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INTRODUCTION

For the past few decades, the skills of thin
film technologists have contributed a variety of techniques
to prepare a large number of thin film materials with
remarkable diversity of properties. The fast development
of thin film technology has initiated the microminiaturi
sation of electronic hardware which has helped actively
the progress of space physics and communication network.
The development of thin film technology has created new
diversions in areas of research in solid state physics and
chemistry which are based on the phenomena uniquely chara

cteristic of the thickness, geometry and structure of films.

Historically, metallic films are prepared from
metal wires exploded by high electrical current density [1].
The deposition by thermal evaporation is relatively simple
[2,3] and is widely used in academic and industrial fields.
Clean ultra—high vacuum techniques and accurate measurement

of thin film growth have initiated the preparation of
single-crystal films of all types of material [4]. Though
one may expect a metallic behaviour for Bi, Sb and As films,
due to quantum size effect, a semiconductor—like behaviour

is observed [5,6]. This type of peculiar phenomenon



explicitly shows the scope of investigation in thin films
even if the data of bulk materials are known.

The electrical properties of all types of
materials such as metals [7«9], semiconductors [10,11] and
insulators [12,13] have been studied by a number of investim
gators. .These information have led to the discovery of
suitable materials for the preparation of solar cells [l4,l5]3
piezoelectric transducers [l2,l6], switching and memory
circuits [17], magneto—optic records [lo—20], microwave

directional couplers [21] and photomdetectors [22,23] which
are now in common use in satellites, computer hardware and
communication purposes. Inframred imaging tubes [24] are
frequently used in defence for night observations. The
modern trend in hctro—structure devices for optoelectronics
such as injection lasers, light emitting diodes, solar cells
and photo detectors are reviewed extensively [25]. The fast
progress in vacuum technology and preparative methods of
thin-filmshave uplifted the electronic circuitory resulting
in the development of integrated circuits.

Along with the development of systems with

inorganic materials, different types of polymers (organic,
inorganic and organometallic) are synthesised with a wide
range of physical and electrical properties. Knowing the



electronic behaviour of polymers, their suitability in
industrial applications can be established. These applica
tions in turn would promote the development of new methods
of preparation of polymers. The main advantage of a polymer
thin film is that it can be obtained as a very thin film

0
(ix/lO0A) without pin-holes [26]. Most of them are very
good dielectrics with temperature stability and high
dielectric~ breakdown voltage. Hence plasma—polymerised

dielectric polymers are used in the fabrication of
microcapacitors [27].

Due to the great versatility of the properties
of polymer thin films, special interest has been taken in
recent years on their preparation and electrical properties.
The present thesis is entirely devoted to the study of the
formation, structure and electrical properties of plasma»
polymerised polyacrylonitrile (PAN) thin films. Eventhough
the studies are confined to a single polymer film, the
results in general are applicable to similar polar polymer
films.

The properties of polymer films prepared by
different techniques are reviewed in the first chapter. This
will highlight the present position of this subject in
relation to the fast technological development. In the above
review special emphasis is given to those outstanding



xi

properties of polymers like semiconducting, piezoelectric,
pyroelectric and electret which are significant in the
development of devices in thin film technology. From the
literature survey, it can be noticed that this field is
relatively unexplored and wide scope exists for experimental
and theoretical study.

In the second chapter, a detailed description
of the preparation of plasma-polymerised PAN thin films
sandwiched by aluminium electrodes is presented. The rate
of growth of polymer film under different pressures and
discharge currents are studied in detail. The design and
fabrication of a vacuum coating unit and an evacuated chamber
for the study of electrical properties of insulator thin
films are discussed.

In the next chapter, the mechanism of plasma
polymerisation is studied by analysing the emission spectra
of the plasma formed from acrylonitrilo vapour and discussed
in relation to the mechanism of chain formation in the polymer.
From the infrared spectra of the monomer and the polymer, the
probable structure of the polymer is suggested.

As -CN side group exists in the polymer chain,
it is expected to show high dipole moment. Hence it is
important to study the thermally stimuiated depolarisation
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current in PAN to obtain information regarding the dipolar
orientation and charge storage mechanism in the polymer.

As a part of such studies, the thermally stimulated current
of unpoled PAN film is studied and presented in chapter IV.
The results of thermally stimulated depolarisation current
in poled PAN is discussed in detail in the subsequent
chapter.

In chapter VI, the dielectric and electrical
properties of p1asma—polymerised PAN are described. From

the current - voltage characteristics, the conduction
mechanism is analysed. The variation of dielectric constant
with temperature and frequency are studied to obtain inform
ation on dielectric relaxation process and frequency response
of the capacitor.

All the observations are summarised in chapter VII.
On the whole, special interest is given to those properties
which point out the usefulness of PAN as a polar electret.
Part of the investigation presented in this thesis has been
communicated in the form of the following research papers:

1. Thermally stimulated short—circuited current
from plasma-polymerisedlpolyacrylonitrile thin
films sandwiched between aluminium electrodes,

J.Appl.Phys., 53(2), 1135 (1982).
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2. Thermally stimulated depolerisation current
in poled plasma—polymerised polyacrylonitrile
thin films sandwiched by aluminium electrodes.

(Communicated to Thin Solid Films)

3. Temperature change of dielectric constant in
plasma~polymerised polyacrylonitrile thin films.

(Presented at NPAE SSP Symposium (DAE) 1982)

4. Thermally stimulated depolarisation current in
poled plesma—polymerised polyacrylonitrile thin
films.

(Presented at NP & SSP Symposium (DAB) 1982)
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CHAPTER I

PREPARATION AND PROPERTIES OF POLYMER THIN FILMS

AB S T RAC T

A brief review of the present understanding
-of electronic properties of polymer thin films is
presented here. Different experimental techniques to
prepare polymer films are also discussed. Special
emphasis is given to those outstanding properties of
polymers which are significant in the development of
devices in thin film technology. Important applications
of polymer thin films are also reviewed.



1.10 BASIC PICTURE OF POLYMERS

1.11 Polymerisation

The word polymer is derived from the Greek word

'polymeros' which means many parts. It is clear from the
word itself that a single polymer consists of a number of
units linked together by covalent bonds to form a large
molecule or a macromolecule. The individual unit that

repeats to constitute a polymer is called the monomer [1-3].
The monomers can link together linearly to form a linear
polymer. Some polymers have branched chains, often as a
result of side reactions during polymerisation. Cross
linked and network structures are formed in the case of

monomers containing more than two reactive groups by step
wise polymerisation [2]. By co-polymerisation of a mixture,
polymers with properties completely different from the
individual polymers of mother monomers can be produced [3].

The degree of polymerisation is the number of monomers
linked together to form a polymer and is a basic parameter
used to characterise the material.

Organic [l—4], organo-metallic [3,5.6] and
inorganic [5,7] materials may undergo polymerisation under
suitable conditions. These materials have wide range of
electronic behaviour [4] and their electronic transport



properties also vary widely. There are polymers whose
electrical conductivity can be varied from insulator to
metallic either by proper doping [8] or by changing the
structure [9]. A summary of the mechanism of polymerisation,
the electronic behaviour and related properties are given
below as an introduction to the investigations presented on
polyacrylonitrile in the subsequent chapters.

1.12 Mechanism of polymerisation

The process of polymerisation may be broadly
.divided into two: condensation polymerisation (step—reaction)
and addition polymerisation (chain—reaction) [2]. The
step-reaction polymerisation is the condensation of two
polyfunctional molecules to produce one larger molecule with
the possible elimination of a small molecule such as water.
The chain-reaction polymerisation involves reactions in which
the chain carrier may be an ion or a reactive substance with
an unpaired electron called a free radical. The free radical
is formed by the decomposition of a relatively unstable
material called an initiator.

The fundamental kinetics of radical polymerisation
is described elsewhere [3]. In high temperature ,polymerisa
tion as well as plasma polymerisation the radical initiated
process is more predominant [10]. In the case of the commonly



occurring monomers initiated by radicals, the forming
temperature is that temperature at which the initiator splits

itself readily into radicals, that is kd the rate constant
has reached a measurable value. At this stage, the initiator
I is converted into an initiator radical Z*, which again
reacts to produce the monomer radical.

I """ "“'7‘«" Z
* kj asZ + M -—-> Nil (1.02)

Here M is the monomer, ki is the initiating rate and M:
is the monomer radical.

kMt" + M -.-F3.; M)"; (1.03)l 4
%

kp being the rate of polymerisation and M2
radical formed in the first process of polymerisation.

being dimer

This propagation process proceeds as

M* + M _l_<_‘3..-,. 511* (1.04)2 3
* kp *M + M —m—a M (1.05)x~1 x



There are mainly two termination reactions (a) combination
and (b) disproportionation. The combination can be repre
sented as:

M (1.06)
The disproportionation can be represented as

* % k?!M + M -—1?—> M + M (1.07)x Y x Y
Here k;’ and k" are the termination rates of polymerisationt
process and these depend on the external conditions of the
process. In radical polymerisation, the termination is a
second order reaction in M* and the radical can be terminated

by collision with the initiator radical. But this possibility
may be ignored due to the low concentration of the initiator.

The radical polymerisation is more predominant in
plasma—po1ymerisation process. Here the accelerated positive
ions and the electrons, formed by high electric field act as
initiators, which collide with monomer molecules producing
radicals. The initiator concentration in such a process is
very high resulting in fast polymerisation. Also due to the
high concentration of the initiator in the plasma—polymerisa
tion process, the termination reaction can occur due to
collision.



l.l3 Electronic states of polymers

The electronic properties of polymers have been
characterised by utilising the skills of the chemists,
material scientists and physicists and they have made sophi
sticated experimental and theoretical approaches to understand

the basic phenomena and structure-property relationship [ll].
In relation to the electronic states of polymers, they are
classified into two: one class comprising of polymers with
saturated or unsaturated backbones, but without pendant
groups (eg., polyethylene and polyacetelene) and the other
being made up of polymers with saturated back~bones and
attached aromatic chromophores (eg., polystyrene and poly
vinyl carbazole). In the former class the electronic
properties are heavily controlled by the states associated
with the strong intra—chain (back-bone covalent bond) so
that one expects wide conduction band similar to the inorganic
covalent solids. The latter has the electronic state similar
to that of isolated aromatic molecules. Usually the experi
mental study of electronic states of polymers is confined
to optical absorption. Since many of the polymers have their
optical transition in the near and far ultra—violet regions,
such studies are relatively routine and are carried out by
commercial automatic instruments.



It has been recognised that-the interaction
between the pendant groups leads to small exchange energies
and narrow bandwidths. Thus, these pendant groups, which
have generally a much lower ionisation potential than
saturated polymer back—bone, are expected to dominate the

low energy transitions and play an integral role in the
electrical properties.

Ionic excitation states such as ion-pair or charge
transfer states have been discussed by many workers [l2—l4].
Ionisation energies of the highest occupied levels and
binding energy of the lowest unoccupied levels for different
polymers in gas phase and in crystalline state [15] are shown
in Fig.l.Ol. From the figure it is seen that the energy
required to separate a negative charge from a positive

charge for an isolated molecule is Ig—Ag, where Ig is the
gas phase ionisation energy and Ag is the energy gained by
the binding of the ionised electron with a neighbouring
homologue molecule. In a solid, the energy to produce these
ionic states is reduced, as the molecules exist within a
polarisable medium. HenceE: - -2 .Ig Ag P (1 08)
where P is the crystal polarisation energy of the free
electrons. Thus in the case of solids one can think of the
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Fig.1.0l. The ionisation energy of the highest occuoied
and binding energy of the lowest unoccupied
levels for different polyacenes in gas phase
in the crystalline state. The Fermi levels
of Na and Au are also noted. AE and Ag are
the band gap in solids and the energy gained
by binding of ionlsed electron with a molecule
in vapour phase [15].



excited energy levels as the conduction states for electron
and hole separated by a band—gap r:E. For energies within
this gap non—conducting ionupair states may exist [l3].

The energy levels are first directly observed by
the carrier photo-emission from the metal electrodes in the
polymer poly N-Vinylcarbozole. The measured spectral
threshold for photo—emission of holes [16] together with

known values of I9 and P, form a self consistent picture
of probable energy levels of copper—polyvinylcarbozole as
shown in Fig.l.O2. In the figure, the polarisation energy

of polyvinylcarbozole, P is taken as 1.5 eV and T and Sn
,represent the triplet and singlet energy states.

The energy levels of different polymers are
discussed on the basis of the mechanism of conductivity by a
number of workers [17,18]. Analysis of thermally stimulated
depolarisation is a powerful tool for obtaining information
regarding the storage and transport of the charge carriers
in insulators and semiconductors [l9-21]. It also gives
information about trap-levels as well as impurity levels.
Hence the energy levels of the polymers are discussed on the
basis of depolarisation current [22,23] which in turn gives
an insight into the nature of electronic states of the polymer
material. A detailed picture of the energy levels in
molecular solids is given elsewhere [24,25].
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In the class of polymers without pendant groups,
the simplest polymer is the polyethylene, on which both
theoretical and experimental studies have been reported
[26,27] and many more studies are still being persued.
Energy band calculations for a single polyethylene chain
give a wide energy~gap between filled and vacant states.
The strong covalent intra—chain binding broadens the
electronic levels of polyethylene. Detailed calculations
have conducted the existence of highly localised excitons
with broad energy bands dictated by the periodic structure
of polyethylene chain [28].

The introduction of semiconducting polymers with
wide range of electrical conductivity when doped with
controlled amounts of halogens is a breakthrough in the
field of semiconductor physics as well as polymer technology.
Usually conjugated linear polymers are considered to be
semiconducting. The term conjugated is used to indicate the
alternation in a series of single and double bonds and
rarely tripple bonds. Polyacetylene is one of the simplest
linear conjugated polymer with single chain structure which
can exist in two different configurations: cis—and trans—,
as shown in Fig.l.O3. Each carbon is o bonded to one of the
hydrogens and two neighbouring carbon atoms consistent with
spa hybridisation [8]. The n electrons are therefore



H H H H\ / \ /C-"'-'-C C=C/ \ / \ /CZC C.-:.C/ \ / \H H H H
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Fig.1.03. Structure of CIS~ and TRANS-polyacetylene.
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gvailable to delocalise into a band. In the idealised
situation of uniform chain, the resulting conduction band
would give rise to metallic behaviour. However, such a
system is unstable with respect to bond alternation and a
characteristic gap opens up in the electronic energy
spectrum. The evolution of the molecular levels as a
function of the number of atom in a finite chain [29]
and the band structure and density of states for idealised
case and alternant polyacetylene are shown in Fig.l.O4.
Studies of n—n* transitions in short—chain polyenes show

that frequencies do not fall as n"2 (where n is the number
of atoms in the molecule) as expected for free—electron

picture, but appear to saturate at 55E( = 2.4eV1"!

n—¢large)fi'n
[30]. Bond alternation is present in the polymer and would
be expected to lead to semiconducting behaviour.

In a long polyene chain limited or broken
sequences of electronic delocalisation are affected by
attached side groups. Depending upon the chain limitation
(even or odd) two types of conjugations are introduced,
(i) eka conjugation and (ii) rubi conjugation [31,32].
Theoretical as well as experimental evidences support the
existence of these two conjugated groups [24]. Still the
information regarding the electronic behaviour of conjugated
polymers is not complete.
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The useful electronic properties characteristic
of amorphous and organic materials could both be manifested
in polymers and the past few years have seen the beginning
of coordinated programmes of study of electronic properties
of polymers. A brief report of the electronic behaviour
of polymers given above may lead to consider polymers as
electronic materials and possible technological applications
have to be thought of. As a part of that venture the
properties of different polymeric materials have been
studied by a number of scientists [5,24,33—38]. It was
observed that the properties of polymers depend on the
methods of synthesis and the structure [39,40]. It was
also noted that electrical, structural, mechanical, chemical
and optical properties of polymer thin films are different
from the properties of bulk material. Though the information
on the properties of bulk polymers are not complete, it is
high time to carry over the studies to thin polymer materials
such that this will promote the development of thin film
technology further.

1.20 PREPARATION OF POLYMER THIN FILM

The preparation of polymer thin films can be
broadly classified into two groups: (a) preparation of thin
films from polymer bulk material [41,42] (b) preparation of
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thin films from the monomer itself [43-45]. In the first
method, the polymers are prepared chemically which are
commercially popular [46—48]. Many of the workers [49,50]

have chosen commercial polymer materials for the preparation
of thin films.

1.21 Preparation of thin films from polymer bulk material

(i) Solution casting method

The films of soluble polymers can be prepared by
the simple technique of direct isothermal immersion of a
substrate into a suitable solution of the polymer [51-53].
The growth kinetics and structural details of polyvinyl
chloride (PVC) was studied in detail by Rastogi and Chopra
[54]. In this method a homogeneous solution of the polymer
is prepared. The solution is then maintained under constant
temperature and the substrates were held inside the constant
temperature bath vertically above the solution. After
bringing the solution and the substrates down to the required
temperature, the substrates were immersed isothermally in the
solution for a period varying from 1 min. to 60 min. Polymer

films are formed on the surface of the substrate with
sufficient thickness (<lO0OK). Epitaxial films of homo—
polymers have been prepared by this method [55].
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(ii) Evaporation

Polymer materials can be prepared by conventional
evaporation techniques [56,57]. Hogarth and Iqbal [58] have
reported that the evaporated polypropylene has the same
properties as the chemically processed polymer. In the
process of heating, decomposition may occur and hence the

degree of polymerisation may be different from the mother
polymer. To reduce this, the temperature of the source
should be less than decomposition temperature. Localised
heating by electron beam source is successfully used for
the evaporation of polymer materials [59]. In thermal
evaporation process, the decomposed impurity concentration
is much higher.

(iii) Sputtering method

The process used in sputtering of polymers are
very similar to those used for inorganic materials [60,61].
The detailed process of sputtering and the various limitations
are discussed by Holland and Prestland [61]. In this method
also degradation of polymer occurs and contaminated polymers
are formed. In the sputtering process, due to the high
energy bombardment of ions, high degree of cross-linking
occurs in the formed thin films. However, the formed films
are often observed to be superior to the specimen prepared
by evaporation method.
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l.22 Preparation of polymer thin film from the monomer

Due to the optimum use of monomers, this is
regarded as an economical method for the preparation of
polymer thin films. Among different experimental methods,
plasma-polymerisation is much more superior because of its
simplicity and industrial importance.

(i) Radiation induced polymerisation

Here the polymerisation is achieved by the bombard
ment of electrons on the surface of the monomer [43] or by
the irradiation of ‘Iv [62] or y-rays [63,64]. Several
workers have used electron beam bombardment to produce

and study the properties of polymer films obtained from
DC - 704 pump fluid [43], siloxanes [65], styrene [66] and
butadiene [67]. It is well known that polystyrene is
polymerised when exposed to Lfil light. The polymerisation
takes place by conventional free radical polymerisation
process [68]. By this method, the polymers can be made from
solid, liquid and gaseous phases. The irradiation process
is also known as photolitic process. Polymers like butadiene,
styrene, acrylonitrile etc. can be produced by photolitic
process [64]. Photolithography is one of the most important
application of this process which is unavoidable in the
preparation of micro-miniature patterns for I.C. fabrication
[47]. ‘The polymers having photolitic properties are called
photoresists [63,69].
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(ii) Pyrolytic method

In this process the polymerisation and deposition
of thin film takes place simultaneously [45]. Here monomer
vapour is leaked into a vacuum and passed through a catalyst.
when the vapour is quenched on the cold substrate, polymeri
sation occurs and a thin film gets deposited on the substrate
[70]. This method has been used extensively for preparing
poly—p—xylene from p—xylene at 60000 [45,7l,72].

(iii) Plasma—polymerisation

Methods of preparing polymer films, previously
described, cannot be applied to all monomers and also the
conditions for preparation of good films are very critical.
But plasma-polymerisation method [72-74] is superior to all
the other methods because most of the organic, organometallic
and certain inorganic materials can be polymerised by this
method. The efficiency of this method is very high and the
formed films are pin-hole—free. These good qualities
attracted the researchers to pay more attention to study the
properties.of plasma-polymerised polymers. Also the proper
ties of plasma—polymorised films are different and to a
certain extent superior to those of polymers prepared by
other methods [75]. For example glow—discharged polystyrene

thin film has many different electrical and physical
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properties like dielectric loss, flexibility and solubility
as compared to ordinary polystyrene [76]. Bradley and
Hammes [74] have studied the electrical properties and
deposition efficiency of about 40 polymers prepared by
plasma—polymerisation. For the preparation of polymers,
the plasma of the monomer vapour-can be generated by
different ways [77]. They are silent discharge, direct
current discharge, low frequency glow—discharge (usually
50 Hz AC), high frequency discharge and microwave discharge.

