layers (curve 3), 10

20 layers (curve 2),

as a function of wavelen
4 layers (curve 7

Fi
g.1 UV-visible spectra recorded
stearate on polypyrrole surface of 30 layers (curve 1),
6 layers (curve 6),

layers (curve 4), 8 layers (curve 5),
a&b) of cadmium stearate LB films (9 and 20 monolayers)
sence of any pinholes. SEM

film

SEM pictures (fig-2
s indicate the ab

erOle
that CdSt, layers are uniform on

d 3
€posited on annea]ed poly.p
20 monolay€

be used the for

Pictures obtained for 9 and rs demonstrate
the polypyrrole surface and hence can fabrication of desired solid state

dCVi(;e_

Fig.2(a)
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Fig.2(b)

Fig.2SEM pictures reco

rs of Cd stearate on polypyrrole surface.

ed for (a) 9 and (b) 20 monolaye

6.2.2 POLYANILINE LB FILMS
The LB films of polyaniline have been earlier fabricated by Agbor et al 116l and
amount of polyanilin

pt has been made to fabricate

e in N- methyl pyrrolidinone (NMP)

Rosner et al "' with known

solution. AN attem

polyaniline LB

/
CHCI, and acetic acid
th a view for their application in

film without using acetic acid and characterized wi

mo .
lecular electronics.
m is in the deprotonated  form

paration of LB fi

ris chemically synthesized as discussed

Polyaniline u
ne basé powde

emeraldine base is washed with water

(emeraldine base). The emeraldi
powder,

Chapter- The
dine base is

i
N Sec 4.2.1 of the fourth
an
d acetone before its Us€ .
10, 50%, 60%, 80% and 100%) of CHCI,
Itration. The Joyce

di
issolved by varying the percen
jon 1S shaken thoroughly pefore fi

i
N N- methyl pyrrolidinon¢- The S0

ebl LB trough has bee? used

B film deposition.

for the L
e in various mixture O

of Polyanilin
sion speed of 0.5 mm/min during the

e have been

f CHCI, and

The pressure -
or COMPIES
B films of polyanilin

NMp have been obtain
400)- The b

dec;
Sired temperature range €
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deposited at a surface tension of 25 mN/m and the barrier speed of 0.5 mm/mi 1n
& mn .

The deionized water from Millipore (model RTS - 10) water purification system-’b?"
(OV1s
used for filling the Langmuir trough and the pH of water is maintained at 7. The speed

of the dipping head is maintained at 3 mm/min and the temperature of the subphase is

2°C by circulating the water in trough using a refrigerated recirculator (Bio Rad

kept at 2

model No. E 4870).
LB films have been deposited on glass plates,. quartz plates and indium-tin-oxide

(ITO) glass plates and silver coated glass plates, respectively. The area displaced from
e for obtaining the plot of area displaced from

the trough is recorded from time to tim
es. The different monolayers of

0, 20, 50, 72 and 90 hours, respectively

polyaniline are coated

the trough vs the number of strok
at are annealed for 1

udies. The LB fi
d 1M HCIO,, respectively to make

on the various substrates th
Im of polyemeraldine base are

for the desired structural and optical st
|M HCl, IM HNO,, 1M HF an
g The Y- type LB films of polyaniline have been deposited

_visible and FTIR spec
) UV - visible spectrophotometer and

doped in IM H,SO.

these electrically conductif
troscopic measurements have

on the above substrates. The UV

t using Ghimazdu (model 160 A

1 510 P), respectively- Cy
cal Interface (Model SI 1286).

