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Chapter 1- Introduction

1.1 Conducting Polymers:

Conducting polymers are the subject of considerable current research interest due to
ther fundamentd opto-electronic physics and their potentid applications in  photodiodes,
light emitting diodes, thin film trandstors, etc. The use of conjugated polymers as an
dectroactive materiad in microdlectronic devices is a rapidly growing area. Burroughes et &,
reported the firsd examples of high peformance Schottky diodes, metd-insulaor-
semiconductor  (MIS) diodes and the MISfidd effect trangstors (MISFET) sructure
involving conjugated polymers. The dl-organic high mohility trandent reported by Garnier
e d 2 is an excdlent example of how new organic materids can be exploited to produce
components with superior characteritics such as flexibility, high volume to weight ratio
over inorganic semiconductor materid.

1.2 Types of conducting polymers:
The conducting polymers can be broadly classfied as
1. Inherently conducting polymers
2. Conducting polymer composites
3. lonicaly conducting polymers

1.3 Inherently conducting polymers:

The research on inherently conducting polymers began nearly a quarter of a century
ago, when films of polyacetylene were found to exhibit dramatic increase in dectricd
conductivity when exposed to iodine vapours. The procedure for synthesizing polyacetylene
was based upon a route discovered in 1974 by Shirikawa and coworkers through addition of
1000 times the norma amount of catayst during the polymerization of acetylene 3. These
films were dso semi conductive and had an energy band gep of 1.4eV. Leading on from this
breakthrough, many other smal conjugated molecules were found to polymerize, producing
conjugated polymers, which were either insulating or semiconductive but becoming

conductive upon oxidation or reduction.



The Fig.1.1 shows some of the conjugated polymers, which have been studied as
intringcaly conducting polymers. Their chemicd dructures are dso shown in the figure.
The unique dectronic properties of the conjugated polymers are derived from the presence
of P-dectrons, the wave functions of which are ddocaized over long portion of polymer
chain when the molecular structure of the backbone is planar. It is therefore necessary that
there are no large torsion angles at the bonds, which would decrease the delocdization of the
pi-electron system *.

The essentid properties of the delocalized P-dectron sysem, which differentiate a
typicd conjugated polymer from a conventiond polymer with o-bonds are as follows: (a)
the eectronic (P-) band gap (EQ) is rdaivey smdl (~1 to 3.5eV), with corresponding low
excitations and semiconducting behavior; (b) the polymer molecules can be rather eedly
oxidized or reduced, usudly through charge trander with aomic or molecular dopant
species, to produce conducting polymers, () net charge carrier mobilities in the conducting
date are large enough so that high eectricd conductivities are redised, and (d) quas-
particles, which, under certain conditions, may move rddively fredy through the materids
6,7

The eectricd and opticd propeties of these materias depend on the dectronic
dructure and basicdly on the chemica nature of the repeat unit. The generd requirements of
the dectronic dructure in these polymers were recognized and described many years ago.
The dectronic conductivity is proportiona to both the densty and the drift mobility of the
cariers. The carier drift mobility is defined as the ratio of the drift velocity to the dectric
fidd and reflects the ease with which cariers are propagated. Enhancing the eectrica
conductivity of polymer then requires an increase in the carrier mobility and the dengty of
charge carriers.

1.3.1 Commonly used conducting polymers:

Polypyrrole (PPy) and polyaniline (PANI) are the most commonly used due to more
gability in air as compared to the other polymers. A brief discussion is presented below.
() Polypyrrole:
Polypyrrole is most frequently used in commercia applications due to the long-term gability
of its conductivity and the posshbility of forming homopolymers or compostes with optima



mechanicd properties. It was fird syntheszed in 1916 as pyrrole black by oxidation of
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Fig. 1.1 Examples of inherently conducting polymers



pyrrole. The electrochemicd synthesis of PPy was first caried out by Ddl’Ollio ® who
obtained poly pyrrole blacks by oxidation of pyrrole in agueous sulfuric acid on Pt eectrode.

M ethods of synthesis:
The two man processes for the synthess of PPy are by chemica and dectrochemica

polymerization method. Chemica methods are used for mass production of the polymer at
lowv cost while dectrochemical polymerization is gpplied for materids with better

conducting properties and for gpplications such as the congtruction of €lectronic devices.