Silent discharge2- The silent discharge tube is usually
made of glass or quartz. Normally it consists of a co—axial
section and the inner and outer surfaces of the co-axial

section are connected to high alternating voltage of the
order of lOKV by means of conducting liquids or steel

electrodes. Hirai and Nakada [9] have reported on the
formation of polyacrylonitrile (PAN) thin film by silent
discharge. They have modified the discharge cell as shown
in Fig.l.O5. To avoid the concentration of discharge, the
metal electrodes are not exposed directly to the gas phase
by covering them with glass and epoxy resin. A vacuum
vessel attached to the top of the discharge tube is used
for preventing the inward leakage of air through the
interface between the tube and the cover. First the dis
charge tube and top protecting vessel are pumped to lO'5 torr
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and S - substrate.
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and the discharge tube is filled with monomer vapour at
sufficient pressure. An A.C. voltage of 5 to lOKV (5OHz)
is applied to the electrodes through a Neon transformer for
causing a uniform and stable silent discharge which produces
uniform PAN films. As electrodes are fully covered, there
will be no interaction between the monomer vapour and the
electrodes minimising the impurity effect.

Microwave discharge:- For plasma generation, microwave
generators of a few KW can be used. The microwave power
is led by a co-axial cable or a wave-guide from magnetorn
or klystron to the resonant cavity enclosing the reactor.
Microwave discharge have been found to be successful with

inorganic compounds [78]. One of the advantagesof this
reactor is that it can be used at higher pressures but at
low pressures (g l torr) it is difficult to initiate and
sustain discharge.

Direct current discharge:- In the direct current discharge,
two metal electrodes are placed inside the plasma reactor
and a high voltage is applied to produce plasma [79,80].
A reactor for DC discharge plasma-polymerisation is shown
in Fig.l.O6. First the reactor cell is evacuated to lO"5
torr and pure monomer vapour is fed into the cell raising
the pressure ranging from lO"l torr to l torr. When DC
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field is applied to the electrodes, the monomer molecules
are polymerised and deposited mostly on the cathode. fl
smaller amount of polymer is deposited on the anode also [81].
It is observed that if the formed polymer is an insulator,
after forming a few layers of the film, the glow discharge
ceases. It is found that when the applied voltage is
increased, arcing is developed which disturbs the film.
Hence this method cannot be effectively used for the prepara
tion of insulator polymer films of sufficient thickness.

Low frequency discharge2- Using this method, much work on

polymer films from monomers has been reported [l8,74,82].
Here 5OHz AC is sufficient for successful preparation of
polymers. A detailed description of the reactor chamber
is given elsewhere [18,74]. One such reactor is shown in
Fig.l.O7. The discharge chamber, with the substrate set at
the central part, is evacuated to lO-4 - 1075 torr. Then
the monomer gas is introduced into the chamber from the

monomer reservoir. When the pressure of the monomer gas
1 to 1.5 x 1o“1rises to l0" torr, AC voltage of about

500~lOOOV (5OH2) is applied between the two electrodes for

the generation of the glow discharge. Both the electrodes
and the sides of the reactor tube are found to be coated
with polymer.
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This type of polymerisation is of interest in the
present work and the detailed parametric studies are
discussed in the next chapter. In this method the efficiency
of polymerisation is good and there is no need of any special
power supply. The output of a step—up transformer can directly
be used as the electrical power source.

High frequency discharges:- An AC power supply working at a
frequency of the order of a few MHZ can be utilised for high
frequency plasma—polymerisation. For AC discharge with
electrodes, the same reactor shown in Fig.l.O7 can be used.
One of the important advantages of high frequency discharge
is that it can work without electrodes (electrodeless dis
charge). The electrical power can be transferred to the
plasma tube either by inductive method or capacitive method.
In the inductive method, the discharge tube is located at the
axis of a coupling coil and radio frequency power is fed to
the discharge tube through this coil. In some cases, poly
merisation as well as deposition take place in the tail of
the glow—discharge [83]. An arrangement for inductive coupling
to the plasma tube is shown in Fig.l.O8(a). In the capacitive
coupling, the power is fed to the discharge tube by means of
two copper rings situated at about 5 cms apart as shown in
Fig.l.O8(b). The deposition will be mainly limited to the
region of glow-discharge. Here the substrate is placed in
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polymerisation reactor [83] N1 — stop—cock,
N — needle valve, M ~ monomer and S - substrate.2

Fig.l.l0 Schematic representation of capacitive coupled plasma
polymerisation reactor [25] NL — stop—cock,
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between the copper rings so that the thickness of the film
is uniform [84].

For RF discharge plasma-polymerisation, different
types of reactors are in use. Fig.l.O9 is one such type
wherein inductive coupling method is used [83]. A capacitive
coupled system is also commonly used in polymerisation

process [25,85] and is shown in Fig.l.lO.

The basic principle, involved in all the plasma
polymerisation processes, is that the free radicals are
formed in the system and that they recombine among themselves
to form polymeric chain. Under glow—discharge conditions,
ionised radicals are formed and these radicals, when passed
through the monomer, transfer their energy to the monomer
molecules. The energy dissipation produces chemical changes
which give rise to polymerisation [86]. Many investigators
[9,74,87,88] have carried out extensive work on plasma
polymerisation and have suggested a mechanism in which free

radicals are formed by the breaking up of covalent bonds.
It is argued that the free radicals are formed by the
processes such as opening of the double or tripple bonds,
hydrogen abstraction, opening of ring and cleavage of C-C
bonds. To identify the possible mechanism of plasma
polymerisation, the emission spectra of the plasma have
been recorded by a number of scientists [89—94]. Also
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discharges are known to be excellent sources of producing
simple free radicals from a number of aliphatic hydrocarbons
[95—97]. Hence the reaction mechanism of plasma—polymerisation

can be studied by a proper analysis of the glow—discharge
spectrum. h review of the techniques and mechanism of
plasma-polymerisation is given by Millard [75].

Usually the polymerisation method is more economic

and easy to prepare polymers. The general conclusions to be
derived from the plasma—polymerisation techniques are that
independent of the monomers being aromatic, oiefinic, conjuga
ted, unconjugated or fully saturated, the solid product is a
dense, highly branched and cross-linked polymer containing
considerable unsaturation in the form of both olifinic bonds

and free valence [75].

1.30 PROPERTIES OF POLYMER FILMS

The demand for polymers are increasing fast due
to its outstanding properties. The importance of the polymers
and their technological interest are well described [98,99].
In this context it is apt to review the present status of
Out understanding of polymers as an electronic material and
the actual and possible technological applications.
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l.3l Electrical behaviour of polymer thin films

The synthetic organic polymers that we ordinarily
associate with fibers, films or moldings are generally
insulators. Their electrical resistivity lie in the range
of 109 to lO29 ohm-cm [lOO]. The common polymers may be

differentiated from the semiconducting polymers on the basis
of the chain structure, the semiconducting polymers being
usually conjugated. The electrical conductivities of a
number of amorphous polymers have been studied thoroughly

for their dependence of temperature and pressure [lOl].
Similar experimantation and reasoning suggest ionic condu
ctivity in polypropylene [lO2], polyalkylmethacrylate [103]
and polyethylene terephthalate [lO4]. A hyperbolic sine
relation between current and voltage in polyethylene
terepthalate [lO5] and polyethylene [106] thin films has
been taken as an evidence for electronic conduction.

Protonic conduction has also been suggested for the mechanism
of charge transport for polymeric films [lO7].

Different workers have taken special interest to
study the process of conduction in polymers and suggested
different mechanisms to satisfy their experimental results.
Bradley and Hames [74] have studied a large number of insulat
ing polymers formed by plasma—polymerisation and suggested

that there is a characteristic magnitude and temperature



23

dependence of conductivity for organic polymer films
basically due to the preponderance of carbon-carbon bonds
in the structure. Ando and Kusabiraki [lO8] have suggested
that electrical conduction of polystyrene film formed by
glow-discharge is mainly due to Peole—Frenkel effect at
higher applied fields. At low fields ohms law is satisfied.
The conduction characteristics due to the Poole»Frenkel

effect is given by the following equation [lO9,llO].

o = do exp[-(fl — BPF Vi)/kT] (1.09)3 4- »BPF - (Q /n €r€Od)2 (1019)

Here ¢ is the impurity level, BPF the Poole—Frenkel
coefficient, e the electron charge, so the permitivity of
vacuum, er the relative dielectric constant of the insulator
at high frequency, d the thickness of the insulator, k the
Boltzmann constant and T the absolute temperature. From
eqn.(l.O9) it can be deduced that

Q3 ‘ 6]?F V2log 0 = log 00 - km (l.ll)
Thus a logarithmic plot of conductivity against the root of
applied field will be a straight line supporting the Poolew
,Prenkel effect. The above mentioned effect is also observed
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in polyacrylonitrile films prepared by silent electric
discharge [910

Chutia and Barua [111] have studied in detail
the current conduction mechanism of M«I—M structures of

-polyacrylonitrile film prepared by the solution growth
technique. They have reported that Schottky emission [112]
is the main mechanism of the electrical conduction. For

Schottky mechanism the equation for current density is
given by , 2 i

J = uT exp[—¢O — B8 V2)/kT] (l.l2)

where A is the Richardsons constant, $0 is the metal
insulator potential barrier height, BS is the Schottky
coefficient and is given by

3 1___2;___ T . 3[4n€rEOd ] (1 l )BS:

The symbols have their usual meaning. In this case also
same type of current characteristic as seen in Poole-Frankel
effect is observed. The only difference is that Schottky
emission will depend on the material of the electrode
whereas Poole-Frenkel effect is not.
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Out of a number of different mechanisms of

conduction in polymers, space charge limited current (SCLC)
mechanism [ll3,ll4] is very often observed. Lampert [ll5,llé]
and Rose [ll7] have reported that the analysis of
SCLC — voltage characteristics may provide a convenient tool
to study the parameters that characterise the traps present
in the insulator. A new method of interpreting the SCLC —
voltage curves which allows one to extract precise results
from experimental data is given by Sworakowski and Nespurek
[ll8]. The process of the SCLC is well described by a
number of authors [6,ll9,l20]. In this process, when
injection into the conduction band or tunnelling, is not
a rate-limiting process for conduction in insulator, a
space—charge build up of the electrons in the conduction
band or at the centres may occur which will oppose the
applied voltage and impede the electron flow. fit low applied
biases, if the injected carrier density is lower than the
thermally generated free carrier density, Ohms law is obeyed.
When the injected carrier density is greater than the free
carrier density, the current becomes space—charge—limited.
Two requirements must be satisfied if SCLC flow is to be
observed: (1) at least one electrode must make ohmic contact
to the insulator (2) the insulator must be relatively free
from trapping effects. Phadke [6,l7,l2l] studied the SCLC
in plasma-polymerised malononitrile films and ferrocene
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films. In this case there are four regions in the
voltage — current characteristic as shown in Fig.l.ll. In
the first region &—B, the current density varies with
voltage as

(1.14)
s

Q4-<

where no — the initial concentration of charge carriers,
p - the mobility, V — the applied voltage and d — the
thickness. When voltage increases, the number of injected
carriers become greater than the thermally generated charge
carriers and SCLC starts. The presence of traps will reduce
the SCLC, since empty traps will remove most of the injected
carriers. Hence only a fraction of the carriers injected
from the contacts will be free. In Fig.l.ll, B~C shows
SCLC region with shallow traps which follows

i 3.7....

where E is the dielectric constant.

N ~E6 2 -3 exp -E (l.l6)Nt KT

where NC is the effective density of state in conduction
band, Nt the trap density, Et the energy level of traps
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below the bottom of conduction band. For shallow trap
SCLC and trap—free SCLC [122] 9’ is equal to unity. The
transition voltage of ohmic region and SCLC (shallow trap)
region is given by

n ed0 (1.17)!|
\OI03tr

On further increasing the voltage, the Electron Steady
State Fermi Level (ESSFL) moves up the energy gap towards

the conduction band. when it moves through a trap level,
the trap which is initially ‘shallow’ and effective in
reducing the current, becomes ‘deep’ and loses its effecti
veness. When the injection level is so high that the ESSFL
lies above the trap levels, all traps are essentially full.
Thus, all the injected carriers appear in the conduction
band and the current increases rapidly back to the trap—free
curve. The voltage at which this occurs is called trap
filled limit voltage (V ) [123] and is given byTFLV = - (1.18)
Above this, any slight change in voltage will raise the
current sharply as shown by C-Do On reaching the trap-free
space charge limit given by D-a, the current - voltage
relation becomesJ a: V“ (1.19)
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where nlis much greater than two. Phadke [6,l7] has also
studied the temperature variations of current density in
polymalononitrile and polyferrecene thin films and the
results are interpreted on the basis of appropriate energy
level diagrams.

It was a break—through in polymer technology,
when control on conductive properties of polymers is achieved
analogous to that of covalent semiconductors. Most of the
semiconducting polymers are conjugated polymers with
alternate single and double bond configuration. The prepara
tive methods and properties of a number of semiconducting
polymers are described elsewhere [l23,l24]. Lupinski et al
[125] gave one of the early reports on the controlled
variable conductivity in a relatively stable system, viz.,
Tetracyanoquinodimethane (TCNQ) polymer salt. Recently

various kinds of polymers are synthesised with wide ranges
of conductivity from semiconductor to metallic. Tetrathia
fulvalene — Tetracyanoquinodimethane (TTF«TCNQ) complexes

have a conductivity of the order of lO24:Tlcm"l [l26] which
varies with the concentration of TTF. Recently, polymeric

sulphur nitride (SN)X has attracted much attention because
of its metallic [l27—l29] and even superconductive properties
around O.3OK [l30]. In room temperature the conductivity

of (SN)X single crystal is 3.7xlO3.nTlcm"l
~7lcm‘l. Yoshino et al [7] have

and that of
(SN Br is 3.8xlO4 :O.4)x
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studied the electrical properties of doped and undoped (SN)x
thin film and explained the mechanism of charge transport.

In semiconductor technology, polyacetylene has an
important place because of its unique semiconducting
properties. By the successful synthesis of high quality
flexible copper-coloured films of the CIS-isomer and silvery
films of the trans-isomer [l3l—l33] of conjugated pelyene
from acetylene in presence of a Ziegler catalyst and also by
the successful control of the isomerism in the product
[l34,l35], the attention of most of the polymer technologists

has been turned to this material. The structures of CIS-(CH)x
and trans—(CH)x are shown as Fig.l.O3.

The electrical conductivity of CIS— and trans—(CH)X
9lfi7lcm"l and 4.4xlO’5ah7lcm'lat room temperature and l.7xlO'

respectively. The conductivity increases sharply when

controlled amount of impurities like Cl, Br, I, asF5 and Na
are doped. The method of doping and the change in the
conductivities are already reported by Chiang et al [l26].
The electronic properties are similar to those of a simple
classical semiconductor with thermally activated conductivity
at low dopant levels and transition to metallic properties
at high dopant levels. The dopant can be either an acceptor

(Br, I or asF5) or a donor (Li, Na or K) [l36]. A typical
behaviour for the electrical conductivity as a function of
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the dopant concentration is shown in Fig.l.l2. From the
above studies, polyacetylene exhibit many attractive features
for potential device applications. As an initial step,
Chiang et al [136] have fabricated p—n junction diodes
and their experiments are encouraging. The undoped

tran54CH)x is confirmed to be p—type. The p—(CHX); n-ZnS
hetrojunction has been demonstrated by Ozaki et al [137]
to give an open circuit voltage of 0.8V. These results point

to the potential of (CH)x as a photosensitive material for
use in solar—cell applications. If the polymer semiconductor
technology progresses at the present rate, then most of the
inorganic materials used in electronic circuitary will be
replaced by polymer materials thereby making these components
cheaper..

l.32 Dielectric behaviour of polymer thin films

Although most of the development efforts on thin
films have been concentrated around inorganic materials,
organic polymers offer highly desirable electrical and
mechanical properties which make them suitable as capacitor
dielectrics. The polymers show high dielectric strength and
low dissipation factor. The electrical properties and
mechanical properties of a number of polymers which are

commercially used as capacitor dielectrics are available
[l38,l39]. Exhaustive studies of the dielectric properties
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of the polymers and appropriate theories to explain these
properties are well discussed in the literature [6,l40,l4l].
Depending on the dielectric behaviour, the polymers are
broadly divided into two groups: (a) Non—polar polymers
and (b) Polar polymers. The first group of polymers are
characterised by the absence of a permanent dipole moment
and they show very low dielectric constant, practically
no dielectric loss and very little frequency dependence of
either of these quantities. In this case, the electrical
polarisation is principally due to the distortion of the
electronic and atomic structures. However, majority of
polymers belong to the polar group. They have permanent
dipole moment and hence exhibit dielectric dispersion. The
polar polymers usually show very high dielectric constant.
Good examples of such polymers are polyacrylonitrile (PAN)

[142] and polyvinylidene fluoride [143]. The side group in
PAN is a nitrile moiety, which by itself has a permanent
dipole moment of 3.4D. But there is evidence [l44,l45]
that the nitrile group in PAN may have dipole moment lesser
than the normal value. Bradley and Hammes [74] have given
the capacitance of a number of plasma—polymerised polymer

films sandwiched by two aluminium electrodes. Phadke [82]

has given information regarding the variation of loss factor
(tan 63) with temperature and frequency upto 6.5MHz and
variation of dielectric constant with frequency for a few



32

polymer films. Dielectric properties of a number of polymer
films are thus available in the literature [l4é—l4s].

In recent years, the dielectric studies are
extended to solid solutions like polyethylene oxide and
polyvinyl alcohol at high frequencies (upto 4OGHz) to obtain
information on the adsorbed water vapour and oxygen [l49—l5l].
To get the information on the origin of the dielectric
properties, the spectra of loss peaks with temperature are
analysed by different scientists [l52,l53].

Glow discharged polystyrene thin films have many
different electrical and physical properties [eg. relative

dielectric constant ( er) dielectric loss (tan.5),
solubility etc.] in comparison with ordinary styrene [l54].
Takeda [l55,l56] has reported that the temperature coefficient
of the dielectric constant of glow-discharged polystyrene is
different from the normal polystyrene. The temperature
coefficient of the dielectric constant of a normal polystyrene
film is negative, while it is positive for the polystyrene
thin film formed by electrodeless excitation. The negative
coefficient seems to be due to thermal expansion of volume
while the other is due to the permanent dipoles with widely
distributed relaxation times [l57].
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From most of the dielectric studies in the past
few decades, it is well established that polymers are very
good dielectric materials with comparatively high breakdown
Voltage. Hence polymers have been identified, for their
application as capacitors for high voltage supplies.
Currently, the polymer scientists have switched over their
investigations to other allied properties such as thermally
stimulated depolarisation current, piezoelectric and
pyroelectric behaviour.

1.33 Thermally stimulated current in unpoled and poled
polymer thin films

Extensive studies have been reported on the short
circuited current of poled [158-l60] and unpoled [l6l—l63]
polymers to obtain information about the behaviour of trapped
charges and dipole relaxation process. Thermo-electric and
electro—chemical effects have also been studied in detail

on a variety of polymers [l62,l63]. Pillai et al [164]
have observed a spontaneous short-circuited current in
unpoled polyvinylacetate due to the dissociation of adsorbed
water into H+ and OH”. Pillai and Mollah [165] have also
studied the effect of electrodes in the polymer sandwich

system on heating. Carr et al [l66,l67] have worked on the
spontaneous current release from polyacrylonitrile. They
have suggested that this current is due to the chemical
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degradation. There are investigations on thermally stimulated
currents due to compositional inhomogeneity in plasma
polymerised Al—PAN—Al.

Thermally stimulated depelarisation (TSD) current
analyses give detailed information on the mechanism of charge
storage in electrets. In poled polymer electrets, usually
two peaks are observed, one below (B~transition) and other
above (a—transition) the glass transition temperature
[l68,l69]. The a—transition is due to the relaxation of
trapped charges while the B—transition is associated with
movement of sidegroups around the equilibrium position where

large scale confirmational rearrangement on the main chain
are frozen. More detailed theoretical and experimental
results on the mechanism of charge storage in electret
polymers are given by Sessler and Van Turnhout [l70].