Nicolet FTIR spectrophot

y Schlumberger Electrochemi

have been recorded b

150'1‘HERM5

area (7 - A) isotherm at 22° C of polyaniline film

(i) PRESSURE - AREA
Fig. 3 shows the st
t shows two distinct liquid

when emeraldine bas
as Ly and Lz
ore pronounced at the

Phases indicated in fig-3

liquid phases (L, and L, also refe
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d 8A, respectively. The solid phase transition occurs at about

molecular area of 10A an
can be seen that phase compressibility

the molecular area of 6.5 A.I.From this curve, it

0.004 to 0.016and the solid phase compressibility lies

of both these phases lies between

between about 0.0005 to 0.001. |
erm obtained at 22°C of polyaniline dissolved

Fig.4 shows the pressure - area isoth
sation begins at about the

in a mixture of NMP and CHCl,. The liquid gas (LG) conden
m fig. 4 it can be seen that there is only one liquid phase
ro .4,

polyaniline molecules can be seen at a surface

molecular area of 36 A. F

(L,). The solid phase condensation of
Jar area of 16 A

pressure of 25mN/m and molect
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o
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(o} 14
f NMP+ CHCI,

Fig.4Pressure area isotherm of pOl)’CmemIdmc
(60% CHCIl,).
ed by plotting the molecular ared of the solid phase at a

Fig.5 has been obtain
aniline dissolved in NMP

a function of poly

+ (60%) CHCl,
N

pressure of 25 mN/m as
hase is 16 A when CHCI, is

f aniline
g
ar area of 16A for 60%

solution. It has bee
calculated that minimum area o

tion. It has been

solu
ximity with the molecul

60% in the NMP + CHCl;
h is in close pro

repeating unit is 18 A, whic

CHCI, in the NMP + CHCl solution- Polyaniline has two liquid phases L, and L,

when it is dissolved in CHCl,. It can be sech that the area occupied by the molecule s
¢ 18 A for the aniline repeating molecule. The

e value 0

as 23 26A

02 for the substituted aniline suggests that

rface for the mixture of CHCl; + NMP

only 6.5 A? in comparison to th
area estimated

able at &l - water 1€

value of molecular

monolayers are $

solution-
covering a wide range of

m of polyaniline,

containing 60 % CHCh in
ssolved in a mixture of NMP +

yre ared (
c when pol

. _p) isothe
Fig.5 is the press a-A)

temperatures  from 9-2 € 40°
solution- It

yaniline is di
can be seen that liquid gas (LG) phase
CHC s CHCI
I, containing 60% 3 i A0 solid phase condensation area
(o)

ecular ared
L e observed temperature varia-

is Obtainéd upto the mol

—~ .
also changes from 15-91% 17.0




tion of molecular area is similar to that obtai

shows the stability of the monolayers

that there is dispersion in the

(9.2°C to 40°C). The stability of monolayers on the subph

indicates that polye

‘temperature.

Fig.5  Pressu
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as a function
of temperature. Asth
. e temperature 1nNCreases from 9
.2to 40°C the surf:
ace

5 mN/m. Curve 2 in fig.6is the observed variation of

press i
ure increases from 28.2to 27.
molecular area i

at solid phase at a pressure of 25mN/m as a function of temperature (9.2
much change in the molecular area at solid

to 40°C
). It can be seen that there is not

f the subphase.

phase with rise i
with rise in temperature O
cm? area displaced from the trough after

Fig. 7 shows the number of strokes per
partz substrate. It can be seen that up to 20 numbers

the :
LB film is deposited on the 4
has been displa

e mode of deposition changes from

Ll'a.l'ls,' 3
ition has earlier been obtained i1 fatty acid mO

ced from the- trough. It can be seen that

of
monolayers, the equal ared
YtoXtype.Thistypeof

after
twenty strokes, th
18]

lecules

AREA (cm )

.
gla&s ! Area displaced from the LB trov ugh 25 ° cm
Substrate used for depositio? © of LB filos g2
(i)
Uy
-V
ISIBLE STUDIES o cmed ON a number of polyaniline LB films.
Uv- beeh 0
visible SpectrOSCOPY has 00 1 3.35¢V) and 610 0™ (2.041eV). The
'3 ;