(a) Chemical polymerization:

Polypyrrole has been prepared in the presence of various oxidizing agents like sulfuric
acid, nitrous acid, quinones or ozone. The materid obtained was in the insulating range 10°1°
to 101 Scm °. This could be then doped with halogenic eectron accepters such as bromine
and iodine to achieve a stable conductivity of 10° Sem °.

In recent times, polypyrrole is syntheszed chemicdly in conducting state, because the
polymer oxidation occurs with oxidant sdts acting as dopant agents. Severd metdlic sdts
such as FeCl, Fe (NOs)s, K3[Fe(CN)g], CuClk, CuBr,, ec. have been employed for the

11

polymerizetion of pyrrole ~. Fearic sdts are the most commonly used oxidants for the
chemicd synthess of highly conductive polymer complexes. The polymerization process

using FeCk as an initiator can be summarized as

3mPy + FeClzs ——p m(PysCl) + nFeCl Eq 1.1

The mechanism is similar to that proposed by Hsing et d 2. The reaction would be initiated
by the cationic radicd C4NHs *, which coordinates with other pyrrole units. The transition
meta ion being the eectron acceptor, probably forms a donor-acceptor complex with the P -
sysem of pyrrole a the chain initiation step as well as the polymer intermediate a the find
rearomatization step.

XPS dudies of the chemicdly obtaned PPy usng Fe(lll) oxidants reved a reaction
soichiometry that accounts for the 25% oxidized pyrrole units being favoured. In generd
polymer conductivity is a function of the monomer and the oxidant agent concentration,



solvent, time of reaction and temperature of synthess. Conductivities as high as 190 Slcm
have been reported for PPy synthesized from methanol solution of FeCk 3.

(b) Electrochemical synthesis:

The dectrochemica synthess of PPy has been reported by Diaz e a. According to
Diaz and Kanazawa * the dectrosynthesis of this film proceeds via the oxidation of pyrrole
a the platinum eectrode to produce an ungtable P -radicd cation which then reacts with the

neighbouring pyrrole species. The cydic voltammograms of these solutions show an
irreversble pesk for the oxidation of pyrrole a +1.2 V (Epa) versus the saturated calomel
reference electrode (SSCE) °. The mechanism of the overdl reaction for the formation of
fully aomatized product is very complicated and involves series of oxidation and
deprotonation steps.

In practice PPy films are prepared by the eectro-oxidetion of pyrrole in one-
compartment cell equipped with platinum working electrode, gold wire counter eectrode
and a saturated cdome reference electrode. A wide variety of solvents and dectrolytes can
be used as the dectricd resgance of the solution is high and the nucleophilicity does not
interfere with the polymerization reaction. These conditions can be accomplished by
secting solutions where the dectrolyte is highly dissociated and which are dightly acidic.
As dready mentioned, physcad properties of the resulting films are sengtive to the changes
in the reaction conditions. FIms of various thicknesses can be prepared by changing the
current dendty. Many other authors have invedigated the process of eectrochemica
deposition of conducting PPy °.

(c) Vapour phase deposition:

This technique, athough known for depositing PPy films since about a decade ago *'.

The gas phase preparation of PPy has been described by Mohammadi et a 8. Conducting
polymer films were prepared in a Smilar manner to the chemicd vapour depostion method.
The PPy films were prepared in two ways i.e. by vapour phase polymerization usng HO, or
HCI, or by chemical vapour depostion of PPy doped with FeCk. Some workers have aso
reported the preparation of PPy-polymer compostes usng vapour phase depodtion.
Yosomiya e d ° have used PVC-cupric chloride complex film as base polymer and PPy



was vapour phase polymerized on this. Radhakrishnan et d 2° have dso made PPy films by
this method. They used PEO and FeCk, which were fird dissolved in a suitable solvent,
from which, films were cast on glass dides. These were dried and exposed then exposed to
pyrrole vapors. The sample showed in-dtu growth of PPy films, which dso developed
crystdline order.