Consider an ideal dielectric containing only one
type of non-interacting dipoles of moment p and relaxation
frequency a. In the absence of an electric field the
dipoles are oriented randomly. If one applies a poling

field Ep at a poling temperature Tp for an interval of time
tp >> T(Tp) (where T(Tp) is the relaxation time at Tp) the
dipoles will be polarised to saturation and in the meantime an
exponential current decay will be observed. At this time the

dielectric is cooled down to room temperature TO, where the
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relaxation time is of the order of hours. At T = TO, the
electric field Ep is turned off and a poled dielectric is
obtained. When the specimen is short-circuited through an
electrometer and the temperature is raised, depolarisation
peaks are observed and these peaks are properly analysed to
get the detailed information about the dipole moment and
charge storage in dielectrics.

If a polar material contains N dipoles per unit
volume, with a dipole moment p, the final polarisation after

poling with a field Ep is0 (1.20)
During the subsequent TSD, the aligned dipoles will randomly
disorient and the depolarisation current is given by the
following expression [l7l].

[T a(T)dT] (1.21)J(T) = —a(T)PO exp[— F
O

‘(DIP-'

where B is the rate of heating g% . Different depolarisation
kinetic parameters like a(T ) and activation energy A can bemax

derived from this expression. The total polarisation PO can be
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calculated from the area taken by the peak and is given by

P0 = é-{g J(T)d(T) (1.22)
Hence from eqn.(l.20) the dipole moment can be calculated.

It is strange to see that the PO calculated from the dipole
moment of PAN by Stupp and Carr [172] is less than the pola
risation observed experimentally from the depolarisation
peaks. They have reported that the total polarisation
calculated from eqn.(l.20) is only 0.05 pC/cm2. The Onsager
equation [173] has also been used to predict polarisation.

Np’E e (29 +l)(n2+’?)2'_ p 0 0 “ 
kTppoms 2 2 (1.23)

9(2€O+ F1)

where s is the dielectric constant at zero frequency and n
o

is the index of refraction of the medium. Making no
presupposition about the orientational aspects of the nitrile

side—groups, one predicts P0“ = O.l5uC/cm2. On the other5

hand, if one assumes that dipoles are constrained to orienta
tional motions by rotation about axes perpendicular to the
electrical field, this value can be increased to

pong = O.23pC/Cm2. The Frolich equation [172]2 2 2ND E 5 (n +2)p = P 0 .g (1.24)fro 2kTp 9(2eO+n )
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is capable of taking into account not only how the local
environment of a dipoles modifies the impressed electrical
field but also how the local environment imposes a force
field upon the dipoles. In the case of numbers reported in
the previous paragraph, 'g' would need to have values in
the range 3 in order to reconcile with the experiments.

Charge storage properties in solution grown

polyvinyl butral thin films have been studied by TSD
technique by Jain et al [l74]. Of the observed two peaks,
one is associated with the deorientation of the aligned
dipoles whereas the other is associated with trapped
charges. Such types of studies are frequently reported for
other polymers also [l75,l76]. Wintle and Sapieha [177]
have reported a method namely optical detrapping (photon
stimulated currents) to study the trap depth in polymer
films.

The outcome of such TSD studies is that the

scientists could contribute very good dielectric materials

like polyvinylidene fluoride (PVF2) which has very high
dipole moment. TSD studies of PVF2 reveal that the dipole
orientation in thin polymer is reversible [178-180]. Even»
though PAN has very high dipole moment (3.40), from the

results of TSD it is suggested that the nitrile side group
has only a slight preferred orientation in the direction
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of polarisation. Hence this material is neither piezo
electric nor pyroelectric. Thus it will be of special
interest to understand the poling mechanism of PAN and the
limitation of dipolar orientation in an electric field.
In this direction extensive work has been carried out and

reported by Stupp et al [l42,l60,l72].

1.34 Piezoelectric and pyroelectric polymer thin films

During the past few years, there is an increasing
interest in the phenomena of piezoelectricity and pyro
electricity in polymers. The pyroelectricity is associated
with the temperature dependence of remnant polarisation.
When a pyroelectric material is heated, a voltage is
developed across the specimen which is proportional to the
rate of change in temperature. In the case of piezoelectric
material the voltage across the surfaces are associated with
the stress. Although a number of polymers have been studied,

none has matched in magnitude the effects found in PVF2.
The fact that substantial piezoelectricity can be permanently

induced by suitable treatment in PVF2 was first reported by
Kawai [l8l]. Shortly thereafter, Bergman et al [182]

treated PVF2 in the same manner and demonstrated pyroelectric
behaviour also. Three crystal phases (a, B, Y) have been

reported for PVF2 of which a and 8 phases are commonly used
as piezoelectric polymer.
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Kepler [183] has reported that the origin of

pyroelectricity in PVF2 is the orientation of dipoles and
5pyroelectric coefficients are found to be ~l.25xlO” and

—2.74x1o'5 Cn/m2K for biaxially oriented films and piezo
films respectively. Based on the observations of Glass,
Oshiki and Fukada [l84,l85] it has been concluded that the

origin of the spontaneous polarisation in PVF2 is due to
dipole orientation and the orientation can be in part

reversed by an electric field. PVF2, thus shows ferro
electric behaviour also. It is perhaps wise to highlight
the fact that the particular piezoelectric and pyroelectric
properties can be quite sample-dependant in terms of both
purity, morphology and detailed processing procedure. Thus
it has become difficult to identify a specific mechanism
to explain the piezoelectric behaviour when several inter
related parameters are involved.

Pyroelectric studies of the copolymer of PAN and

PVCl2 reveal that the property is due to space charge
mechanism [l86]. The depolarisation of polyethylene tera
phthalate films under short—circuited conditions was well
studied using white light as a probe [l87]. fl representative

2K'l. Thevalue for the pyroelectric coefficient is 4nC m
pyroelectric current in PAN was also studied by Likhovidov et al
[188] and suggested that the production of electrets films



with high pyroelectric coefficient like PAN enables the
direct transformation of solar to electrical energy.

In summary, a detailed understanding of the origin
of piezoelectric and pyroelectric properties of polymers are
still lacking. Currently, work is in progress to understand
the phenomenon, to improve the performance and processing

of PVF2 and if possible to identify or even design new
materials. Recent reports indicate that efficient poling of

PVF2 can take place at room temperature by the use of Coronam
charging [l89].

1.35 Applications of polymer thin films

The polymer films are widely used for various
industrial purposes. The main advantages of polymer thin
films are that they can be prepared easily and cheaply, that
they are stable and flexible and can be moulded into any form.
Polymer films are very well in use in electronics as capaci
tors. Polystyrene capacitors are very popular in electronic
industry. After the development of n—type and p—type

polyacetylene, diodes and transistors are fabricated with
this polymer [l36,l37]. Due to its very good photosensitivity,
it can be used for solar cell applications. The electret
properties of polymer are utilised to develop different types
of devices. The applications of olectrets are based on the
piezoelectric and pyroelectric effects in polarised material.
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Among them, special importance is given to electro—acoustic
transducers utilising piezoelectric films operating in
transverse or longitudinal modes [l90,l9l]. The recent

discovery of strong piezoelectric effect in PVFQ has led
a number of significant applications of this material in
electro—aceustic and electro—chemica1 transducers. Such

transducers are very well used for underwater communications

[l92]. Composite resonators using PVF2 piezoelectric films
have been applied in acoustic transducers for generating and
detecting VHF ultrasonic waves in water. The flexibility of

PVF2 enables one to fabricate concave transducers for
focussing radiation [l93,l94]. The electret mocrophones are
generally used in loud—speakers and its advantage is that they
do not require bias voltage. Their frequency response is
superior to all other microphones. Among the research appliu
cations, such microphones are used in opto—acoustic spectro
scopy especially in connection with the detection of air
pollution [l95,l96]. The variety of applications of electret
thin films may be listed under photo—conductive image

formation [l97], Xerographic reproduction [198] and electret
motors [l99]. Similarly pyroelectric polymers are used as
optical detectors [200], and vidicon tubes [20l]. h detailed
review on the applications of polymer films is given by
Sessler and West [Z02].
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L.4O AIM RND SCOPE OF PRESENT WOdK

From the above survey it is clear that a lot of

interest is paid to PVF2 because of its appreciably good
piezoelectric and pyroelectric properties. The dipole moment

of PVF2 is 2.27D and it is reported that a better dipole
noment (3.4D) is observed in PAN. So it is natural to erpect
very high pyroelectric and piezoelectric coefficients for
PAN. From the literature it can be seen that a number of
investigations are made on PAN prepared by solution growth
technique and it is found that even with such a large dipole
noment, the charge storage capability is very small and
piezoelectric and pyroelectric coefficients are very low.
They have suggested that for such samples, the nitrile
side~group has only a slight preferred orientation. From
the above review, it can be seen that the dielectric proper
ties may be different for polymer films prepared by different
techniques. It is also important to note that the mechanism
of conduction in PAN is varied with different preparative
techniques. Hence it was thought to carry out amoredetailed
investigation in PhN prepared by a completely different
method. PAN was prepared directly from monomer by plasma

polymerisation. The specimens were subjected to TSC studies
for unpoled and poled specimens. The dielectric properties
and conduction mechanism were also investigated. The dipole
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moment is found to be very close to 3.4D. The structural
information was attempted by infrared technique and the
reaction mechanism was studied by observing the band spectra:
The results were compared with PAN prepared by other methods.

An appreciable amount of short~circuited current shown in
Al-PAN—Al is an important observation of the present

investigations of the plasma-polymerised PAN.
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CHAPTER II

METHOD OF PREPARATION OF PLASMA~POLYMERISED POLYhCRYLONITRILE

AND EXPERIMENTAL ARRANGEMENTS FOR ELECTRIChL MEnSURtMENTS

AND THICKNESS DETERMINATION

&BSTRhCT

The method of preparation of plasma-polymerised

polyacrylonitrile sandwiched by aluminium electrodes is
discussed in this chapter. Details regarding the design
of the plasma-polymerisation chamber, the vacuum coating
unit for the evaporation of aluminium electrodes and the
special chamber for electrical measurements are presented.
From the parametric studies of film growth, it is found
that the electrical energy is directly transferred to the
monomer molecules to form radicals. The methods of

thickness measurement of the polymer film and the aluminium
electrodes are also discussed.

59
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2.10 INTRODUCTION

The properties of polymers play a significant role
in the development of thin film devices due to their outstand—
ing semiconductor, piezoelectric, pyroelectric and electret
properties. It has been reported [1] that depending on the
methods of preparation, the physical and electrical properties
will vary in polymer thin films. Different methods have been
suggested to prepare polymer films; among them plasma
polymerisation is one of the popular methods on account of
the desirable qualities of thin films such as good adhesion
to substrates, pin~hole—free nature and excellent electrical
and mechanical properties [2]. Also this method is more
economical due to the optimum use of monomer, high efficiency

of polymerisation and absence of any type of catalyst.
Polymer films of many organic and organo—metallic materials
have been prepared by the glow discharge method [3].
Different techniques of preparing polymers by glow—discharge

have been discussed in the first chapter.

In the present investigation, polyacrylonitrile (PAN)
is prepared directly from its monomer vapour by low .frequency
plasma—polymerisation process. For electrical measurements,

the polymer thus formed is sandwiched by aluminium electrodes
prepared by thermal evaporation in a vacuum. A detailed
description of the polymerisation chamber, the vacuum
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evaporation unit and the vacuum cell designed for the study
of the electrical properties of insulators is presented in
the following sections.

2.20 PREPARATION OF ALUMINIUMwPOLYACRYLONITRILE~flLUMINIUM

(Al—PAN—Al) SKNDWICH STRUCTURES

2.21 The plasma—polymerisation chamber

The plasma~polymerisation chamber is schematically

shown in Fig.2.0l. It consists of mainly three parts: (1)
pumping module, (2) glow—discharge chamber and (3) monomer

feeding system. The pumping module consists of a two inch
diffusion pump D (IBP torr), liquid nitrogen trap LNT and a
baffle valve B. The baffle valve separates the pumping
module and the glow—discharge chamber. A lOO litres/min.

rotary pump (Hind High Vacuum) is connected to the diffusion

pump and the glow—discharge chamber through the diaphram

valves V2 and V1 respectively. he upper flange of the
baffle valve is coupled to the mild steel base plate P of
fourteen inches diameter. A thermocouple gauge TG which is
connected at the rotary pump side can sense the pressure of
the system upto lO-3 torr and below this pressure a Penning
gauge PG connected to the plasma—polymerisation chamber can

be used. All the vacuum connections are made by conventional
0—ring seals [4].



Fiq%2.01. Schematic diagram of plasma—polymer1sation chamber.
D - diffusion pump, LNT - liquid nitrogen trap, B — baffle
valve, R - rotary pump, V1 - diaphram valve for roughing,
V2 - diaphram vaive for backing, P a base plate,
TG — thermocouple gauge, PG - penning gauge, G — bell jar,
L - neoperene L - gasket, El and E2 - electrodes for
polymerisation, I - glass plate, Fl - high voltage vacuum
feed through, M - monomer reservoir, N - needle valve,
F2 - monomer feed through and S - sprayer.



f1.,2,0(a) High voLtage feed through Fl.
L — neoperene L—gasket, M - metal parts:
G - glass tube and O - neoperene 0—ring.

;_.‘n

to needle valve

IL -—L
|F1g.2.U2(b) The monomer food through F2.

G — glass tube, M - metal parts, 0 - neopereno
0-ring and R - neoperene gasket.
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Fig.2.02(b) Circular monomer sprayer S.



The glow—discharge chamber mainly consists of a

twelve inch bell jar G which is coupled to the base plate
using Neoperene Lugasket. Inside the discharge chamber,

two mild steel electrodes El and E2 are mounted on two
vertical metal rods as shown in Fig.2.0l. The electrode E1
is of eighteen centimeters diameter and situated twenty
centimeters above the base plate. It is directly connected
to the vertical rods such that this electrode is always

earthed. The other electrode E2 is parallel to El and
mounted one to four centimeter above the former electrodea
This electrode is of sixteen centimeters diameter and

mounted on a glass plate I using adhesives. The glass plate
is fixed on the vertical rods tightly, taking care to main

tain E2 electrically isolated. To E2, a high voltage AC
power supply is connected through a high voltage vacuum

feed—through Fl. One such vacuum feed—through designed and
fabricated for this purpose is shown in Fig.2.02(a).

As presented in Fig.2.03, the high voltage power
supply consists of a 3KV step~up transformer with 150 mu

current rating. The primary voltage is controlled by a
variac which is connected to mains (5OHz AC). Hence a

voltage upto 230V can be given to the primary of the trans»
former. One of the secondary leads is earthed and other is

connected to the isolated electrode E2 through a resistance
(1 K.«.,1ow) and a milliammeter (0-300 rrm). By adjusting
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the primary voltage, the discharge current flowing across
the electrodes can be controlled.

The monomer feeding system consists of a reservoir
in which liquid monomer is collected. On opening the stop~
cock, the monomer vapour passes through the needle valve N

(Hind High Vacuum), the vacuum feed-through F2 and gets
sprayed into the inter—electrode region. N is used for
regulating the monomer vapour flow which will optimise the

polymerisation process. The feedmthrough F2 designed for
the monomer feeding system is shown in Fig.2.02(b). For
spraying the monomer to the inter—electrode region, a jet
tube sprayer is used. In this case the monomer vapour
density is uniform only at the centre of electrodes, but
varies when it moves to the sides of the electrodes. Hence

the sprayer S is modified to a circular configuration with
equally spaced fourteen side holes as shown in Fig.2.02(b).
This sprayer has a special advantage of giving equal amount
of monomer throughout the circumference of the electrodes.
As a result, polymer film of uniform thickness is formed in
the whole area of the electrodes. A vacuum coating unit
modified for the plasmampolymerisation process is shown in
Fig.2.04.

Usually plasma-polymerisation occurs at medium

vacuum. The substrates on which the polymer has to be

prepared is placed at the centre of El. _For_initial



Fig.2.04 The pJ.asma—po1y'merisation chamber
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pumping, baffle is closed tightly and the chamber is pumped
down to 10-2 torr through V using rotary pump. Then thel
chamber is pumped down to lO"4 torr using the diffusion pump
keeping baffle valve open. with the needle valve N open, the
monomer feed—through upto the stop-cock is evacuated. Then

the voltage is applied across the electrode and a glow
discharge is formed in the inter—electrode region (Since
the electrodes are of dissimilar diameter, arcing through
the edges is minimised). The current is adjusted to 50 mm.
Initially the pressure in the system increases due to
disorption of gases from the electrodes, substrates and the
sides of the chamber. After about ten minutes, the pressure
decreases to 1054 torr. At this stage the needle valve N,

the baffle B and diaphram valve V2 are closed and the chamber

is pumped through V1 using the rotary pump. The monomer
stop—cock is opened completely and by controlling the needle
valve, the chamber is fleshed with the monomer for about
10 minutes. Now N is closed and when a pressure of lO'2 is
regained the voltage and the pressure are simultaneously
adjusted to obtain a discharge condition suitable to the
formation of a good polymer film.

2.22 Growth rate of the polymer

The rate of growth of the polymer depends on the
amount of the monomer vapour present in the chamber and
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on the current flowing across the electrodes. The amount of
monomer vapour present in the system is proportional to the
effective pressure in the polymerisation chamber. For a
constant voltage the current across the electrode depends
on the monomer vapour pressure. Hence the main parameter

for rate of growth of polymer film is the current across the
electrodes. It is also noted that a minimum voltage is
required to produce the glow-discharge and the threshold
voltage depends on the inter-electrode spacing.

To study the growth rate of the polyacrylonitrile
films, the polymer is prepared on ultrasonically cleaned
glass substrates. Initially the pressure of the monomer
vapour and duration of polymerisation are kept constant. The
thickness of polyacrylonitrile obtained by varying the
electrode current are measured by Fizeau fringes method.
In Pig.2.05, the film thicknesses of polyacrylonitrile grown
on the surface of the glass substrate are plotted against
the square of the electrode current for two different
pressures of 0.5 torr and 0.7 torr. For all the measurements,
the time duration of polymerisation is ten minutes and the
interelectrode distance is three centimeters. From the figure,
it is observed that for a constant pressure the thickness
is proportional to the square of the electrode current. As
reported earlier [5], it is also found that as the pressure
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in the system is increased, the growth rate is also increased.
Since the growth rate is proportional to the square of the
current it can be concluded that the growth rate is pro
portional to the electrical power transferred to the system.
The electrical power is directly transferred to the monomer
molecules to break the bands which have minimum binding

energy. When a voltage is applied to the electrodes, the
ions and electrons are accelerated towards the electrodes.
The accelerated ions collide with monomer molecules and due

to the impact the energy is transferred to the monomer
molecule generating the radicals of the monomer. These
radicals combine together to form a polymer chain. Certain
accelerated ions will collide with the electrodes raising
the temperature of the electrodes, thereby dissipating a
part of the energy.

2.23 Preparation of metal electrodes

For the preparation of the metal electrodes
thermal evaporation under high vacuum is used in the present
investigation. For this purpose usual designs [6] of high
vacuum coating units are adopted. The vacuum coating unit
which has been designed and fabricated for this purpose
consists of a mild steel base—plate, 6 inch diffusion pump
and 550 litre/min. rotary pump. The design of vacuum coating
.unit is presented in Fig.2.06.



fie
1

Fig.2.06. Sctmwnatix: djxmgraun of" Va(nJUU] ccu:tirvg u:yLt 1«vr "the:
evaporation of metal electrore$.
D — diffusion pump, LNT — liquid nitrogen trap,
B — baffle vaLve, PG — penning gauge, L — nwoperene
L—ga5ket, S - substrate, P — iilamont, TU — Lhermo~
couple gauge, H - rotary yump, V] ~ dldphfdm vaLve
for rauqhinq and V. — diaphram valve for backing.

cf .
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The base—plate designed for this purpose is
polished well and chromium plated. The thickness at the side
of the base-plate is 3.5 cm. as shown in Fig.2.06 a step
with 27.5 cm diameter and 2.5 cm depth is made on the base
plate. A bore of 19.5 cm diameter is made at the centre of
the plate for connecting the diffusion pump. Fourteen feed
throughs, each of 1 cm diameter, are provided on the sides
of the base-plate. High current and high voltage feed
throughs [7] are designed for the side ports. Two filament
evaporators are also provided so that they could be operated
one after the another. Two side~ports are used for the
penning and pirani gauges. The remaining ports are closed
by dummies. A 30 cm glass dome is pressure—sealed on the
base—plate using an L—gasket.