B
8.8
shows two absorption PEA<® at abo™*
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ab -
sorption peak observed at 390 nm can be understood to arise from w - 7° bond and

centered on the benzoid the ring "%,

the peak at 610 nm arises due to 2 n-m transition
These results bring out that the magnitude of absorption increases uniformly with the

olayers indicating that the deposition of LB films of PEB base

Increase of number of mon

On quartz substrates lm/

L

o 0O.F

Z

el 6
(88)]

o 5
20.05F Z
m 3

<

_i)/\/‘%
0 =00 600 Z00 800 900

300 400
Fig.8 UV-visi . 1 films as 8 function of number of monolayers. Curves 1 to 10
; A lyanilin€
visible absorption °ng );4. 16 and 20 monolayers

are respectively for 2, 4.6.8. 10

o
o)
®

O
o
I

Absorbance

(0
WaveIe
0 of PEB. Curve 1 shows the spectra of
Fi f,eshly prepﬂf°d ?0 :ﬂye uence of annealing (50°C) of LB films
89 UV - visible spectri® of Tond 487 as
PER. LB films s CUVE% 2 ively.
for 10, 24,and 48 hours, respe©
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| The deposition of successive layers of polyemeraldine base are monitored by the

change in the value of optical absorption at 360 nm as shown in Fig.10. The near linear

vagiation in the initial stage is an indication of the deposition of ordered layers while the
with multilayers is indicative of irregular deposition.

non-linear response

Absorbance

30 40 50
Layers

20

o polyssilive LB (lms as a function of the pumber of layers
" for i
at 360 nm®

ji Fig.10 Plot of absorbanct
+d ited. isi
| eposi £B has been investigated through UV - visible

uv - visible absorption spectrum of 20



monolayers i
y of LB films obtained as a function of different protonic acids such as IM

H,S
o, (curve 1), IM HNO, (curve 2) and IM HCI, (curve 3), respectively. The

absorption
peaks for each of the dopants occurs at about 400 nm. However, in case of

HCI
doped PEB LB films, 550 nm peak is also obtained. The peaks at 850 - 900 nm
(1.2- -
1.3eV) attributed to the metallic absorption, are obtained with each protonic acids.
ise from the presence of

Th
e lowest band at 550 nm (2.02 €V) €1 be understood to arl
(.21l

bi
polarons formed as a result of dopiné
:on of monolayers of

Fig. 12 shows the UV- _visible absorption obtained as a function
on bands seen at 400,530 and

nsities of the absorpti

y with the increase in the number of

pol ..
yaniline HCI doped films. The inte

increasing uniforml

850
nm have been found to b€ !
Ims is maintained even

m o
Onolayers. It shows that the orderliness 10 of polyaniliné LB fi

d s g '
fter it is doped with 1M HCI (221

-
o
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2 — } 2
3
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wcvelengfh :
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Protonic acid such &5 IM st



6

[ -]
(8]
c
5 ] o
3
2005 - 3
3
1 100
300 500 700 900
wavelength (nm)

od L ms as 8 function of number of layers of PEB
ra of HC do 3 32, and 41 monolayers.
16,20

Fig.12 UV - visible absorption spe‘:(f by
Curve 1 to 7 are m;ocW/

(4/ny «)3

M HCI (curve 2) and IM HCIO,

) otoD ener8Y
(o 8.13pjg, of (1/ ahv)’ vs th(ph o (e

“IV 3) and HCI doped P



An atte i
mpt has been made for the calculation of band gap of polyaniline LB films

using the o i i
ne dimensional extrapolated curve obtained by plotting (1/ah v)? vs hv(photon
SO, (curve 1), IM HCI (curve 2), and

e -
nergy. Fig. 13 shows such plots observed for IM H,
IM H

CIO, (curve 3) doped PEB LB films. The values of band gap for polyaniline LB
acids such as IM H,SO,,