The diffusion pump is connected to the base plate
through the baffle valve and liquid nitrogen trap (LNT) as
shown in Fig.2.06. 200 cc of silicon oil (DC 704) is used
to charge the diffusion pump and the maximum pumping speed.

is 1000 litre/sec.

For efficient pumping, a 550 litre/min. rotary
pump (Toshniwal Bros.) is used in series with the diffusion
pump. This pump is also used for roughing the whole system

to lO"2 torr. As shown in the figure, V1 and V2 are two
valves used for roughing and backing the coating unit
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respectively. Without using liquid nitrogen trap, a pressure
of 5xlO'6 torr is obtained in the vacuum coating unit. The
photograph of the vacuum coating unit designed and fabricated
in this laboratory is shown in Fig.2.07.

The aluminium electrodes are evaporated thermally
using tungsten filaments. The tungsten helix is mounted
tightly on the filament holders situated at the centre of the
base plate. A high current transformer (lOV, lOO amp.) is
connected to the filament holders with high current leads
(100 amp.). The substrates are mounted horizontally fifteen
to twenty centimeters above the filament. Proper masks are
used on the substrates to achieve the necessary configuration
of aluminium films. The aluminium is evaporated at a pressure
< 5xlO"6 torr and the films are formed on cold substrates.

2.24 Preparation of aluminium—polyacrylonitrile—aluminium
sandwich structures

Most of the investigations presented in the thesis
are on aluminium—polyacrylonitrile-aluminium (Al—PAN~&l)

sandwich structures. For making sandwich samples, proper
patterns of individual films are prepared using masks to
reduce inter—electrode shorting and surface arcing.

The samples are prepared on clean glass substrates
of 75 mm x 25 mm x 1.5 m size. These glass slides are



Fig.2.07 The vacuum coating unit fabricated for evaporation
of metal electrodes
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thoroughly cleaned by different processes. At first the
substrates are cleaned under running water and soap solution
and then dipped in a freshly prepared chromic acid for five
hours to remove alkaline and other oxidising impurities.
The oxidation is promoted by warming the acid to 700C.
After this process, the substrates are washed in running
water. The surfaces of each slide are rubbed with cotton

dipped in soap solution and cleaned thoroughly with ordinary
water. These slides are cleaned in distilled water and
transferred into an ultrasonic cleaner. The microscopic
impurities are stripped off by ultrasonic agitation in water
and the process is continued for 20 minutes. After removing
from this bath, the substrates are dried slowly in a dust
free box and then transferred to vacuum coating unit.

‘For the preparation of aluminium electrode on
the specified area, proper mica masks are used. In Fig.2.08(a)
the masking of the substrates for the first electrode is
shown. By masking the substrate, an evaporated aluminium
electrode of thickness l500g and dimensions 42.5 mm x l5 mm

is prepared.” The electrode coated glass slides are now
transferred to the polymerisation chamber. The substrates
are masked as shown in Fig.2.08(b). As discussed in the
section 2.21, the polymer is allowed to grow on aluminium
coated glass slides. The specimens are allowed to remain



70

in vacuum for slow cooling and after three hours, they are
transferred to vacuum coating unit for making counter
electrodes.

For the preparation of counter aluminium electrode,
the masks are arranged as shown in Fig.2.08(c). The aluminium
is coated on the PAN film with l0 mm width and 42.5 mm

length. The Al—PAN—Al sandwich structure thus prepared are

schematically shown in Fig.2.09(a). A cr0ss—sectional View
of Al~PAN~Al is also given in Fig.2.09(b). With proper
arrangement of the masks, the effective area of the sandwich
structure becomes l cm2. After the preparation of Al—PAN~Al

sandwich structures, the samples are stored in a vacuum
desiccator. This is essential because PAN polymer is highly
water absorbing.

During polymerisation the chamber is also coated
with the polymer film. For cleaning the chamber, proper
solvents of the polymer has to be identified. PAN is
insoluble in organic acids and alkalies. But it is highly
soluble in organic solvents like ethyl alcohol, dimethyl
formamide (DMF) and acetone. Hence the polymerisation chamber
is cleaned by acetone. The electrodes are usually cleaned by
zero grade emery paper or steel wool.
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Fig.2.09. Schematic diagram of Al-PAN-Al.
(a) The top view and (b) the side View of the
specimen. 1 - glass substrate, 2 - heating
copper block, 3 - copper block for electrical
connection, 4 - inner bound aluminium electrode,
5 - PAN thin film, and 6 — outer free aluminium
electrode.
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2.30 THICKNESS MEASUREMENT

2.31 Thickness measurement of aluminium electrodes

The thickness of aluminium electrode is measured

from the mass of aluminium evaporated from the tungsten

helix. For simplicity it is considered as a point source
and hence equal amount of the material is evaporated to all
directions. In such a case, for a substrate situated far
away from the source, the thickness of the film [8] is
given by

t 2 —_??_§ (2.01)4% MR

where m the mass of the material,..F the density {in the case
of aluminium 22.7 gm/cchnd R the distance from the source to
the substrate. Actually, the filament source is not a point
source and hence the thickness measured by this method is
only approximate. However in the present case better
accuracy is not necessary. The mass of aluminium m is
measured accurately by using a chemical balance.

2.32 Thickness measurement of PAN

The thickness of the polymer film is measured by a
more accurate method. when a partially reflecting surface
is placed on a fully reflecting surface forming an air wedge
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and a monochromatic parallel beam falls on it, interference
fringes will be produced. The path difference of the beam from

E} where E is the wavelengthone minimum point to other is
of the monochromatic beam. Hence difference in height of the
air gap at adjacent minimum points is given by 3/2. If a
step is formed by the thin film whose thickness is to be
measured, the interference fringe pattern will be shifted
as shown in Fig.2.lO(a). The thickness of the film can be
measured from the fringe shift x and fringe separation y as

"X1'. = X -- (2.02)E
Y

Wiener [9] was the first person to measure the thickness
of thin films using this principle. The interference fringes
method has been developed to a remarkable degree by Tolansky

[10] and now it is accepted as an absolute standard method
for thickness measurement of thin films.

The experimental set up for the measurement of
thickness is presented in Fig.2.ll. G is the glass substrate
on which the polymer thin film is prepared with a step as
shown in Fig.2.lO(b). On this, thick aluminium coating is
made for complete reflection. A partially reflecting glass
plate is placed on the substrate to form an air wedge. A

o
mercury lamp with a green filter (546lA) form a monochromatic
source 8. Using a circular aperture A and a lens system L,
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the beam is made parallel. This beam falls on the wedge
G producing a fringe system as shown in Fig.2.lO(a). The
fringes can be clearly seen through a microscope. The
fringe separation and fringe shift can be accurately
measured with the help of a travelling microscope. On
substituting the values in eqn.(2.02) the thickness of the
film can be calculated. It is important to note that the
polymer film as well as the exposed glass surface should be
coated with the same reflecting layer in order that phase
change or reflection from the two sides of the step will be
the same.

2.40 VACUUM CHAMBER FOR ELECTRICAL MEASUREMENTS

In the case of electrical measurements of

insulator films, the current flowing through the sandwich
structure is of the order of lO'l3 - lO'l5 amps. In such
cases, the external electrical noises and surface currents
may disturb the measurements. A metallic chamber is designed
and fabricated to shield the external noises. Fig.2.l2(a)
shows the schematic diagram of the chamber used for electrical
measurements. This chamber consists of a metallic outer

tube of diameter 16 cm and height 15.5 cm which is connected
to a diffusion pump backed by a rotary pump. The top flange
of the outer tube is vacuum sealed with a metal plate of
19.5 cm diameter and l.5 cm thick having liquid nitrogen



T.

Fig.2.l2(a) Schemgtic diagram of the chamber used for

(b)

electrical measurements: 0 - outer tube,
C - liquid nitrogen cold finger, S - specimen
connnctor, F - filament, TC - iron-constantan
thermvcvuglé, SC — shielded cable.
The twp View of the specimen CnnneCtor_
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cold finger as shown in the figure. At the bottom of this
cold finger a specimen connector 8 is fixed. In between
the cold finger and specimen connector, a 60W electric
heater F is mounted to heat the specimen, if required.

As shown in the Fig.2.l2(b), the specimen connector
8 consists of two copper blocks mounted on two teflon sheets
of 3 mm thickness. These teflon sheets are fixed on a spring
loaded sliding arrangement so that proper pressure contacts
can be made with specimen electrodes and copper connectors.
An iron-constantan thermocouple is provided for the measure
ment of temperature of the specimen.

Four nylon feed-throughs are provided on the top
metal plate for electrical connections of the heater and

thermocouple. The teflon insulated leads from the copper
blocks are connected to teflon insulated shielded—cable

connectors which are mounted on the top plate. These
connectors provide proper insulation from the metal chamber.
The whole chamber is earthed properly.

(Using a diffusion pump backed by a rotary pump,
5 torr. The specimen can bethe chamber is evacuated to 10‘

kept at any desired temperature (—l93OC to 250°C) by cooling
it initially by liquid nitrogen and subsequently by control
led heating using a 60W heater. The thermocouple connected to
microvolt meter will give the temperature of the substrate.



'Fig.2.l3 A set-up for electrical measurements
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Using shielded cables, the specimens are electrically
connected to the measuring instruments. Provision is also
made to measure the pressure using a Penning gauge. With
all the precautions for electrical shielding and proper
insulation a current of the order of lO"l5 amp. was success
fully measured with an electrometer amplifier and a stabilised
power supply. The set-up is shown in Fig.2.l3,)
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CHAPTER III

STRUCTURE AND POLYMERISATION MECHANISM OF PLASMA

POLYMERISED POLYACRYLONITRILE

ABSTRACT

The structure of plasma—polymerised poly
acrylonitrile thin film was studied by the infrared
absorption spectra. A long chain planar zig-zag structure
is proposed. The emission spectra of the monomer plasma
is studied to investigate the reaction mechanism of plasma
polymerisation process. From the analysis, it is concluded
that the radical polymerisation is the most suitable
mechanism for plasma—polymerisation of acrylonitrilo. An
additional band present in all the cases is attributed to
carbonyl impurity. The visible and ultraviolet spectra of
the polymer is also presented.
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3.10 INTRODUCTION

It is well known that molecular vapours form
polymers in electrical discharges [l]. The properties of
polymers formed by electrical discharge of organic materials
have been studied extensively [2,3], but very little attention
has been given even qualitatively to their structures. some
information is available from the analysis of the discharges
of benzene [4] and certain other aromatic compounds [5]. It
has been found that a majority of the studies involving
benzene or its derivatives point to the formation of the
products through a free radical mechanism rather than ionic
mechanism. For studying the mechanism of polymerisation
process, the molecular structure of the monomer and the
polymer formed are analysed by conventional methods. The
emission spectrum of monomer vapour glow—discharge is analysed

and from the characteristic emission spectrum the intermediate
state viz., the plasma state is studied. From these data, the
mechanism of plasma—polymerisation can be interpreted.

In this chapter an attempt is made to study the
reaction mechanism suitable to the formation of polyacrylo»
nitrile (PAN) in a plasma-discharge. The probable structure
is also proposed in comparison with the spectral studies
reported earlier [6,7]. The visible and ultraviolet absorption
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spectra of the polymer thin films are also studied for
obtaining additional information on the characteristic
chromophors in PAN.

3.20 MOLECULAR STRUCTURE OF PLASMAmPOLYMERISED

POLYACRYLONITRILE

3.21 Absorption spectra of the monomer and the polymer

The infrared spectra of monomer and polymer

are recorded using Backman infrared spectrometer (I.R—20).

Acrylonitrile (BDH, Laboratory reagent) is sandwiched by
two well polished KBr crystals and introduced into the
sample compartment. The absorption spectrum is recorded
for the range 4000 cm-1 to 600 cm-1.

The polyacrylonitrile thin films are prepared
on well polished KBr crystals by plasma—polymerisation

method. By repeated experiments, it is found that the
optimum thickness of the specimen to get a good infrared
absorption spectrum is A) 4000:. In Pig.3.0l (a and c)
the infrared spectra of polymer and monomer are presented.
Initially the different absorption peaks of the monomer
are assigned in comparison with a standard spectrum [6]
and the scheme of the assignment is given in Table 3.01.
The standard spectrum used for comparing the assignment is
also shown in Fig.3.0l(b).
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Table 3.01 Band assignment for acrylonitrile
XXX;TfilocijjjIniul-#ijznflfljjtitfljj£1.:Ifi.1j#jjQna¥&CIjI¢cfl.ZjIc3$.l :0 a-nih-h—1-oBII&1¢uh¢a¢j§a1.&CIfl1-PIOIJQO

Present investigation Reported ear1ier*wave number wave number Assignmentcm'l cm'l
3100 3080 ;%L(cH2)
3060 3030 1, (CH)
3030 3010 )é(CH2)2270 t2220 LMCN)
2220

1610 1620 );(C=C)
1410 1415 Def(CH2)
1290 1300 Rk(CH)
1090 1100 Rk(CH2)
980 980 Wag(CH and CH2870 870 ;)(C—C)
690 680 H* H+

C = C
H

ijjjjfitu1?}jjISIIt-HUCJZU-D03ijjdfl1&0Zi—Qr@n.jEw=al-t$1u.n$:.—ystbxi¢nn.1Zjjjjjjjjfiujjjjjj

*Taken from references 6 and 8.

The infrared absorption spectrum of PAN is
presented in Fig.3.0l(c). In Fig.3.01(d), the infrared
spectra of two samples (i) sample prepared by silent



2920

2860

2240
2200

1650

1450

1380

reported earlier, are presented for
assignments of the PAN are given in
studies [11] and presented in Table

comparison.
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discharge [9] and (ii) sample prepared by solution growth [10]
The band

comparison with earlier
3.02.

Table 3.02 Band assignments of PAN

reference 11.

wave number

1362

1355

1310

1247

1115

1073

1015

865

778D *-"T?iTjjXjTjTC.'-Tjwijjjjj-jjjwjtiilfkbjij
*Taken from

Present investigation Reported earlier*
wave number

;,!a(CH2)

}J(CH)

2J5(CH2)

JJCCN}

.2400)

Def(CH2)

Def(CH)

Wag(CH2) +;,5(c—c)

Wag(CH2)~Def(CH)

Wag(CH)+Wag(CH2)~;é(C-C)

ljs (C——C)-Def(CH)

2/5 ('3-C)+ JJa(C-C)

Wag(CH)

Rock(CH2)

2é£§:§!£).:£9.£._.(.§t*2)jfbjjjpi
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On comparing with the spectrum of the monomer it

is found that in the present spectrum of PAN the stretching

frequencies of CH2 and CH have shifted to the lower energy
side. The two CN stretching frequencies have also shifted
by 20 cmmln A new strong band is observed at 1650 cm“l.
This band is usually found in plasma~polymerised materials
and is reported to be associated with carbonyl group [l2]¢
In the present spectrum no bands are observed in the region

1 to 600 cm"l. A similar observation has been1300 cm

reported by Hirai and Nakada [9] for PAN prepared by silent
discharge.

3.22 Structure of PAN

The structure of PAN has been studied in the

past [13] and two possibilities have been clearly indicated
viz., isotactic placement and syndiotactic placement as
shown in Fig.3.02. If an equal probability exists for the
isotactic and syndiotactic placements, the configuration is
called atactic placement. Many investigators have carried
out infrared, Xmray and Raman spectral studies for the steric

structural configuration of PAN [l4,l5]. All these investi
gations are related to polymers having stereoregular
arrangement. In all the cases a C—C stretching band is
observed in the low frequency infrared spectrum. The
plasma—polymerised PAN has not shown any band below
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Fig.3.02. The probable structure of polyacrylonitrilo.
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l3OO cm'l. In all probability, the polymer formed due to
the process is highly amorphous and the above structural
configurations are not well oriented in the polymer. {he
absence of C—C backbone frequency can only be due to the

lack of crystalline orientation. It may therefore be
generally concluded that the forming process of plasma
polymorisation is not a controlled process as compared to
solution growth resulting in the formation of amorphous
polymer which cannot be strictly classified into any of
the steric configurations. The splitting of the CN band
observed by Hirai and Nakada [9] will indicate that there
is interaction between CN groups with the same polymer
unit. In the present case the interaction is comparatively
weaker because it is between the side groups of the polymer
units randomly oriented. The infrared spectrum reported
for the silent discharge shows larger CN splitting possibly
due to the combination of two CHCN groups together (Head

to Head addition [13]). Hence, it is inferred that in the
present polymerisation method, an amorphous PAN thin film

is formed by the combination of CH2 and CHCN radicals
resulting in a long planar zig—zag chain molecule as shown
in Fig.3.02 with random orientation. The additional band
at 1650 cm"l observed in this case and also reported by
Koning and Brockes [16] for benzene polymer by plasma
discharge can be attributed to carbonyl impurity which is
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perhaps the characteristic of the gas phase discharge
method of polymerisation.

3.30 THE POLYMERISATION MECHANISM Q? ACRYLONITRILE
IN GLOW-DISCHARGE

3.31 Emission spectrum of the glow«discharge plasma

The emission spectrum of plasma is photographed

using a high resolution three prism spectrograph (Carl zeiss,
Jana, Germany). The experimental arrangement is schematia
Cally shown in Fig.3.03. The plasmawpelymerisation chamber

discussed in the section 2.22 is completely covered with
black paper. A small window (1 inch dia.) is made on the
side of the cover facing the spectrograph. At the opposite
side, an aluminium foil reflector is placed to reflect more
light towards the window. The emitted light is focussed on
the slit of the spectrograph. The collimator and the drum
of the spectrograph are adjusted to record the spectrum
in the visible and ultraviolet regions on a photographic
film.

when the monomer vapour is fed into the polym
merisation chamber and discharged, the adsorbed gases got
released. These gases are usually atmospheric gases.
Hence, to get an idea of the residual gases, initially the
spectrum of glow-discharged adsorbed gases is taken at a
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Fig.3.03. Schematic diagram of the experimental set—up
for time 3pectral.:study of ffiu3n4Low—dixmJ1aIge
plasma: 8 — spectroqraph, PC — pLasma—poly—
merisation chambel, L — lens and R — aLuminLum
foil reflector.
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pressure of lO"l torr. For the available experimental
conditions, an one hour exposure is required for obtaining
a satisfactory spectrum.

Subsequently the spectrum of the glow—discharged

monomer is taken at a pressure of l torr. The intensity of
this plasma spectrum is much higher than the previous one
and an exposure of -2130 minutes is sufficient to give a
good spectrum. For the calibration of the obtained spectra,
iron—arc spectrum is used as a standard. Thus the spectra
of the residual gases, iron-are and the monomer plasma are
recorded on a single photographic film. One such spectrum
is presented in Fig.3.04. The spectrum thus recorded is
charted by using a photodensitometer (Carl zeiss, Jena,
Germany) and is given in Fig.3.05. All the bands in the
discharge spectrum are thus identified.

From Fig.3.04, the emission spectrum of acrylo—

nitrile vapour is identified after eliminating the bands
due to residual gases by comparing with the standard
band spectra of the radicals [17]. Accordingly, the bands
and the radicals associated with it are presented in
Table 3.03.
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Fig.3.04 Spectra of glow-discharge plasma of (a) residual
gas and (b) acrylonitrile
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Table 3.03 Band assignment of plasma
iQ01Zjulfljjljjgfiactjjjijfiéjfii£1011:-—5$.njj1

Wave éongth Radical
41

3855 cm3860 CN3870 CN
CH3880 33890 9N

3895
3905
3920

3960 CH+
4050 CH2
4150
4158
41704180 C”
4200
4215

4310 to4200 C”4320 CH
4330 to4400 C“
4500 to4600 C”4830 005190 00
5260 to 46250 “N

it2jcfijijjjjutjjj--¢—jjon-:¢o:—.::1jjo-01:1-1

tljjaflij-911-33111uaijjuunoasuasjjcnfirrsqxnj:-‘$13-;u.1

assignment
$5 7’ }J.‘.'
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In the spectrum of plasma, there is no indication
of the Swan band showing the absence of a carbon—carben

radical in the system. Even after prolonged discharge, there
is no indication of the formation of carbon. also there
is no unusual increase in the pressure during discharge.
These observations are sufficient to prove that the C—H
bands are not broken during discharge. It has been reported
[18] that a many line system in the region 9500 to 55003

is the characteristic band of CH2 radical. But these bands
are unobserved possibly due to intense Red system of CN.
Hence it is inferred that in the initial process of plasma
polymerisation, the monomer molecule is dissociated into

CH2, CH and CN radicals. Moreover in the polymerisation
process, additional bands of CO radical is observed which is
neither in the residual gas discharge nor in the monomer
molecule.

3.32 Polymerisation mechanism

From the emission spectrum, the radicals CH2,
CH and CN are identified. These radicals will recombine

in such a way that the resultant system will tend to possess
minimum energy. For the formation of solid long chain
polymer molecules, the favoured combination of CN radical

is with CH radical because combination of cH2 with cm
is always a termination reaction. Hence CHCN is most probably
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an intermediate radical. Subsequently CH2 radicals and
CHCN radicals will combine either themselves or alternately
or randomly to form a linear polymer. But from the structure

of the resulting polymer, it is concluded that CH2 radical
and CHCN radical will combine alternately as shown in
Fig.3.02. Hence the radical polymerisation of acrylonitrile
can be illustrated as follows:9 . t ~;-:~

n(CH = CH—CN) ~~a n(CH:) + n(cH‘) + n(CN ) (3.o1)2

where g is the collision rate of gas ions with high energy.‘ ‘ R M
n(cH‘) + n(cN*) .~—°—9—~> n(CHCN ) (3.02)

where RC0 is the recombination rate of CH radicals with
CN radicals.

'=..'/' i
1 1a Q

n(CH:) + n(cHcN‘) ““"" (—CH2—CHCN-)n (3.03)

where ago is the recombination rate of CH: and cHcN*. The
chain molecules produced by polymerisation may be long but
are never infinite. Thus in the present case the growth of
the chain is brought to an end by a termination process
normally by any one of the three processes. In the first
process, the residual hydrogen atom in the system can combine
at the tail ends

T

(-CH2-CHCN )n -~9 CH3—CHCN — (-CH2—CHCN-) — CH -CH CNn-2 2 2
where T is the termination rate. (3°O4)
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In the other case trapped charges can combine with
the tails of the polymer. Usually this will be an unstable
system. On heating the specimen thermal degeneration is
possible. In the third case CN radical can combine at the
tail ends of the polymer. But since such a reaction indicates
structural change in the infrared spectrum, the possibility of
such a termination is deleted on comparing with standard
spectrum. Hence in most cases, for a stable system, the
termination process is associated with the addition of
hydrogen atoms. But the possibility to terminate with trapped
charges cannot be ruled out because there are evidences of
thermally stimulated short-circuited current in hl—PAN-hl due
to trapped charges and degradation of the polymer [19] on
heating the specimen. The end group analysis is the most
reliable method to understand termination reaction. with the
present experimental set up it is very difficult to confirm
this process.

In plasma-polymerisation process, since the
initiator concentration is very large, the polymer formation
is fast. Also, as discussed in chapter II, the relation of
the growth-rate with the square of the current density is a
supporting observation for radical polymerisation. This
gives an evidence for direct transfer of energy to the monomer
vapour for polymerisation. From all the available data, it
can be concluded that the formation of the polymer product
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through radical mechanism is the most appropriate mechanism
for plasma—polymerisation. Moreover, it is noted that in
the formation process CO radical is formed as an impurity
(Table 3.03). Also from the infrared spectra of polymer
(Fig.3.0lc), it is found that this CD impurity is combined
with the polymer to form an additional side group. This Go
impurity may originate from the decomposition of the monomer

molecule and is commonly found in plasma—polymerisation

process [12].

3.40 ULTR&VIOLET AND VISIBLE SPECTRA OF PQLYACRYLJNITRILE

The coloured substances owe their colour to the

presence of one or more unsaturated linkages. The linkages
or groups conferring colour to a substance are called
chromophors. Usually the effect of chromophors is studied
by the absorption spectra of the material. a preliminary
result of the absorption spectra of polyacrylonitrile in the0 0
range of QQOQA to 9uJon is presented in this section.

3.41 Experimental method

The polyacrylonitrile thin films are first
prepared on glass slides and they are scraped out from the
substrates. This polymer powder is then dissolved in ethyl
alcohol and absorption spectrum of the solution is taken
in a visible and ultraviolet spectrograph (Hitachi 22¢).
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Another identical cell with solvent ethyl alcohol is put as
o

compensator. The absorption spectrum in the region 2QuuA to
o

90008 for PAN dissolved in ethyl alcohol is shown in Fig.3.U6.

The experiment is also conducted with PAN films.

PAN films are prepared on quartz substrates and visible and
ultraviolet absorption spectra are taken with similar
substrates as compensators. The thickness of the film is
adjusted so that very little change in absorption is observed
on further reducing the thickness. Such a spectrum is shown

o
in Fig.3.07 (Thickness of PAN is azldooh).

3.42 Visible and ultraviolet spectrum of PAN

In Fig.3.Q6, the visible and ultraviolet spectrum
of a solution of PAN in ethyl alcohol is shown. In the
spectrum two strong and broad peaks are observed, one witho _ 0
}max = 2100A and the other with fimax = 2400A. But in the
case of polymer film, the absorption band is more bread. as
shown in Fig.3.Q7, the absorption starts from the wavelengtho o
76OJA and all the wavelengths below 37JoA is completely
absorbed.

3.43 Absorption band in PAN

Usually solvent ethyl alcohol shows a sharp
0

absorption peak at 21005 [20]. Since sufficient compensation,
is given to the system, and since the observed band is broad
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o

the possibility of an absorption band at 2lddA due to the
solvent can be deleted. From the earlier data [21], the
absorption spectra of acrylonitrile dissolved in ethyl

0
alcohol is at 2 = 2l5JA and that of a carbonyl group

Tnaé

is at ;AmaX = 2140 A. Due to the interaction of CN and the
impurity CD a splitting of the absorption band may be
possible. For macromolecules like polymers, the existence
of highly localised excitons are possible which dominate the
absorption threshold with the broad energy bands indicated by
the periodic structure of the polymer [22]. Hence the
broadening of absorption peak of acrylonitrile indicates
that a long polymer chain is formed with a periodic structure
of the monomer.

In the case of PAN thin films, all the molecules
are closely packed and are amorphous in nature. Hence the
broadening of the band is still larger. The formation of
different types of exciton levels and trap levels develop
a number of energy levels in the amorphous solid as illustra~
ted by Pohl [22]. To get the complete information of the
electronic transitions, further investigations are necessary.
From the present results it is concluded that a polymer is
formed in the process of glow—discharge with a broad absorptio
band. A carbonyl group also exists with the polymer chain
which may be the cause for the band splitting.
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CHAPTER IV

THERMALLY STIMULaTED SHORT—CIuCUITED CURAENT IN PLASMA~

POLYMERISED POLYACRYLOHITRILE

ABSTRACT

An appreciable amount of thermally stimulated
short-circuited current is observed during heating and
cooling between 30°C and l60°C from unpoled plasma—poly—

merised polyacrylonitrile thin film sandwiched by
aluminium electrodes. The observed current is attributed‘
to the space charges accumulated at the vicinity of the
outer electrode producing a charge gradient towards the
inner. The disorientation of dipoles also contributes to
the thermally stimulated current. The temperature acti~
vation energy of 1.4 ev indicates that charges are formed
from the covalent bond of the carbon atoms. An additional

current is also developed which is associated with the
electrodes of dissimilar thicknesses. Observations are
made by the application of low fields and the relative
magnitudes of the various components are discussed.

95



96

4.10 INTRODUCTION

Extensive studies have been reported on the
short—circuited current of poled [1-4] and unpoled [l,5—7]
polymers to obtain information about the behaviour of
trapped charges and dipole relaxation process. Thermo—
electric and electromechanical effects have also been

studied in detail on a variety of polymers [6,7]. It is
understood from the thermally stimulated depolarisation
current (TSD) studies of polyvinylidene fluoride that the
dipole orientation in this polymer is reversible [8—lO].
The existence of large piezoelectric and pyroelectric
coefficients have extended its application to transducers
[ll] and thermal sensors [12]. All the interesting properties
of polyvinylidene fluoride originate from the preferential
orientation of the dipoles.

Polyacrylonitrile (PAN), which has been investi
gated here in detail, also possesses a permanent dipole
moment and is expected to show similar electrical properties
[1]. The TSD current spectrum of PAN shows three different
peaks, centered around 90°C, 145°C and 190°C and these peaks

are characterised by various physical techniques. They are
due to loss of preferred orientation of dipoles, the onset
of chain segmental mobility ionic diffusion, and solvent
diffusion [4,13]. Trapped space charges and residual
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solvent molecules also contribute to a broad and strong
peak [1] at the vicinity of 195°C. These peaks are
suppressed on repeated heating cycles. Persistent polari~
sation due to stretching has also been reported [14]. The
structural and dipolar properties of the polymers are known
to depend on the history of the material, namely, method
of polymerisation, stretching details and poling param
meters. Considering the increased application of polymers
as electrets in recent years, it is felt important to
undertake an extensive investigation on the shortacircuited
current in plasma-polymerised PAN thin films. As a part
of the studies, the short-circuited current for the tempera
ture range 3OOC to l6OOC on PAN films of different thick
nesses using aluminium electrodes, is reported here.

4.20 EXPERIMENTAL

All the measurements are made on plasma

polymerised PAN films sandwiched by vacuum deposited

aluminium electrodes. Initially. known amount of
aluminium is evaporated in a vacuum and is deposited on
ultrasonically cleaned glass slides. PAN thin film is
now deposited on the electrode coated glass slide by
plasma—polymerisation method. This substrate is trans
ferred to the high vacuum unit and the thermally evaporated
outer free electrode is prepared. The details of
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preparation of Al—PAN—Al sandwich specimen have been

discussed in section 2.24. The sandwich structure thus

prepared for shortwcircuited current studies are schemati
cally shown in Fig.2.G9 (a and b). For the thickness
measurement of the polymer film separate samples are
prepared simultaneously with the specimen and Fizeau
fringes method is adopted. The details of Fizeau fringes
method are discussed in section 2.32. From the mass of

the aluminium taken for evaporation, the thickness of
electrodes are estimated.

4.21 Thermally stimulated short—circuited current
measurement

The Al-PAN-Al sandwich specimen is transferred

to a specially designed chamber which is kept at a pressure
of lO"3 torr. The description of conductivity chamber has
been given in section 2.40. Proper electrical connections
are made using copper block pressure contacts. For the
present investigations, one of the electrodesis connected

to the Electrometer amplifier (ECIL«EA»8l5) while the other
is earthed. The electrical Connections for the measurement

of short—circuited current is shown in Fig.4.0l. Before
making the thermally stimulated short—circuited Current
.measurements, the short-circuited specimen is heated in
vacuum to 16000 at the rate of 1°C/min. maintained for one
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hour and then cooled to room temperature at the same rate
for removing condensed monomer vapours and charges, if any.

Each specimen is subjected to heating and cooling before
final readings are recorded. In general, it is observed
that logarithmic short-circuited current against temperature
curve during the first heating and cooling operation is
very much different from the subsequent curves. However
these subsequent readings show only very small changes
among themselves. The readings reported here are for the
second heating and cooling operation. The short—circuited
current for different specimens of Al»PAN»Al is recorded
for the temperature range 30°C - 16000.

4.22 Parameters controlling the short—circuited current

From the preliminary investigations, it is found
that the important parameters on which the short-circuited
current depends are the film thickness of the inner bound
and outer free electrodes and the range of temperature.
From the observations on the direction of the short—circuited

current, it is possible to classify the specimens into
two groups (1) specimens for which the outer free electrode
is thicker than the inner (2) specimen for which the inner
bound electrode is thicker than the outer. The investigations
presented here are mainly centered on the magnitude and
direction of short~circuited current as a function of electrode
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thickness and temperature. In the present study, effort is
not given to correlate the thickness of PAN thin film with
short-circuited current. Different specimens with thicknesseso o
ranging from 700A to l5OOA are presented to illustrate the
validity of the observed effect. Special effort is not

o

taken to study the specimens having thicknesses below 700$
because most of them are short-circuited on heating.

4.23 Thermally stimulated current in low applied fields

In order to have a better insight into the
mechanism of shortucircuited current, particularly to
illustrate the current reversibility when two exponentially
varying currents are added vecterially, the potential of
the outer free electrode is raised by an external voltage
and the resulting thermally stimulated current is studied.
For such studies, the positive terminal of the external
voltage source is given to the outer free electrode and the
negative terminal is earthed. The electrometer amplifier is
connected to the inner bound electrode (Fig.4.02). The
current flowing through the sandwich structure is recorded
for heating and cooling processes. The investigations are
also made by increasing the field across the specimen.

4.30 RESULTS OF THE EXPERIMENTS

From the initial results, it is clearly understood
that two main mechanisms drive the process of short—circuited
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current. Depending on the relative thicknesses of the inner
bound electrode or outer free electrode the direction of the

current generated due to one mechanism is reversed while
the direction of current due to other is maintained. These
processes are classified and explained to understand the
mechanism. For specimens with the inner bound electrode
thicker than the outer free electrode, it is found that the
current is flowing from the outer free electrode to the inner
bound one in the external circuit when inner bound electrode

is thicker. In Fig.4.03, the short—circuited current when
the electrometer is connected to the outer electrode (u)
and also when the electrometer is connected to inner

electrode (8) is recorded against temperature. The current
is recorded for every alternate intervals of temperature
on heating and cooling processes. The symmetric curves A
and B ensure that the short-circuited current is a bulk
process of the material rather than a surface process.
Unlike the reversible pyroelectric materials [8], on the
cooling cycle, the direction of the current is not reversed,
but log J vs. T curve retained the same form with a decrease
of one to two orders of magnitude forming a closed loop as
shown in Fig.4.03. In Fig.4.04, the short—circuited
current against temperature for Al—PAN—&l films when the

inner bound electrode is thicker, is presented for various
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thicknesses of PAN. The short—circuited current on heating
and cooling forms a closed loop.

when the outer free electrode is thicker than the
inner bound electrode, the current flows from the inner
bound electrode to the outer free electrode at the initial
temperatures and reverses at elevated temperature. In
Fig.4.05, logarithmic short—circuited current is plotted
against temperature for a specimen whose outer free electrode
is thicker. In the.heating cycle, the current is increased
exponentially upto 6000 and then decreased sharply. The
current is reversed at 75°C. In the figure, the short
circuited current is recorded against temperature when the
electrometer is connected to outer free electrode (A) and
also when the same is connected to the inner bound electrode

(B). In the process of cooling the short—circuited current
decreases exponentially with temperature. Unlike the
heating cycle, in this case, the current reversal is
observed only at the vicinity of the room temperature.
The symmetric variation of curves n and B indicates that
the observed short-circuited current is a bulk process of
the_material rather than the surface process. In Fig.4.06
the short-circuited current of Al—PAN~Al with the outer
free electrode thicker for different thicknesses of PAN

is plotted against temperature in the heating and the
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cooling cycles. It can be seen from the figure that the
current variation in the heating and cooling processes
form a closed loop.

4.31 Effect of application of field across the specimen

In order to have a better insight into this
anomalous process of current reversibility, the potential
of the outer free electrode is raised in the positive
direction for those samples which do not show a current
reversibility on heating. In Fig.4.07, (A) the typical
results when the potential of the outer electrode is

4 V/cm in the punraised to produce a mean field of 3 x lo
is presented. On heating, the current initially increases
and reaches a maximum at about 60°C. On further heating,
the current drops sharply and at about 70°C the direction
of short-circuited current reverses. In the cooling cycle,
the current drops exponentially and at about 65°C, the
direction of the current again reverses. It reaches a
maximum at 60°C and decreases to room temperature current.

One of the notable features is that the low temperature
current peaks, one on heating and the other on cooling,
show a difference in magnitude of two orders. For comparison,
the short—circuited current of nl~PnN»nl specimen with
thicker outer free electrode is also plotted in the figure
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(Fig.4.07, Q). It can be observed that on heating, the
two samples show identical curves while on cooling, the
curves are different.

It is important to study the variation of current
with temperature at higher fields. By applying higher
fields, the current reversibility as shown in Fig.4.07 is
not observed till 160°C, but on cooling the current abruptly
goes to the negative side and decreases on cooling. A
typical Plot is shown in Fig.4.08 when the potential of the

4 V/Cmouter electrode is raised to produce a field of 5 x lo
across the PAN film. In the figure 3-8 shows the current
variation on heating and B~C gives the current reversal
on cooling. On further cooling the current decreases and
at D it reverses as shown in figure. ut room temperature,
it again reaches A. But when the specimen is heated again
from the point D, Fig.4.08, B-C-D form a closed cycle and
the loop is repeated on heating and cooling from 7500 to
160°C.

4.40 DISCUSSION

The origin of shortmcircuited current in M-I-M.
structures is described elsewhere [6,7]. On the contact of
the polymer with a metal, the electrons are usually
transferred between the polymer and metal mainly because of
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the difference in the work functions, which will in turn
bend the conduction band due to the space—charges. If the
work functions are temperature dependent, a transient
current flows in the external circuit which depends on
the rate of change of temperature [6]. also an electrou
chemical current will be produced [7] when the temperature
of the system is increased. For all the above observations,
the two electrodes are to be of different metals and hence

they may not be applicable to nl—PAN~nl. However, even
with electrodes of the same metal a thermo-electric current
is possible, the magnitude of which in the present investi
gation will be very small as compared to the observed
current and can also be neglected. It may be inferred
from the behaviour of the thermally stimulated current,
that the unreacted monomer vapours are not contributing
to the observed current. The thermally stimulated depola
risation current peaks observed by Comstock et al [l] at
95°C and 185°C and attributed to the dipole orientations
and residual charges might have been superposed on the

large space-charge current generated from Al—PAN—al

specimen.