y. Interestingly,the band gap

IM HCI and 1M HCIO,

film .
s after being doped with different
3.2,and 3.25 eV, respectivel

as been calculated to be 4.0eV. These
obtained for the

have been obtained to be 3.0,
Ims (curve 4 in fig.13)h
agreement with those
um deposited polyaniline

of polyemeraldine LB fi

val
Ues of band gaps are in reasonable

cast and vacu

elec :
trochemically ~ prepared, solution

film

ted LB films of PEB obtained as

f LB films of PEB

(iii)
FTIR STUDIES
eshly deposi

Fig.14 shows the FTIR spectr? of fr
of monolayers o

_ FTIR spectra
1468, 1270, 925, 800, 700, 604, 530 and
ses due to c=C vibration of qu‘mo'\d

Q()n‘a-l
NS absorption peaks at
715cm” an
buted 10 the co

16 ¢
0id rings. The peak seen around 1270crn‘ has been 2

additional

mbination

arise from 2 C=N
ring.

0
fC‘N linkag .
e. There 1s an

a_nd 516 Cm_
penzene TiNg (2] The

found to be

i
ntensiti(is . seen i
of the various peaks
s
; mber Of monolayer>
e nu

Creg:
SSing with the increase in th
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A Transmirfanc" g
(arb. urif)

HCI doped LB films (curve 2)

EB LB films (curve 1) and

Fig.15 FT
%
IR spectra of 20 monolayers of P

(iv) SEM STUDIES
carry out the structural studies of LB films of PEI
d e are the SEM pictu

r various durations of timg

An attempt has been made 1O
res obtained botl

using scanni :
ning microscope- Fig.16a, b, & d an

£
or freshly pl‘epa_]“df
and annealed (50°C) LB films of PEB fo
th formation 0

early shows the un
f the PEB LB fil

iform structure wi

(24, 4
$ 72 and 90 hours). Fig-16¢!
ms. In fig. 16b, one can

zes on the surface O
rease of pore size.

dsm N
all distribution of pore si
thout the inc

|m has become smoother wi

See t
hat the surface of PEB fi

ce of prolonged heating (72

r 48 hours- Fu
N
v 16d and 16e)

(fi
8.16C) due to annealing fo
red structuré of PEB LB fi
|y revealed that

and
190 hours), the orde
res (0.5 M) These

-reSulu-gj
¢ g in.the formation of new PO

Exte
n :
ded ( 48 hours) heating results !
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Fig. 17 shows the scanning electron micrograph of 20 monolayers polyaniline LB

en the LB films are doped with 1M HCI there

fil ;

ms treated with 1M protonic acid. Wh
iformity of the film indica
is interesting 10 observe tha

iformity of the films gets

IS a sl o . w
ight deviation from the un ting segregation at some stage

n of pores (0.05 pm). It
(fig- 17b) the un

t when it is

resulting in the formatio

do -
ped with slightly bigger anion such as HSO,
doping effect can be observed with

veloped throughout

anions

Clo - .
O, doping (fig. 17c). The
the bigger size of the

the
LB films of polyaniline.
iform doping has only been observed

LB films. The un

c .
reate inhomogenities in the PEB
) doped poly

in i ;
the IM HCI (protonic acid aniline films

Fig.17(a)




Fig.17(c)
monolayers treated with (3) IM HCI, (b)

Fig.|
o3 T Scanng
n i
g electron micrograph of polya.niline LB films of 20

My
S0, (c) IM HCIO.