4.41 Thermally released space—charge induced current

Several processes contribute to the thermally
stimulated current in insulators. Immobilised and
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thermally released space—charges produce a thermally
stimulated current in insulators. In polar insulators
the disorder of the dipoles may also contribute a thermally
stimulated current. The possible mechanism that explains
the observed thermally stimulated current is outlined
below by taking into consideration the magnitude and the
direction of the short~circuited current. From the
direction of the current shown in Figs.4.03 and 4.04, the
observed short-circuited current is not due to the surface
Charges but associated with the bulk of the polymer film.
Hence whatever changes found in the electrometer connected
to one electrode is observed in the other one as a mirror
image. Hence from the direction of the current, it may be
inferred that the trapped negative charge density is
maximum at the vicinity of the outer electrode. Due to
the irradiation of electrons and ions having the energy
of the order of l Kev, shallow trapped holes and electrons
are possibly formed in the specimen enhancing the condu
ctivity of the system. The space-charge field in the
specimen may orient the polar side group—CN towards the

outer electrode [1]. when the specimen is short—circuited,
charge migration of the space~charges and the disorientation
of dipoles develop a current in the external circuit. At
room temperature, the relaxation time is very large and
trap modulated mobility is very small. as charges move
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in the system, they may either get trapped again or recombine
with the opposite charges. The blocking of electrons by
aluminium electrodes may prevent the motion of the charge
carriers from the electrodes to the insulator so that
recombination of charges is minimum. As mobility and
relaxation time vary exponentially with temperature, the

thermally stimulated short—circuited current increases
exponentially as shown in Figs.4.03 and 4.04. The steady
exponential increase of current with temperature indicates
that the relaxation time of the permanent dipoles and
spaceucharges are widely distributed in plasma—polymerised

PAN as it has been reported for styrene [15]. The re

appearance of current on repeating the experiment shows j
that only a part of the charge is untrapped on heating.
Thus it is plausible to assume that thermally stimulated
short—circuited current mainly arises from the untrapping
and conduction of real charges in plasma polymerised PAN.
However, the contribution from the disorientation of the
dipoles is not to be ignored. As the specimen is cooled,
the decrease in current of one to two orders may be an
indication to the reversible polarisation of the dipoles
at a lower rate explaining the closed loop as shown in
the figure.
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4.42 The short—circuited current induced by electrodes
of dissimilar thicknesses

From Figs.4.05 and 4.06 it is observed that the
thickness of the inner bound electrode and outer free

electrode develop an additional contribution to the observed
short~circuited current. For thermally stimulated current
studies the specimens are heated by specially designed
copper blocks mounted symmetrically at the ends of the
substrates. The heating is therefore due to the conduction
along the length of the filmso The thickness of aluminium
electrodes and, to a lesser degree, the thickness of the
PAN with much smaller thermal conductivity therefore
control the quantity of heat conducted. Thus, the polymer
film sandwiched by the two electrodes of dissimilar thick
nesses when heated with copper blocks develop a temperature
gradient across the film with thicker electrode always
at a higher temperature. The average heating and cooling
rate is maintained at 1°C/min. Since the cooling takes
place by radiation, the temperature gradient across the
film on cooling is relatively very small with inner
electrode always at a higher temperature and the disorder
exhibited by the specimen during thermally stimulated
current studies is not significant. Hence in the sandwich
system a temperature gradient will be developed during the
process of heating and this temperature gradient may
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develop an additional component to the short-circuited
current [lo]. The mobility and detrapping of the electrons
are increased in the region of the thicker outer electrode
which has a larger concentration of trapped electrons. But
the temperature in the region of the inner bound electrode
will be less. Hence, mobility of the charge carriers in
that region will be small. The activated electrons at the
vicinity of the outer free electrode move from the outer
free electrode to the inner one giving a current in the
external circuit. Also due to the large expansion coeffi
cient of aluminium electrodes, the RAN surface which has
a lower expansion coefficient might have been strained on
heating. It is reported that as the PAN film is strained,
the dipoles formed due to the nitrile side group may rotate
inducing a charge on the surface [1]. Thus in Al-PAN~Al as

the temperature is increased, the observed current of CE(%§)
can be considered to be a function of the temperature
gradient and the surface strain. Within the specimen the
charges migrate towards the inner bound electrode resulting

in a current of magnitude CD which is an exponential function
of temperature. Hence the total electron current C is

given by C = CD - CE(%§). At the initial temperatures,
CE(%%) will be predominant and hence the net electron
current will be from the outer free electrode to the inner
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one in the external circuit producing a peak current
density of 5xlO'9u/cm2 at 6500. as the temperature

increases CD predominates and the direction of current
reverses as seen in the Figs.4.05 and 4.06. On the
contrary, when the inner bound electrode is thicker, the

magnitude of CE(%§) will be very small due to low concen~
tration of trapped electrons at the vicinity of the inner
electrode and the resulting current will be approximately

CD. Hence, as seen before, there is no current maximum
at the initial temperatures. If the positive charges were
trapped in the vicinity of the inner electrode, the direction

of CE(%%) would have been opposite to CD and the current
would have been reversed when the inner electrode is

thicker. Hence in plasma—polymerised PAN, the negative

charge gradient with a maximum at the outer electrode can
explain the observed thermally stimulated current. It can
also be inferred that there are no positive charges trapped
at the inner bound electrode.

4.43 Vector addition of short—circuited currents due
to trapped charges and due to electrodes of
nonidentical thicknesses

To test the vector addition of CD and cE(§§
in the thermogram of the specimen whose outer free electrode
is thicker, a current is generated using external sources
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in place of CE(%%) in a sample whose inner bound electrode
is thicker. For that, a field of 3x104 V/cm is applied on
the outer thinner electrode to oppose the current due to
the trapped charges. when the potential of the MeI~M
structure is raised, an ohmic current C,2_and a polarisation

current Cp due to the motion of space charges and orient»
ation of dipoles will be developed in the direction of the
field [17,18]. For a system with a thinner outer free

electrode, CE(%§) will be very small compared to CD. Hence
the total current C towards the direction of the field is

given by C = C.re + Cp — CD. As the temperature increases,
all the contributions to the observed current increases

and at the temperature of 70°C, CD dominates and the
direction of the total current reverses as shown in the
Fig.4.07. In the cooling cycle the polarisation current

Cp will be zero because the specimen is poled with maximum
amount of dipoles and space charges. Hence the total

current will be C = C;x. - CD. At about 650C, C«rL becomes
relatively large and the direction of the current will be
towards the field. Hence the low temperature peak in the
cooling process is less by two orders than the one in the

heating cycle which may be due to the absence of Cp. On
comparing Fig. 4.07(A) and Fig.4.0'7(O ), it is clear that
the current reversibility is due to the additional contri
bution of short-circuited current which is in the opposite
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direction of C and in the case of Pig.-4.07(O ), it isD

explained on the basis of a temperature gradient due to
the electrodes of dissimilar thicknesses and a trapped
charge accumulation at the vicinity of outer electrodes
In the cooling cycle of the specimen with thicker outer

free electrode, only CD will be predominant at higher
temperatures while at the vicinity of room temperature
the current due to reversible polarisation will be
slightly higher. Hence Fig.4.07 (0) shows a current
reversal at the vicinity of room temperature in the cooling
cycle. The decrement of short-circuited current by one to
two orders may be an indication of revarsable polarisa
tion which leads to a short—circuited current in the next

heating cycle.

when higher potential is applied to the specimen
whose outer free electrode is thinner, the thermogram
obtained (Fig.4.08) is different from what is observed
before. when the potential of outer thinner electrode
is raised to produce a field of 5x104 V/Cm, the current C
will be towards the field (Fig.4.08, 5-8). In this case
C4; + C is field dependent and hence very large. AtP

higher temperatures, thermally stimulated charges are
formed and move in the field resulting in a sharp increase
in current above 120°C. The current due to the space—charges
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as well as reorientation of dipoles is given by Gore
Sawa et al [7] asl ”- dT d .

up = %¥ 3 %% where 3 = an ant 3% is the change

in dielectric constant with temperature. For plasma
polymerised PAN the quantities in the above expression

are positive on heating while Cp becomes negative on
cooling. Thus on cooling, the direction of the total
current C reverses (Fig.4.08, B+C). On further cooling,
at about 7500, the ohmic current C.fL dominates showing
a current reversal as seen in Fig.4.08;(D). It is also
found that the point D shifts on changing the applied
field. When the applied field is of the order of lo5v/cm,

the C :_ and CD are appreciably large and hence the
influence of CD is unobserved. In such cases the current
reversal is not observed. At low fields the cyclic nature
of the current with temperature may be due to the to and
fro motion of space charges and the reorientation of
dipoles. Since this process is repeatable, it can be
assumed that the recombination rate of space charges is
very small.

4.44 Energy levels of trapped charges

The temperature activation energy is calculated

to be.n;l.4 eV from the-expression leg J = C — ET using
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the low temperature tail of the shortncircuited current [l9]
shown in Figs.4.03 and 4.04. It is in good agreement with
the energy required to create charge carriers in a
structure consisting principally of C~C bonds [20]. Hence
it is clear that trap levels are situated at ,4 1.4 eV
below conduction band. From the absorption spectra of PAN

discussed in chapter III, it is found that the absorption
band starts from the frequency close to the above energy
level (1.7 ev). Hence it is clear that the absorption
takes place at the trap centers. It is concluded that
negative charges are trapped at the covalent bonds of the
carbon atoms most probably in the termination process and
released on heating.

4.50 ORIGIN OF SHORT-CIRCUITED CURRENT

The short—circuited current generated from
plasma—polymerised unpoled Al~PAN~hl sandwich system may

originate from the accumulation of negative trapped charges
in the vicinity of the outer electrode and the preferential
orientation of dipoles due to the rotation of —CN side
groups towards the outer electrode. The electrons are
trapped at the tail ends of the polymer chain and they form
a negatively charged molecule of charge e(""). From the
behaviour of the current, it is inferred that the degree
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of polymerisation will be maximum near the inner electrode
and minimum near the outer. Hence the electrons may trap
at different levels in the process of plasma polymerisation
with a maximum of trapped charges at the outer electrode
producing a gradient towards the inner. The space charge
gradient might have been due to the decrease in the
pressure in the vacuum chamber in the process of polymeri
sation. From the study of the additional current produced
due to nonuniform heating as well as the surface strain
of the specimen, it is inferred that no positive charges
are trapped at the vicinity of inner electrode. Since the
activation energy is we 1.4 eV, it is concluded that the
charges are formed from the covalent bond of the carbon
atoms and this supports the formation of electrons from
the tail ends of the molecules. These types of sandwich
systems can store a large amount of negative charges and
can be used as electrets and thermal current sources.
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CHAPTER V

THERMALLY STIMULATED DEPOLARISATION CURRENT IN POLED

PLASMA—POLYMERISED POLYACRYLONITRILE

ABSTRACT

Results on the depolarisation and thermally
stimulated short-circuited currents obtained from

plasma—polymerised polyacrylonitrile are presented in
detail by varying the magnitude and direction of the
polarisation field. A low temperature thermally
stimulated current peak is observed and analysed on
the basis of a uniform polarisation associated with
the orientation of the dipoles, migration of charges
and injection of electrons from the electrode to
polymer. The depolarisation kinetic parameters are

calculated by initial rise method. It is observed
that there is no permanent polarisation below a field
of 6.2xlO4 V/cm and at high field polarisation, some
local structure is developed which limits the depola
risation current.
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5.10 INTRODUCTION

Thermally stimulated depolarisation (TSD) current
analyses give detailed information on the mechanism of charge
storage in electrets. In poled polymer electrets, usually
two peaks are observed, one below (§—transition) and the
other above (a—transition) the glass transition temperature
[l—3]. The a—transition is due to relaxation of trapped
charges while fi—transiti0n is associated with movement of
side groups around the equilibrium position where large scale
confirmational rearrangement on the main chain is frozen.
In poled polyacrylonitrile (PAN), two peaks, one at 90°C
and the other at 1800C, are reported for normal polarising
voltages [1,4]. At higher polarising voltages the peak at
90°C is suppressed and additional peak appears at 150°C to
l6OOC [l]. The glass transition temperature, though not well
defined for PAN, is proposed to be at 140°C [1]. A spurious
emission of short—circuited current due to chemical degra
dation on heating has also been reported for PAN by Stupp
and Carr [5]. Large thermally stimulated currents due to
compositional inhomogeneity have been observed in P&N and

discussed in the previous chapter. The high dipole moment
and large thermally stimulated currents of PAN enhance its
suitability as an electret. The studies reported so far on
PAN are made using chemically processed material. Considering
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the increased industrial applications of polar electrets
in recent years, a detailed study on the charge storage
mechanism of poled paw formed by plasma—polymerisation is

considered to be important and has been undertaken.

5.20 EXPfiRIMENTAL PROCEDURE

All the measurements are made on plasma

polymerised PAN thin films sandwiched by aluminium electrodes.

The polymerisation of acrylonitrile (BDH, Laboratory reagent)
is carried out in a glow-discharge chamber. Weighed amount
of aluminium is pre- and post—evaporated for the purpose
of electrical contacts. The details of preparation of
&l—PAN-Al sandwich specimens are discussed in the section

2.24. The sandwich structures thus prepared for short
circuited current measurements are schematically shown in
Fig.2.09(a and b). For the present investigations,
importance is given to the T30 current of poled PAN and

o
hence identical aluminium electrodes of thickness 1500A
is prepared for all specimens. For the thickness measure
ment of the polymer films, identical films are prepared
at the same time on separate substrates and the thickness
is measured by Fizeau fringes.
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5.21 Thermally stimulated depolarisation current
measurements

Al—PAN—Al specimens thus prepared are transferred

to the conductivity chamber and evacuated to lO'3 torr.
Using copper pressure contacts, connection leads are taken
out. As shown in Fig.5.0l, the leads are short~circuited
through an electrometer amplifier (ECIL, EA—8l5). The

electrometer is normally connected to inner bound electrode
while the other end of the electrometer is always earthed.
The outer free electrode is connected to a switch (single
polo double thI0W) such that in case (i) the electrode is
directly earthed and in case (ii) it is connected to the
negative voltage with the positive being earthed. Before
making thermally stimulated current measurements, the short
circuited specimens are heated to 1600C at a rate of lOC/min.
The samples are maintained at that temperature for one hour
-and then cooled to room temperature at the same rate. This
heating and cooling process is done in order to remove

the condensed monomer and trapped charges. This is repeated
for three or four times until a steady negative current is
observed in the electrometer when connected to the inner

bound electrode. The short—circuited current of the unpoled
specimen is already discussed in the previous chapter. From
those studies it is inferred that when the outer free
electrode is thicker, an additional contribution of
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Fig.5.06.
Fig.5.0l. The electrical connections for polarisation andshort-circuited current measurements: IB — inner

bound electrode, OF - outer free electrode,
EM - electrometer amplifier and S - single pole
double throw switch with (1) electrode is directly
earthed and (ii) the electrode is connected to the
voltage source.

F1g.5.02. Schematic representation of poling process.
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shortucircuited current is to be included. Hence to make
the investigation easier, in the present investigations,
both electrodes are prepared with the same thickness so
that the contribution due to dissimilar electrode is
eliminated.

5.22 Experimental method for poling the specimen

As discussed in the introduction, during the
process of poling, the dipoles in the material attain a
preferred orientation and the charges migrate to one side

depending upon the poling voltage Vp. For this purpose,
the specimen is heated to a higher temperature Tp, above
the transition temperature and the poling voltage Vp is
applied across the specimen. The relaxation time of dipoles

are quite small at Tp and they turn towards the applied
voltage. The charges also accumulate to one direction
depending upon the sign of the charges. To assure a complete

poling with voltage Vb, the specimen is maintained for one
hour at Tp, and then cooled to room temperature at the rate
of 1°C/min. When the specimen is cooled to room temperature,
it is short~circuited through the electrometer amplifier.
The connections used for the poling process and for the
short-circuited studies are shown in Fig.5.0l. In Fig.5.02,
the variation of temperature with time and the application
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of field in the poling process are diegramatically
represented. The scheme of the dipolar motion in the
sample corresponding to the physical situation is also
shown.

5.23 Parameters controlling the depolarisation current

From the initial experiments, it is observed
that the depolarisation current mainly depends on the
direction and magnitude of the poling voltage. For example,
when the poling voltage is applied to the specimen with
the positive terminal connected to the outer free electrode
and after poling, the depolarisation current is measured
with electrometer connected to the inner bound electrode,
no well resolved depolarisation characteristics are observed.
On the contrary, when the voltage source is connected to
the specimen with positive bias given to inner bound
electrode and electrometer connected to the same electrode,
in the depolarisation current measurements, a well resolved
peak is observed. It is also found that depending on the
direction of the poling field, the magnitude of the depola
risation peak changes. It is strange to note that a minimum
field is necessary for the occurrence of polarisation in
the Al—PAN—Al specimen. Hence, a detailed study of the

TSD current as a function of the poling voltage is reported
here.



124

For poling the specimen, there are certain
experimental limitations. The specimens are permanently
destroyed for a temperature above 13506 on poling even

DC for all polariwith 10 volts. Hence Tp is chosen as 135
sation voltages (Vp< l0-volts). To study the effect of Tp
a second temperature of 8500 is chosen as an intermediate
temperature. In certain cases, depolarisation current is
analysed by reversing the direction of the poling field.

5.30 THEOEY OF THERMALLY STIMULnTED DEPOLARIS&TION
CURRENT

Due to thermally stimulated depolarisation
process, the dipoles that are aligned by the poling field
will disorient randomly at a rate proportional to the number
of dipoles aligned. The depolarisation will therefore decay
according to the Debye rate equation

9‘—§§Li) —.~ --oc(T)P(t) (5.01)

where a(T) is the relaxation frequency at a temperature T.
As the polarisation P is a function of both temperature and

time, the current density J(T) and total polarisation PO
can be related [6] by the equation

TB

P0 =  J(T)dT (5.02)o
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where B is the rate of heating g% and TB is the temperature
at which J(TB) 2 0. To is the temperature at which the
depolarisation starts. From the above equation, a convenient
expression [6-9] for TSD current density can be written as

7 T
J(T) = P0 a(T)exp(- §~%’a(T)dT) (5.o3)0

As the glass transition temperature Tg for PAN is proposed
to be around 14000 [1], for temperature below this, the
relaxation frequency a(T) can be represented by Arrhenius
relaxation function [8].

-4.‘ K Ta(T) = do 0 %/ (5-O4)
where A is the activation energy, k is the Boltzmann

constant and a0 is the relaxation frequency at absolute
)zero. Hence for the maximum current J(TmaX

dJ(Tmax)
'*_—7TT_" 2

Equating the differential of eqn.(5.03) to zero we have

dJ T) d y 1 T —A/kT ‘
dT = POaO3f[exP(* ff — 3» £ aoe dT)] — 0o

(5.05)
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Hence A 1 -171 _--==---- = 7:: C1 GXp[-=~.  (5.06)p O
Then oc(T 3 ; :  <s.ov>
where Twax is the temperature at which J(T) is amaximum.

1 T
At low temperature B-f a(T)dT being small, the exponentialT

O

can be considered as unity [6]. Differentiating eqn.(5.04)
with respect to l/T, one obtains

-1 "'1E7-E‘-7-.1-.-)-[ln J(T)] = -E (5.08)

from which the activation energy can be calculated.

In order to obtain the information regarding the
mechanism of polarisation in PAN, the orientational aspects
of dipoles are to be considered. In PAN, the contribution
to the dipole moment is mainly due to the nitrile side group
and if one considers the nitrile side group as immersed
in a nonpolar medium, the equilibrium polarisation at the
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polarising temperature Tp is given by Langevin equation
[9,10]

N p2E *po = E (5.09)
3kT

P

.wher6 N is the number of dipoles per unit volume, p is the

dipole moment and E; is the effective field across the
specimen. But when the influence of the local field is
also considered, an expression for Pm in a polarisable»’

medium can be written as [ll]

NgEp P2P0 =-— O [a + 1 . ] (5.10)
(1 -1-4 1 1-05) 3kTa3 (+ - 3 P8.36 28 -l ‘ 2_

where g: ° ,y =.....?..._.... and ..2—=£L—£= 425°:2€O+l (2gD+ 1)e sa3 n2+1 ”

Ebis the dielectric constant of the material, 5 the
permittivity of free space and a the polarisability. In
the case of PAN, since the polarisation is due to the
orientational motion by rotation of nitrile side group and
because the atomic polarisability a can be taken to the zero
in the system, the total polarisation is given by a more
simple equation

NP’ 350PO-—-t >3kT. 25 +1 P130
,—..1

(5.11)
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Thus, if one knows the dipole moment of the

material, the total polarisation PO can be determined from
eqn.(5.ll). The total polarisation can also be calculated
from eqn.(5.02). In the present work, the theoretically
predicted and experimentally observed values for polarisation
are compared. Thus the possible mechanism for the charge
storage in M~I—M structures can be explained with the

additional help of other related studies.

5.40 RESULTS

5.41 ~Depolarisation currents in poled and unpoled
4"-‘Ll-= P.'¥;I\l-—; xl

Fig.5.03 shows the plots of logarithmic short~
circuited current vs. temperature for unpoled and poled
Al—P&N—Al specimen (thickness of PAH = 3350:) with the
electrometer connected to inner bound electrode. A shortm

circuited current is always found in unpoled PRN as shown
in Fig.5.03(0 ). This temperature dependent short-circuited
current is inherent in the material and it is designated as

a spontaneous short—circuited current (lsp).

When the specimen is poled with a negative inner
electrode and positive outer electrode, no well resolved
depolarisation peaks are observed in the short-circuited
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Fig.5.03. Thermally stimulated logarithmic current vs.
temperature for All-PAN-Al films (thickness of0
PAN = 3350A). Polarised at 135°C,-are shown.
Ois the curve for unpoled specimen and ‘
and o are for films polarised by 10V and 2V‘
respectively with the inner electrode
positive. Ais the curve for the specimen
polarised by 10V with the outer electrode
positive.
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current as shown in Fig.5.03([§) (Vp = lOV and Tp = 1350C).
In this case the spontaneous current;(Iq9 and depolarisation
current (Idp) are in the same direction. On reversing the
poling voltage, ie., when the specimen is poled with
positive inner electrode and negative outer electrode, a
well resolved peak is observed in the short—circuited

current (P;Lg.5.o3,A) (vp .—. lOV and Tp = 135°C). Since
this current peak is a field induced one, the main contri»
bution to this peak can only be from the depolarisation
current. It is also found that when the poling voltage

Vp is reduced, the height of the depolarisation peak is
also decreased and finally at a poling voltage of 2V, the
depolarisation current peak completely disappears. In
Fig.5.03(()) the depolarisation current is shown when the

poling voltage Vp is 2V and Tp is l35OC. Below this
voltage, there is no indication of the existence of the
depolarisation current.

5.42 Variation of depolarisation current peaks with
polarisation voltages

The depolarisation current is analysed by plotting
the discharge current as a function of temperature for
different polarising voltages. Fig.5.04(a,b and c) shows
the depolarisation current spectra for a polarising

temperature Tp = 135°C and polarising voltages VP 2 5V,
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Fig.5.04 Thermally stimulated current vs. tempesature
for Al-PAN-Al (thickness of PAN = 3350A)
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and c respegtively for a polarising temperature of 135 C. The TSC is shown a d and e
for a polarising temperature of 85 C whenspecimen is polarised by 7V with the inner
eéectrade and the outer electrode respectivelypositive.
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7V and lOV respectively. The current maximum; Jmqx, isC.

observed at 750C for all the three curves. The Jm ofex

each peak is 5.4xlO*llA/cm2, 8.8xlO”lln/cmz and

l.4xlO"lOA cm2 respectively.

5.43 Shift in the current peak with poling temperature

It is found that when the paling temperature Tp
is decreased, the depolarisation current peak is shifted
to lower temperature. It is also found (Fig.5.04,b) that
the depolarisation current peak is observed at 750C, when

the poling temperature Tp is l35OC. But when Tp is
decreased to 85°C, the TSD peak is shifted to 52°C.
Fig.5.04(d) shows such a shift in depolarisation current.

It can also be observed that Jma is reduced to 6.8xlO"llA/cm2.X

5.44 Variation in current maximum with the direction
of poling

Under the same conditions of poling temperature

Tp, when the poling voltage is reversed, (ie., when the
specimen is poled with positive inner bound electrode and
negative outer free electrode and also with the electrometer
connected to positive electrode) a well resolved peak is
clearly observed. The magnitude of J is appreciablymax

increased while Tmax will be still at 52°C. The TSD peaks
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in Fig.5.04(d and e) show the increase in the magnitude of

Jmax when the poling voltage is reversed, The Jmax is found
to be 6.8xlO"llA/cm2 for the peak in Fig.5.04(d) and
increases to l.65xlO"lOA/cm2 for the other peak in
Fig.5.04(e),

5.50 MECH&NISM OF DEPOL$RISATION CURRENT

It has already been reported that the thermally
stimulated short—circuited current generated from unpoled
PAN is due to chemical degradation [5] and compositional
inhomogeneity which has been already discussed in the previous
chapter. However, for the poled specimen, the total depola
risation current will be the vector sum of the spontaneous

current (lsp) and depolarisation current (Idp). When the
specimen is poled with the negative inner electrode and
positive outer electrode, no well resolved peak is observed
for short—circuited current and may be due to the fact that

“the (lsp) and (Idp) are in the same direction. But when the
Vp is reversed but with the electrometer connected to the
inner electrode, a well resolved peak is observed in the
depolarisation current. Since the short—circuited current
peak is a field induced one, the main contribution to the

peak can only be from the depolarisation current (Idp).
From Fig.5.03 (Aandt), it can also be inferred that (I )?"\

Stu!

and (Idp)are of the same order of magnitude but with (Idp)
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larger than (lsp) during the initial stages of heating.
Hence, parametric variations in the poling process should
show characteristic variation of the depolarisation peak
in the Fig.5.03(A) and this in turn can offer new inform-==
ation regarding the poling mechanism. The disappearance of

TSD peak below the Vp = 2V may be due to two reasons
(i) the existence of an internal built in field within the
specimen which opposes the applied field and (ii) the

magnitude of (Idp) is less than the (ISP) at all temperatures
resulting in a current in the direction of (lsp). Stupp
and Carr [5] have already reported that thermally generated
charges will be formed in PAN due to chemical degradation
of the material. On poling the sandwich structure, the
charges will migrate over a microscopic distance. also
the accumulated charges will develop an internal builtmin
field within the specimen which in turn restricts the
orientation of dipoles. Hence there should be a threshold
field below which the polarisation due to the orientation
of dipoles is not observed. Also for higher fields, the
magnitude of the orientation is lesser than what is expected
theoretically. In the case of depolarisation, the dipoles
and the migrated charges will normally retrace to their
original position. But some amount will be discharged in

the direction of (IS ). It may also reduce the effect ofP

depolarisation current due to dipoles when the poling



ymagnitude of (lsp) is higher than the magnitude of (I

voltage is below the threshold voltage. In such cases, the

dp) at
any temperature. Among the two mechanisms, it is very
difficult to identify which is predominant. But it is
hoped that from the analysis of depolarisation current,
certain information about the mechanism of charge storage
can be obtained.

5.51 Depolarisation current analysis

The TSD peaks can be analysed by calculating the

total polarisation Po, the relaxation frequency at Tmax
ie., a(T ) and the activation energy A. As the depolamax

risation current satisfies the equation (5.03), the acti
vation energy can be calculated by the initial rise method.
In Fig.S.O5, the logarithmic current of the initial portion
of the peak is plotted against the reciprocal of the tempera
ture in absolute unit for all the peaks and found to be
a straight line. From the slope of the straight lines and
using eqn.(5.08) the activation energy is calculated. From

the activation energy, the relaxation frequency e(TmaX) can
be calculated with the Knowledge of other parameters in
eqn.(5.07). The area bound by each peak is calculated
from graphical measurements and by using proper unit

T
, B

conversions, J J(T)dT can be obtained. The total
To
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polarisation PO is straightaway calculated from eqn.(5.03).
The depolarisation kinetic data, namely the calculated
values of activation energy A, the relaxation time

Tmax = ETTi~—j- and total polarisation PO for all themax

curves Fig.5Lula,b,c,d and e) are presented in Table 5.0l.
From the table, the general nature of the peak can be
understood.

5.52 The variation of Jmax and P0 with Ep

when Jmax and P0 are plotted against Vp for the
curves in Fig.5.04 (a,b and c), it is found that the
variation is linear (Fig.5.06, I and II). The linearity

of Jmax and P0 with Vp (or Ep) satisfy the eqn.(5.03 and
5.11). This suggests that the polarisation is uniform and
is due to the dipolar orientation or migration of charges
over microscopic distances [9]. A TSD peak observed in
PAN [1,4] at 90°C (T = 130°C) has been interpreted as the
B—transition and is due to the relaxation of the nitrile
side group. The peak at 7500 has an average calculated
activation energy of 0.81 eV. Usually TSD peaks formed
due to the reorientation of dipoles in high molecular
weight polymers have an activation energy of the order
of 0.4 eV [l2]. A high value of activation energy of
0.81 eV shows that the TSD peak is not only due to the
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reorientation of aligned dipoles but also due to some other
mechanism. But since the maximum current corresponding to the

peak and the charge associated with it increase linearly with

fip, it can be inferred that the additional contribution may
be associaced with the migration of charges through a microm
scopic distance. In PAN, the dipoles are due to —CN side
group and the charges are formed due to thermal degradation
and these two together develop a depolarisation current
peak in Al-PAN—Al structures.

It is interesting to note that in Fig.5.06, (I and
II) JmaX as well as PO coincide on the Y-axis when the poling
voltage is =w/2.1V. The absence of a well resolved peak
in Fig.5.0l, which is already discussed earlier, supports
the above observation. These two observations indicate that
a threshold voltage is necessary to pole the Al»PAN—Al
specimen. Thus the existence of an internal builtain field

and an additional contribution to (Isp) create a reduction
in the depolarisation current. Hence the effective pola

risation field can be taken as E; = Epi 6.2xlO4 V/cm
where 6.2xl04 V/cm is the virtual drop in the poling field.

5.53 Effect of Tp on the discharge current
On comparing the TSD peaks Fig.5.04(b and d) it

is found that Tmax is shifted to a lower temperature when

IP is reduced from 135°C to 85°C. Such a shift in TSD peak
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has been reported earlier [3]. As the Tp is lowered, the
activation energy is also reduced to 0.48 ev. This indicates
that the dipolar orientation and charge migration still
occur even with reduced polarisation temperature. Hence,
there exists dipoles or charges having relaxation frequencies

which will fit with Tp and tp and they can actively take
part in the process of polarisation. as reported earlier [2]
depending on the order of polymerisation, the relaxation
time of the dipoles will vary widely. In the present case,

since Tm is shifted with TO, it can be concluded that inax

plasmaupolymerised PAN, the order of polymerisation is
widely distributed. In PAN, when the order of polymerisation
is increased, the size of the molecule is also increased.
Hence, in the poling process, the energy required for dipole
alignment will be normally increased. When the order of
polymerisation is low, the dipoles will reach a stable
position with applied voltage even at lower temperatures.

The reduction of Tmax when Tp is reduced, indicates the
occurrence of dipoles of lower relaxation time. The thermally
generated charges formed in the system is generally of widely
distributed relaxation time. Hence it can be inferred that
the dipoles in the polymer as well as the thermally generated
charges are of widely distributed relaxation time. If dipoles
are of distributed relaxation time, the order of polymerisation
in PAN is also widely distributed.
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5.54 Effect of poling direction on polarisation

It is found that the total polarisation associated
with the specimen poled at 85°C is o.os7 ec cm‘2. But the

total polarisation P0 of the peak {Fig.5.04,e) is calculated
to be 0.228 uC cm-2. This means that when the direction
of poling field is reversed, the charge stored in the
polymer is increased appreciably. This indicates that
along with the orientation of dipoles, the injection of
homo-charges through contact electrodes also contribute
to the total polarisation. The amount of injected homo
charges are heavily controlled by the work-function of
inner and outer surfaces of the polymer. When the workm
function is different, the contact potential barrier will
be different. Hence when the direction of the poling
field is reversed, the contribution of the injected charges
will vary which will in effect change the total polarisation.

It has been already discussed that in plasma
polymerised PAN, the order of polymerisation is different
due to compositional inhomogeneity. In that case, the
order of polymerisation is maximum at the vicinity of
inner bound electrode. If the electrons are trapped at
the tail ends of the polymer molecule, the density of
electrons will be maximum at the vicinity of outer bound
electrode. On poling with a negative outer free electrode,



139

further negative charges may not be injected from that
electrode. The injection of positive charges at the inner
bound electrode may be negligibly small. In such a case,
the orientation of dipoles along the direction of the field
and the microscopic displacement of the charges may form a

major contribution to the total polarisation PO. Hence this
will give a TSD peak Fig.5.04(d). On reversing the poling
field, the negative charges may be injected through the
inner bound electrode. In this case also, the possibility
of injection of the positive charges will be feeble. The
positive charges if injected at the outer electrode will be
neutralised by the trapped charges. The possibility of
positive charge injection cannot be completely ruled out.
The observed characteristics can be explained by the above
described model.

Thus the additional contribution of the injected
charges may promote the resulting polarisation when the
specimen is poled with the positive outer free electrode.
The model with the trapped charges and hence a difference
in contact potential at the two surfaces explains the
observed increase in polarisation on reversing the poling
field. The trapped charges may also develop an internal
field in the specimen which is one of the supporting reasons
for the observation in Fig.5.03,( ) and 5.06.
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5.55 Origin of polarisation

From the linear variation of J and P, withmax o
poling voltage (Fig.5.06), it is clear that upto a poling

5 V cm-l (the maximum poling field appliedfield of 2.38xlO

in the present investigation), the polarisation is uniform.
As reported by Pillai [9] uniform polarisation is due to
dipolar orientation and/or charge migration over microscopic
distances. If it is assumed that the polarisation is due
to dipoles only, the upper bound to polarisation arising
from the preferentially oriented nitrile side group in
PAN [l0] is l4.8uC cm“2. Assuming the density of plasma
polymerised PAN to be l.l8 gm cm"3, the number of monomer

units per unit volume is calculated to be l.34xlO22cm'3.
The acrylonitrile molecule contains only one ~CN side group
and this side group is responsible for the dipole moment
in the polymer. Hence the number of dipoles contained in
unit volume of the material is also l.34xlO22cm—3. From the

upper bound to polarisation, the dipole moment is calculated
27as l.lxlO" C cm (3.4D). From the peaks in Fig.5.04(a,b and c),

if the corresponding values of Eé and T0 are substituted inI

eqn.5.ll, one may expect a total polarisation of O.l25pC cm"2,
2

O.208pC cm" and O.337pC cm"2 respectively ( 30: l +’x = 33
where ”X is taken as 32 for PAN [4] at 13000). But the
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total polarisation PO calculated experimentally (Table 5.01)
is lower than the theoretically predicted value. This
suggests that the nitrile side-groups have only a slight
preferred orientation in the direction of polarisation.
The use of birefringence [4] and infrared dichroism studies
[13] have confirmed this low level of nitrile side group
orientation. It is well established that the amount of

dipolar orientation developed is relatively small and
therefore contributes a very small (less than 1%) portion
to the total electrical polarisation [10]. Testing of the
theoretical prediction in PAN reveals that some local
structure must be developed by the polarised state. For
strongly polarised specimens, the original structure will
be regained only at very high temperatures [lo]. Hence in
the TSD studies of PAN, only a part of the polarisation is
released at normal ranges of temperature. This causes a
reduction of depolarisation current contributed by dipoles
when compared with the theoretically predicted values.
Also, since the thermally stimulated spontaneous current

(Isp) opposes the depolarisation current the peaks are
suppressed uniformly and hence the characteristic nature
of uniform depolarisation is shown. Due to these reasons,
it is concluded that the depolarisation current originates
from the dipole orientation and displacement of charges
through microscopic distances. But it is also concluded
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that the injected charges can also contribute additionally
to the total polarisation if the interface potential barrier
permits the charges to pass through.

5.60 DEPOL&RISATION CURflENT IN PAN

In plasma—polymerised Al—PnN—Al, a low temperature

current peak is observed on paling the specimen whereas such
a peak is absent for the unpoled specimen. The linear

increase in P0 and Jm with Vp shows that the polarisationl
ax

and this linearityis uniform upto a field of 2.38xlO5 V cm‘
is in agreement with the theory. It is concluded that the
origin of polarisation is mainly due to the orientation of
the dipoles associated with —CN side group and migration of
charges through microscopic distances. an additional
contribution due to the injection of charges may occur.
From a comparison of the experimentally calculated total
polarisation with that of the theoretically predicted, it
is concluded that some local structure must be developed
by the polarised state when high field polarisation occurred.
It is revealed that the electrons are trapped at the vicinity
of the outer electrode due to compositional inhomogeneity
resulting in a field of na6.2xlO4 V/cm across the specimen.
The polarisation current characteristics below this field
has been discussed in the previous chapter and it is clear
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that polarisation current on heating and cooling flow in
different directions. Hence there is no permanent polo»
risation at low fields (<6.2xlO4 V/cm). The activation
energy, relaxation time at peak temperatures and total
polarisation are calculated and presentei.
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CHAPTER VI

DIELECTRIC PROPERTIES RND ELECTRICAL CONDUCTION OF"

PLASMA—POLYMERISED POLYACRYLONITRILE

AB STL“-MOT

Extensive studies have been made on the

dielectric behaviour of plasmo—polymerised PAN. From

the variation of temperature coefficient of dielectric
constant, it is concluded that the dipoles are associa
ted with widely distributed relaxation times. The
frequency response of dielectric constant and loss
factor are studied in detail and the structure combi

nation of Al-PAN~al sandwich is enalysed. From the
conductivity studies, it is concluded that the mechanism
of conduction process obeys Poole-Frenkel effect and the
Poole-Frunkel coefficient is calculated to be
~3.4x1..f'15osu.
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6 . 10 INTRODUCTION

In the previous chapter it is reported that
plasma—polymerised PAN forms highly polymeric electret with
good charge storage capability. Since this polymer is a
good polar insulator, it is necessary to study the dielectric
properties. The dielectric properties of chemically processed
bulk PAN [1] and PAN formed by silent electric discharge [2]
have been already reported. It has been reported [3,4] that
the dielectric properties of plasma-polymerised polymers are
different from that of chemically processed ones. It is also
reported [4] that the temperature coefficient of dielectric
constant (22) of a normal polystyrene film is negative,
while it is positive for p1asma—polymerised styrene. Hence
in the present investigation importance is given to the
variation of the temperature coefficient of g; of plasma
polymerised PAN with temperature which will give the nature
of the relaxation of dipoles in the polymer unit. Also, the
variation of 2: and dielectric loss are studied at various
frequencies. The structure combination of nl—Ferrocene—Al

[5] is analysed with the help of standard characteristics of
non~Debye capacitor [6]. Hence to understand the performance
as a capacitor, the frequency response of dielectric constant
and loss factor of Al~P$N—nl capacitor are studied and the
structure combination is analysed.
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For insulator films, it is well known that the
current obeys Ohm's law at low fields. The high field
conduction, for example, is due_to space charge limited
currents [7,8], Schottky emission [9], or Poole»Frenkel
effect [lO]s It has been reported that the high field
conduction mechanism in plasmaupolymerised styrene is due

to Poole—Frenkel effect [10] whereas that in solution grown
PAN thin film is Schottky emission [9]. A detailed study
of the high field conduction mechanism of glow—discharged
PAN has been made by Hirai and Nakada [2] and they concluded
that the main mechanism is Poole—Frenkel conduction. Hence

in the present work, only a few typical samples are studied
and the results are compared with published work [2].

6.20 EXPERIMENTAL PROCEDURE

The PAN is prepared directly from acrylonitrile
vapour. The Al—PAN—Al sandwich structures are made as

discussed earlier. Thus parallel plate capacitors of
effective area of 1 cm2 are prepared (Fig.2.09 a and b).

o
For all the samples the aluminium electrodes are of l5OOA
thickness.

6.21 Capacitance measurement of Al—PaN—nl

fil—PAN—Al samples thus prepared are transferred to

the conductivity chamber and evacuated to lO”3 torr. Using
copper pressure_contacts, the connection leads are taken out.
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First, the two electrodes are shorted externally and the
specimen is heated to l50oC to remove moisture and stray
charges. It is then cooled to room temperature and the
capacitance is measured using a Universal bridge (Radart
5104). To measure the capacitance of the specimens at
different temperatures, the built—in oscillator (l KHZ) of
the universal bridge is used. In the present investigations
all the specimens are heated only to ru llOOC because from
the initial experiments, it is found that no additional
information is possible at higher temperatures.

The variation of capacitance and loss factor with
frequency are studied using the same Universal bridge. An
external audio frequency generator (systronicsrtype lOll) is
connected to the bridge and the measurements are made by
varying the frequency. Since the working frequency range
of the Universal bridge is 2OHz to 3OKHz, all the experiments
are limited to this frequency range.

6.22 Measurements of current—voltage characteristics

The pre—heated specimen in the evacuated condu

ctivity chamber is connected to a DC power supply and the
electrometer amplifier (ECIL~fiA—8l5) as shown in Fig.6.0l.

The DC voltage is continuously varied using a potential
divider system. The voltage across the specimen is measured



Fig.6.0l. Connection for conductivity measurements:
IB - inner bound nleatrode, OF — outer flee
electrofie, EM — ejactrometer, P - potentin~
meter (1 Meg ohm) and Rx — refiistances (I M“; uhm).
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using a VTVM (Unitec—VV0l5). The current through the specimen

is accurately measured in the electrometer. The maximum field
given across the specimen is about l.5xl06 V/cm above which
the specimen is damaged or shorted at room temperature.

6.30 _RESULTS

6.31 Variation of capacitance with temperature

The capacitance of Al-PAN-Al sandwich specimen

is increased when the temperature of the system is raised.
The variation of the capacitance of different specimens on
increasing the temperature is shown in Fig.6.02. The capa
citance is recorded only upto 105°C above which no additional
notable features are observed. From a large number of
samples, only three samples of thicknesses t = 39003, 31702

e
and 18203 are presented in the figure.