6.3
6CYCLIC VOLTAMMETRY
g cyclic

g LB films have been investigated usin

studies of PE

Th
e electrochemical
tudies ON various

valtammetry .
(V) studies- The cyclic voltammetry
taining IM hydrochloric acid medium using

20 3
»38 an
d layers) have been performed con

the
Platin
um as a reference electrode-

100
myy
sec cycling -0-3 1 0.8 V-
The deposition of ordered monomo rs of conducting

Lan
gmyj .
ir Blodgett (LB) rechnique

Cn
venti .
tionally, a lipophilic fatty ac!
subsequeﬂUYv

de
Pogit:
Sion of an oriented

"&qu;
Teg .
a difficult chemi

Dr(,duced
tend to crack-
: the abo
EB) by the L

"
of preform
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cast as i
f a film with an aqueous subphase
ound th

at an LB film can be deposited
doped.

Multi
ulti-layer films with varying

to stud
y the
changes in surface upon going fro

Compare
th
e results with/a theoretical studi

irregul
ar
N surface after a certain number O
N exami
: ) .
ned using cyclic voltamme
on th
€ r
edox characteristics ©of

10 thj
ick multilayers. Ind

the
Natur
e of the pressure-arca isotherm-

a drv;
TYing
g time of 4 minutes between

Stage i
is an indication of the d€

With
m
ultilayers is indicative of irregular

Th
e electrochemis

Slng
. cyclic voltammetry- The ¢
Ntain;

Ing 6 monolayers in IM hYdroChl

Peak
Cu
rrents scale linearly with sW ecp ©

the
Peaks
o are broader than expect
of
an LB film of PEB of 38 layers

abg
ut
0.8V. In an attempt to under

of 1ayer® Lss

Cona:
L'J.lr[‘
ing varying number
of 1aye™

Plog

ted

G as a function of the num
dn .

number of 1ayers have bee

try in an acid m
changes in surf:

eed, visually smoo

successive

position of

g films pre repared

ed for such 2
wh

containing acetic acid. However, it has bee
’ n

without acetic acid and can be subsequentl
ntly

n deposited inan attempt

m monolayers 1o multilayers and to

es which predlc | the development of an
the deposited films have

f layers. Addmonally,
sess the effect

edium in order to as
going from thin films

ace morphology in

been deposited a5 expected from

th films have

ed to effect Y type deposition with

It is employ

dips- The lin
s while the nonlinear response

ear yariation in the initial

ordered layer

(251

as above has been investigated

Im of PEB

de position

(CV) of an LB fi

8. The

urface conﬁned species, though

_In the same figure is shown the
its only 2 proad hump from -0.5V to

ich exhib
v of different films

e C

and
od and the half peak width (gn2) is

n Figure 19. It is seen that the

e slowing down of the

8 1 3yers 1

rs 10
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Ims. The use of half peak width for evaluating

on transfer has often been seen with

electron
transfer as we go to multilayer fi

char .
ge transfer i1s well established. Slow electr

ctive species immobilized on electrodes.

e results obtained with the
polyaniline deposited electrochemically

In an .
attempt to explain th LB films in the frame work

of th .
ese earlier studies the redox behaviour of

uch aspects as its dependence on the pH of

has bee

n well studied previously including S
o the method of preparation whether by pulsed or
(26.271 The effect of the acid

at better quality films

the bathj

athing solution and its relation t
afic methods used in the
studies suggest th

potentiodynamic meth

by X
potentiodynamic and potentios

Synth
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od for pulsed and ods of

r stages of film
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ibiting good CV response arc obtain
n during the earlie
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te that though good CV

red films- It is im
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ble [_th
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Kkness ygnderlinin

ms of com
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oy 1 in the film rather
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mically prepar
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ects due to thickness. Though: ™ may

filmg ¢h:
S thicker than the multilayer LB filfm

it ig
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are . ¢V respo”
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rder and surface regulanity an od bY
e
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y ple |
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n
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h
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as estimated from their optical transmittance. It might be

films have similar thickness
multilayer LB film of polyaniline

mentioned that the peak broadening observed with the
r of redox polymer modified electrodes™

(e.g. 38 layers) is reminiscent of the behaviou

n the metal electrode and one of the layers

where slowness of electron transfer betwee

leads to a large E, value.

nY

oric acid (1M) medium: Six -

Fi

2. _

~Iayela Cyclic voltammogra™ -
™S LB films (—), and 38 lay®
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6.3A
PPLICATIONSOF SOME LAN GMUIR-BLODGETT

FILMS

ms have been projected to have a large number of

Langmuir- Blodgett fil
sensors including insulation, adhesion

applicati .
ons in the field of microelectronics and bio

Blodgett films of various fatty acids such as

and

encapsulation *°*'l. The Langmuir -
tricosenoic acid etc. sh
f LB layers suggest that the
nductor (MIS) and metal

ow good insulating behaviour

Stearic acj
acid, arachidic acid and w-
se may find

and diel tr
€Cctric 0
loss. These attractivc pFOPCIﬁCS

_ insulator - semico

applicati S
tion as a dielectric layer in met!
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as an insulator in

(321 The next section d
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devi .
evice for understanding the phenomenon of charge transport as well as the interfacial

properties. MIM devices based on fatty acids as insulators have already been fabricated
35) . . :
.It has also been found that there are numerous studies on rectification in organic

methods wherein PEB LB films

molecule and polymeric solids. In this regard various

jum and indium-tin-oxide (ITO) with metal

sandwiched between metal such as silver, indiu

pectively been used. The band diagram for an

S .
uch as silver for base electrode have res

MIM configuration has been shown in fig.20.
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voltage scan rate of 20 mV/sec for silver (Ag) /PEB LB layer/ silver (Ag) structure. It

can be seen that the curve is both linear and symmetric indicating tunneling of electrons
on application of voltage. It is known that silver makes ohmic contact with polyaniline.
Fig. 21 shows the I-V characteristics obtained at 20 mV/sec for ITO/PEB LB layers/Ag
(curve 1) and In/ PEB LB layers/Ag (curve 2) devices, respectively.

U 5'\/?
0
— o
2 /
~ 10 Y
— <
404 3 °
& —101 ? s ,
P % c
< ) DG ¥
A
\% —30‘“-"""’7”?’?5”’.5 o o °
0 - -5 -~ o 8] 3 o B
< VOLTS (V) & 5
— o P 5
" A
= 3 !
oA , £ 68
= i .éééga
) 2 o
L =
)
- 20 a O
o
6
3
— 40— iE 0 (\/)
-5 OLTS
1) In/
PEB LB B films/Ag; (curve
41 layers tructures
cteristi ]T g/ | layers PEB LB films/Ag
F;g Minisr showsciirenil) YYD m(s‘;) “and (cur -
layers peg 1B films/ PEB LB o d qon-linear in nature. 1h€
m
. e a5y ices when
e ned pserved for MIM devi
I - V characteristi¢ carlier n )
non.r; ond g.5Y b3 me form of tunneling tRrOUE
"linear pehaviour see" ° sociated W%
n
has bec

f;
atty acids (salts) are used.



the LB film i
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junction is assumed to be due to the hopping of charge carriers. Under the low bias

proporljonal to w°, where value of n lies between 0 and

condition conductance (G) is

ping model that describes the low
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rectification i r W r
across a distance due to the PEB barrier. The Max Wagne polarization h
as

been see ; 1
n for MIM device with ITO metal. These results bring out that the ac

yers/Ag structures is due to the hopping of charge carriers

conduction in ITO/PEB LB la

polarons /bipolarons) which result in the formation of dipoles in PEB.

6.3.2 METAL - INSULATOR (CdSt; LB LAYER) -
SEMICONDUCTOR (PPY) DEVICES (MIS)
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y evaporating pure (99.99%) metals (Ag,

s using a vacuum evaporatioér\-/(lo*

fabri
cated by thermall Sn, Al and In) of about

Ims/PPY structure

0.5 um thickness on CdSt, LB fi
case is about 10® cm®. Gold contacts have been

torr). Effective junction area in each

g various metal/CdSt, LB layer/PPY  structure from

made after carefully removin

respective ITO glasses.