From the value of the capacitance the dielectric
constant can be calculated from the expression

8AC — W OSU (6.01)
If capacitance C is in Farads, effective area A in cm2 and
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thickness t in cm, then

1"‘ V
8 = 4not x 9 n 10 w esuit

: -""="'  '-' OSU
8.85 X lO R

In Fig.6.03, the dielectric constant of each
specimen is plotted against temperature. In the figure it
is found that for all samples, the dielectric constant
increases linearly with temperature upto 7000 and after—
wards sharply. Another important feature is that when the
thickness of the specimen increases, the dielectric
constant ( 5) decreases whereas theoretically the 5 remains
constant for all the thicknesses of the dielectric. In
Fig.6.04, the s is plotted against the thickness of the PAN.
The variation of s with thickness is nonlinear. At lower
thicknesses, the variation of 5; with thickness is higher and
when it goes to the higher thickness region, the trend is
to attain a constant value for 5.

To explain the nature of the variation of s: with
temperature, the temperature coefficient of E: is plotted
against the temperature. Since the temperature coefficient

of 5 is proportional to-%%, the nature of variation of the
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temperature coefficient of 8 with temperature can be

studied from g% vs. T plot. The g? for different tempera
tures is calculated from Fig.6.0{5 by taking the slope at

different temperatures and g% is plotted against the
respective temperatures as shown in Fig.6.05. From the
figure, it is clear that the temperature coefficient of e

is positive at all the temperatures. It is found that g%
is invariant upto 700C and then increases nonlinearly.
There is only a negligible variation of the magnitude of

%%-with thickness of the sample but the variation of g;
with temperature is identical for all the samples.

6.32 Variation of dielectric constant with frequency

The usefulness of a capacitor is always decided
by the frequency response of the capacitor. also from the
frequency response of the capacitor, the equivalent circuit
of the capacitor can be analysed. In Pig.6.06, the
capacitance of Al~PAN—Al is plotted against logarithmic
frequency for two samples (t = 31703 and 18203) within a
frequency range of 2OHz to lOKHz, showing very little
variation of capacitance. But above lOKHz, the capacitance
gradually decreases by 10 to 15 percent for all the samples.
The variation is identical for all the specimens. In
Fig.6.07, the s of P&N is plotted against logarithmic
frequency. As mentioned in the last part, the 5 decreases
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when thickness of PnN increases. Upto lOKHz, there is no
notable variation in 8 ‘with frequency, but above lOKHz,
the 8 drops appreciably for all the samples.

6.33 Variation of loss factor with frequency

To obtain information on the relaxation of dipoles,
the study of variation of loss factor (tan 5) with frequency
is essential. In Fig.o.O8, tan 6 is plotted against the
logarithmic frequency. For different specimens, tanI5 is
nearly of the same magnitude. Eventhough different samples
show small changes of tan 6 with frequency, these changes
are appreciably small and are within experimental errors.
All the changes of ten 6 are negligibly small upto lOKHz
while a sharp drop is observed above lOKHz.

6.40 DISCUSSION

The glow-discharged polystyrene thin films have
many different electrical and physical properties (ie.
relative dielectric constant, dielectric loss, flexibility
and solubility) in comparison with ordinary polystyrene [ll].
The general dependence of dielectric constant with tempera
ture and dependence of e and tan 6 with frequency for the
plasma-polymerised PAN is quite similar to other plasma

polymerisedWp_0,lymers [4,6] at first sight. But the special
features of the dielectric properties of plasma-polymerised
PAN need special attention.
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6.41 Temperature coefficient of dielectric constant

It has been reported [3,4] that temperature
coefficient of e of normal polystyrene thin films are
different from those prepared by glowadischarge polymeri
sation. In the former case, temperature coefficient of 5
is negative. Differentiating the Clausiusumossotti
formula with respect to temperature, one obtains

(e- 1)(e+2)(__ __ av)Qfl-~10)

Hence, the expansion of volume with increase in temperature
leads to a negative temperature coefficient of 5. For the
latter case, the widely distributed relaxation time is the
main reason for the positive temperature coefficient.

t is well established that the dipoles in PAN
are associated with the —CN side—greup. From the Fig.6.05,

it is found that g; is positive for all temperatures
studied. Hence the temperature coefficient of e is also
positive. In the case of plasma—polymerised PAN also the
process is associated with dipoles of widely distributed
relaxation time. When the temperature is raised_while

measuring‘ 5, the dipole orientation occurs, because the
relaxation time depends upon the temperature as

T = To exp A/kT. Hence the number of dipoles which can
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orient increases with temperature and the temperature
Coefficient ofs. is positive. In the figure, upto 7006

%%-is constant. This may indicate that the number of
dipoles which can associate with 51 increases linearly

in the polymer. In chapter V, from TSD studies it is
concluded that in plasma—polymerised PAN, the dipoles are

widely distributed. The dielectric measurements also support
the existence of dipoles with widely distributed relaxation
time.

A nonlinear increase in §% above 7000 shows that
some other mechanism is also associated with the value of s.

It is reported that the thermally generated charges will be
formed on heating PHN due to chemical degradation [12].
These charges may also contribute to the observed 5.
In chapter III, a nonlinear increase in short—circuited
current is observed on heating Al~PAN~Al sandwich structures.
These thermally generated charges increase sharply with
temperature. Hence it can be concluded that above 7000,
the major contribution to e is thermally generated charges
while below 7000 the permanent dipoles in pan is associated
with the 5.

6.42 Variation of dielectric constant with thickness

From Fig.6.04, it is clearly found that the
of PAN is decreased with increase in the thickness of the
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polymer. This would clearly indicate that the effective
dipole moment of PAN is decreased. The film thickness of
the sample is increased with deposition time. Therefore,
depending upon the thickness, the structure of the film is
slightly altered during the deposition. In the process of
plasma—polymerisation, the electrons/ions formed due to
high voltage discharge, collide on the surface of the polymer
film. Due to the bombardment of these charges, the structure
of the polymer will be changed. There is a possibility of
high degree of cross-linking in the polymer due to high
energy bombardment of charges. The decrease in 5 due to
the increase in thickness is due to larger cross-linking.

o
For very thick films (>4000A) a constant value of 5 is
obtained indicating that no further structural changes are
taking place due to ion bombardment. At the initial stages
of polymerisation, the rate of structural changes is very
high and hence the decrease in E is very sharp with
thickness as shown in the figure.

6.43 The analysis of Al-PAN~&l capacitor

From the Figs.6.06, 6.07 and 6.08, it is clear
that the frequency response of the Al«P5N~hl capacitor is
flat upto lOKHz. But above lOKHz, e and tanfii decreases
by l0 to 15 percent for all the specimens. Since same amount
of decrease is found in all the specimens at all conditions,
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it is suspected that this drop is due to the inaccuracy of
the instrument at the extreme frequency limit. Hence it is
not meaningful to explain the drop of g and tanC> in;the
range lOKHz to 3OKHz before understanding the variatién at
higher frequencies.

To analyse the capacitor, usually Cole4Cole
plot is initially made. In Cole-Cole plot, the rdal part
of the dielectric constant 6 is plotted along X-axis while
imaginary part 5” along Y—axis. For hat, the 5' and 54'
are calculated from the observed dielectric constant ls*Ig

3* = 5' - 15" (6.04)
2 .2 2‘e*| 2 a + £5’ (6.05)

we have *3’ ~ tan 6 (’ 0"C4 E” * O9 0/
Hence ]e:*|2 2 sé’(l + tan 5) (6.07)

Since tan<5 is found to be <<l then Is*{:1£e‘, 5” can be
calculated from Eqn.(6.06).

In Fig.6.09, the imaginary part of dielectric
constant €"is plotted against the real part of the
dielectric constant 5' for the full range of frequency
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(Cole—Cole plot). It can be seen from the figure that the
Cole~Cale plot does not lead te any semicircular are or
even a segment of an are over the frequency range. One of
the possible reasons is that the dielectric material may
not be similar to that assumed in the Debye analysis. This
means that the capacitor Al—PAN—fil do not follow Debye

assumptions. Another possibility is that the frequency
range may not be sufficient to form the arc.

Recently Jenscher [13] has reported a different
method of analysing the dielectric data and the above said
method is applicable to a wide range of solid dielectric
materials like inorganic, organic, polymeric, ionic and
electronic which show deviations and irregularities in the
commonly expected Cole—Cole plot. For explaining this,

Jonscher had assumed a non~Debye material i.e., a material
which shows a frequency independent ratio of energy stored
to energy lost per cycle and necessarily show the frequency

n—ldependence as w for both the real and imaginary parts
of the dielectric constant, sf

It is customary, however, to represent the
dielectric data as a plot of s‘and s" in complex-conjugate
sfeplane (Cole—Cole plot). Jonscher has proposed that when
the experimentally available data do not agree with Cole—Cole
plot, the representation of the data in terms of complex
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admittance (Y) and complex impedance (Z), may help in

interpreting the obtained data.
are defined as

The quantities Y and Z

Y(m) = Kiezamm) = GO(w) + imCp(w) (6.08)

Z(w) = W — its 0)) -- wCS\w (éo 9)

By equation 8* 0») e’ (w) — is9'(w).H

Here Y = Complex admittance
= Complex impedance

5* 2 Complex permittivity

w = Angular frequency = 2nf

Gp 2 Effective parallel conductance

Cp = Effective parallel capacitance

R8 = Effective series resistance

CS 2 Effective series resistance

K = Geometric constant = érea of parallelThickness

plate capacitor under consideration.

In the case of the inhomogeneous material,

considered as consisting of a relatively conducting bulk
layer in series with a relatively insulating barrier
layer, Z* representation favours while for the inhomogeneous
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material assumed to have a parallel leakage conductance
with a perfect capacitance together with a negligible
series resistance, Y representation may be a more suitable
one. with the above consideration Jonscher has given a
possible nature of plots in each plane for differen combi
nations of ideal resistance R with non-Debye capacitance,

To compare our experimental results with the
predicted results of Jonscher [6], the data obtained for

PAN is to be expressed in terms of Gp, Cp, Rs and CS.
The values are calculated with the help of the following
expressions.R _ e" (6.10)3 " 2 2

Kg_)(€i +81: )

mg ... ._...:%....l....... (6.11)8 Kg) 12 H(8 + E )

GD 2 Kws" (6.l2)
1

wCp = Kws' (6.13)
The dielectric data obtained from the experiment

are now presented in terms of Y — plot (wcp against GP)
in Fig.6.lO and Z* - plot(6%~ against RS) in Fig.6.ll. Since

0

all the specimens give identical results, only one typical
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Fig.6.10. The wC is plotted against GP for PAN of
thickness 31702.
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Pig.6.11. ;é- is plotted aglinst as for BAN ofthickness 3170K. 
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plot is presented. From Fig.6.lO and Fig.6.ll, it can be
seen that for all specimens a linear relationship is
established as expected. In comparison with the relation
ship observed earlier [6], it can be shown that Y and Z“
curves are similar to those expected for a Jonscher
capacitor without any parallel or series combination of
ideal resistance in the circuit.

Further, the frequency dependence of |Yi and |Z|
in the empirical relation is given by

(DC = at} = {icon (6. l4)
P

wCS S 2A(a + l)

where a and A are constants.

The plots of wcp, Gp, 5%; and RS against w on
log~log scale enable one to determine the value of n.

Typical plots of log wcp vs. log f, log Gp vs. log f,
log 6%— vs. log f and log Rs vs. log f are shown in Fig.6.l2.
From tie figure, it is found that all the plots give a
linear relationship with the frequency. The slope of all
the straight lines are calculated and found to be unity
with proper signs. This indicates that there will not exist
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any additional frequency dependent circuit element except
the test capacitor. From the information gathered from
Fig.6.lO, Fig.6.ll and Fig.6.l2, it can be concluded that,
for the audio frequency range, the Al-PnNnhl exists as a
non—Debye capacitor (Jenscher capacitor) without any

parallel or series resonance components virtually connected
to it.

6.50 DIELECTRIC BEHAVIOUR OF Al-PAN—hl

Eventhough the present dataare not sufficient
to provide any clear information regarding the resonance
circuit components of Al-PAN—Al and dipole relaxation of
the material, the existing information have given certain
conclusions. It is clear that the frequency range of 2OHz
to 3OKHz is not sufficient to analyse the relaxation
mechanism of polymer films. From the temperature dependence
of the dielectric constant, it is clear that the temperature
coefficient of e is positive and is due to widely distriw
buted relaxation time. Above 70°C, the contribution of
thermally generated charges is predominant and hence a non
linear increase in. 8 with temperature is observed. The
dielectric constant e decreases with increase in thickness
of the film and concluded to be due to structural change in
the polymer (particularly an increase in degree of cross
linking).
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For the audio frequency range (ie., 2OHz to 3OKHz)

the variation of dielectric constant is negligibly small.
Also for this range the loss tangent is very small and
remains the same for all the frequency ranges. From the
analysis it is found that no additional resonance circuit
components has to be included with Al-PAN~Al capacitor.

6.60 CONDUCTION IN Al—PAN—Al

In Fig.6.l3, the relation between the conducti
vity and the applied voltage is presented. The conductivity
of nl—PAN—&l is approximately a constant upto a voltage of
l8.5V (5.5xlO5V/cm) and then increases nonlinearly. At
this region, only log e vs. V%' plot gives a linear relation.
In the present experiment, the maximum voltage given across
the specimen is no 36V. Above this, the specimen shows
eratic observation and is even completely destroyed.

From the literature [2], it is found that for
plasma—polymerised P&N, the high field conduction is due

to Poole—Frenkel effect. This means that the charge carriers
may be released by ionised impurity centres in the dielectric.
In the present case also, from current voltage characteristic,
it can be inferred that the high field conduction is
associated with Poole-Frenkel effect. Hence, Fig.6.l3
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obeys the following expression l g.
6 = eOexp[-(w — BPF E2)/kT] (6.10)

where 00 is the constant conductivity at high fields
and ¢ is the impurity energy level. The Poole~Frenkel

coefficient BPF is given by

3pF = [ O E7 (6.17)
From the slope of the straight line part of

Fig.6.l3, SPF is calculated to be 3.44xlO'l5esu. According
-15to Eqn.(6.l7), the value of 3 is 5.5xlO esu by assuming‘PF

the dielectric constant, e = 3.6 (from Fig.6.4) and the
electron charge 9 2i4.8xlO"lOesu. The reasonable agreement
of the observed non-ohmic characteristics with calculated

values proves that the mechanism of conduction in plasma»
polymerised Al-PnN»Al is Poele—Frenkel. The ohmic

conductivity do is obtained from the figure as
88.2xlO-1 mho/cm.

Extensive studies are made on the mechanism

of conductivity in plasmaapolymerised PAN [2] prepared by

silent discharge and arrived at the same model for condu

ction mechanism. The experimentally derived BPF is
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9.1x1o'l5csu which is also of the same order of magnitude
as the calculated values. It may, thcrcforc, be safely
concluded that Poolc—Frcnkcl conduction is an appropriate

mechanism for conduction through plasma—polymcriscd PAN.
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CH&PTER VII

SUMMARY flND CONCLUSIONS

ABSTRACT

All the conclusions relating to the
various studies on-PAN such as short-circuited

current of poled and unpoled specimens, diele
ctric properties and mechanism of conduction
are summarised in this chapter.
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7.10 SUMMARY AND CONCLUSIONS

It has been established that plasmaupolymerisation
process is a useful method for preparing insulating and
dielectric polymers from monomer vapours. The process is
relatively economical particularly because of the efficiency
of polymerisation and the optimisation of the rate of flow

of the monomer. From the growth rate of polyacrylonitrile
thin films prepared by plasma—polymerisation method it has
been found that the rate of growth is proportional to the
square of the current in the plasma tube. t is also
concluded that the accelerated ions collide with monomer

molecules and due to the energy transfer the monomer radicals
are generated. In the polymerisation process, these radicals
combine together to form the polymer chain. A special
chamber has been designed to produce good, pin-holeufree
and uniform polymer thin films. Using this set up, a
brownish yellow coloured polymer is prepared while the
chemically processed PAN is transparent. From different
parametric studies at elevated temperatures, it is established
that the observed properties are associated with PAN. The
polymer dissolves in ethyl alcohol, acetone and dimethyl
formamide showing a low order of polymerisation and low

degree of cross—linking.
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From the infrared studies, it is concluded that
PAN is a long planar zig-zag chain molecule. It is further
concluded that the forming process of plasma—polymerisation
is not a controlled process resulting in the formation of
amorphous polymer and it was not possible to identify the
steric configuration. From the analysis of the emission
spectrum of the monomer plasma and also from the structure
of the resulting polymer, it is concluded that radical poly
merisation is the most suitable mechanism for the formation
of PAN by this method. For the termination reaction, it was
not possible to confirm the mechanism from the present
experimental data, but hydrogen addition and charge trapping
have been put forward as the most probable processes. The
additional bands of CO in the plasma spectrum and also in the
infrared spectrum show the existence of the CO group as an
impurity which is perhaps the characteristic of the gas phase
discharge method of polymerisation. The visible ultraviolet
absorption band of the polymer film shows band broadening
suggesting the formation of long chain macromolecules.

A short-circuited current is generated from plasma
polymerised unpoled Al-PAN~Al thin films on heating. The

current originates from the accumulation of negative trapped
charges in the vicinity of the outer electrode. The pre
ferential orientation of the dipoles due to rotation of —CN
side group towards the outer electrode also contribute to the
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short—circuited current. It is concluded that the charge
trapping is associated with the compositional inhomogeneity
in PAN films during the polymerisation process. The electrodes
of dissimilar thicknesses also produce an additional contri
bution to the short~circuited current due to the nonuniform

heating and surface strain. Since the activation energy
is m/l.4 eV, it is concluded that the charges are formed
from the covalent bonds of the carbon atoms and thus in turn

suggests the trapping of charges at the tail end of the
molecules. From the initial part of the optical absorption
band of the polymer films, it is found that a trap level
exists at eJ 1.7 eV below the conduction band and is in

agreement with the temperature activation energy. From the
thermally stimulated current data, it is concluded that a
preferred orientation of the dipoles is not possible at low
fields (:«:5xlO4V/cm).

In poled Al—PAN—Al, a low temperature peak is

observed in depolarisation current studies. It is concluded
that the origin of the polarisation is mainly due to the
orientation of dipoles associated with —CN side groups and

migration of charges through microscopic distances. A
partial contribution has also to be considered due to the
injection of charges. The theoretically predicted total
polarisation is found to be greater than the experimentally
predicted one. this shows that the preferred orientation of



170

dipoles are restricted in PAN. Some local structure develops
in P&N on high field polarisation preventing the dipoles from
returning to their original position on depolarisation. From
the polarisation studies, it is concluded that the electrons
are trapped at the vicinity of the outer electrode due to
compositional inhomogeneity. As a result an internal field
of Au 6.2xlO4V/cm is developed across the specimen.

o
For sufficiently large thicknesses (>4000h), the

dielectric constant of plasma—polymerised PAN is found to
be rd 3.4 esu. But at lower thicknesses the dielectric
constant is larger. The decrease in the value of the di
electric constant with the increase in the thickness of the
film may be attributed to the structural changes due to ion
bombardment during the formation of the films. From the
dielectric studies it is concluded that the dipolar relaxa
tion is widely distributed. The thermally generated trapped
charges also contribute to the dielectric constant at high
temperatures. From the frequency response of Al—PAN-Al

capacitors in the range 2OHz to 3OKHz, it is found that there
are no changes in dielectric constant and loss factor. From
the Jonscher analysis it is concluded that in the audio
frequency range, Al—PAN~Al behaves as an ideal Capacitor

without any resonance components associated with it.
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From the conductivity studies it is found that
upto a field of 5xlO5V/cm, plasma—polymerised PAN obeys

Ohms law and shows a conductivity of flJ3XlO-l8~firl cmnl at

room temperature. Above this field the conduction mechanism
is due to Poole—Frenkel effect. The Poole—Frenkel coefficient

-15is calculated to be 3.4xlO osu and is in good agreementSPF

with the theoretical values.

It is well known that PAN is a very good polar
electret. Above experimental data also shows that PAN can
store large amount of charges. The dipole orientation is
constrained by the formation of local structure on high field
polarisation. Hence stored energy will not be completely
released on depolarisation process. But thermally released
charges contribute a large depolarisation current. One of
the notable features of PAN is that it has a very large
dipole moment (3.4D) associated with the -CN side group
and as such piezoelectric and pyroelectric effects are expected.
Hence further work has to be done in this direction especially
on stretched polymer so as to get information regarding these
properties.
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