IS device

"/MIS device has been

A schematic diag of various MIS devices have
_ Capacitance (C) - voltage

Biven in Fig. 27. Current a -
have beent carried out using an

st L

been conducted US

(V) measurements 00 In/C
A)-

Imped&rlce Analyzer ( HP 4192 3
25






A distinct shift 1 :
hift in the I-V curves seen 1In this figure points out to the improved junctions

characteristics of In/LB layer/PPY devices.
The values of the junction parameters shown in Table 1 for various MIS devices

owing Schottky equation "%

have been calculated using the foll
J = Jo exp (@V/nkT)
that can be obtained from

Eq.2

where Jo is the saturation current density
0 = A'T? exp (4 %,/nkT)
m? T, n is the ideality factor, X, is the

J Eq.3

where A’ is the Richardson’s constant (1.2x 10°
of rectification ratio obtained

barrier height and ks is the Boltzmann constant. Values

been measured at 2V.

for each of the devices has
nducting Polypyrrole Films.

TABLE - | : Electronic Paramelers of MIS Dpiode Based 2,,——0_0___’____
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" METHOE HEIGHT (%) FACTOR (n) | FUNCTION
/ﬁv,l,/ I L. B
A [-V 0.406%0-00! 7.729 s
mﬂ________ -V 0.381550.001 6.430 _iig__————-——
T .. om0l L S 128
4.12
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In/10CdSt, LB monolayers/PPY devices have been determined as 10 and 8, respectively.

Moreover, the lower values of the ideality factors coupled with the higher values of
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variation of the reciprocal film capacitance with number of LB monolayers. From the

results shown in inset of Fig. 31 and employing the relationship :

C =C, Co A/W eq.4
A is the area, Co is the space charge

where W is the thickness of the material,

lectric constant, C, of CdSt, LB layer has been

permitivity; the value of effective die

reasonable agreement with the reported value (2.13).
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6.4 CONCLUSIONS
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and it has been
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APPENDIX






SUMMARY

It has been shown that conducting polymer films of polypyrrole, polyaniline

and poly(N-phenyl pyrrole) can be elec
urther, it has been revealed that both

poly(a-naphthalene  oxide pyrrole) trochemically

obtained on indium-tin-oxide (ITO)/platinum. F

sition technique can be used to obtain conducting

solution cast and vacuum depo
polyaniline films.

trical properties of conducting polymer

d that optical and elec

It has been foun
poly(a-naphthalene o

xide pyrrole) and poly(N-

films based ‘on polypyrrolé, polyaniline,

phenyl pyrrole) can be investigated using U
. voltammetry techniques,
ical characteristics

uctivity and cyclic
e been used O investigate the various phys!

v-Visible, FTIR, ellipsometry, dielectric
relaxation, cond respectively. Besides this,

SEM, DSC techniques hav

of some of these conducting polymcrs-

1yaniline and poly(a—naphthalene-oxide pyrrole) as

polypyrmle, Po
ystcmaticall)' §

parameters of all such

Application of
wudied. J unction

Schottky devices have been S
is, operational characteristics

rimentally de
ased on polypy™®

devices have been €xPe
e have been mvestlgated

of electrochromic displays b

in detail.
used to obtain mono/multilayers of

mggulantles and inhomogenieties begin to



form after deposition of about 38 monolayers of PEB on ITO/ quartz substrate. These

sition from Y-type to X-type mode of deposition in

it has been shown that metal-insulator-

results have indicated a tran

polyemeraldine base LB films. Besides this,

semiconductor (MIS) devices can be fabricated by deposition of cadmium stearate LB

emically deposited polypyrrole films deposited on
r and barrier height has been found to occur

films onto electroch ITO glass. A

distinct improvement in the ideality facto

in each of these devices.
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