(1) Polyaniline:

Polyaniline is a typicad phenylene based polymer having a chemicdly flexible —NH-
group in a polymer chan flanked on ether dde by a phenylene ring. The protonation,
deprotonation and various physico—chemica properties of polyaniline can be sad to be due
to the presence of —NH- group. There are four stable insulating oxidation states 22,
leucomeraldine base (LEB) emerddine (EB) and pernigraniline (PNB) shown schematicaly

intheFig. 1.2.

1. Leucomeradine base (LEB)
2. Emerddine (EB)

3. Pernigraniline (PNB

4. Emerddine sdt.

Oxidetive doping of the leucomeradine base or protonic acid doping of the emeradine
base materiad produces the conductivity from emerddine sat whose conductivity varies
between 0.5 S'cm and 400 S/cm depending on the means of preparation. Extensive studies of
these emerddine st (ES) materids have shown that the metalic date is governed by
inhomogeneous disorder. That is in the conducting dtate there are regions tha are three
dimensondly ordered in which the conducting eectrons are three dimensondly dedocdized
and the regions either where the polymer is strongly disordered, in which the conduction
eectrons diffuse through one dimensonad polymer chains that are nearly dectrochemicdly
isolated. One — dimensond locdization in these nearly isolated chains lead to decresse in

conductivity with decreasing temperature.



Among dl the conducting polymers polyaniline has a specid representation due to
easy gynthess, chemicd flexibility and ease of derivatization, its environmenta dability and
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Fig. 1.2 Various oxidation states of Pani



processability into fibers, films and various composites and above al smple non redox
doping by protonic acids is an important aspect where a number of eectrons in a polymer
chan reman unchanged during doping process. During doping dl the hetero-atoms in the
polymer namely nitrogen becomes protonated.

PANI is prepaed ether by chemicd or eectrochemica oxidation of aniline under
acidic conditions. The method of synthess depends on the intended application of the
polymer. Whenever thin films and better patterns are required, an eectrochemicd method is
preferred.

(a) Chemical synthesis of emeraldine salt:

The most preferred method is to use hydrochloric acid with ammonium persulphate as
an oxidant 2. Oxidative polymerization is a two-eectron chain reaction and hence the 1:1
quantity of the oxidant is required but lesser amounts are required to prevent overoxidation.
The aniline At of protonic acid with the protonic acid was mixed with ammonium persulfate
containing the protonic acid with continuous girring for two hours. The precipitate obtained
was then filtered and washed with distilled water/methanol so asto obtain emerddine sdlt.

The principa function of the oxidant is to withdraw a proton from an aniline solution.

The polymerization reaction is summarized asfollows:

Ar-NH, _ArNH, ) Ar-NH-Ar-NH, _Ar-NH, >
2e, -2H*

Further oxidative
Ar-NH-Ar-NH-Ar-NH, > Polyaniline
coupling

The factors affecting the polymerization process are the pH of the solution, type of the acid
used, its concentration, effect of the dze, solvation and eectronegativity of a conjugated
base associated with a given acid.



(b) Electrochemical synthesis:

Electrochemica polymerization is a radicd combination reection and is diffuson
controlled. The anodic oxidative polymerization is the preferable method to obtain a clean
and better ordered polymer as athin film. Electrochemica synthessis achieved by
1. Galvanogtatic method
2. Potentiogtatic method- keeping potentid constant 8-0.7-1.1V Vs SCE
3. Potentid sweep method- between two potentids limits-0.2 to +1.0 V versus SCE

Electrochemical reection is carried out by dissolving 0.1 mole of protonic acid in
digilled water a the platinum eectrode. The polymerization reaction is depicted in the
Fig.1.3. The firs dep in the oxidetion of aniline is the formation of a radicd cation, which is
independent of the pH. Mohilner 2® suggested the oxidation of aniline as an ECE reection (a
successon  of rapid  dectrochemica-chemicd-electrochemical  reections). The  radicd
coupling is predominantly through para (1.4 coupling) monomer coupling. The colour
changes obsarved with polyaniline are —0.2 V ydlow, 0.0 blue and 0.65 V green which are
associated with different oxidation states (doping levels).

1.3.2 Chargetransport in inherently conducting polymers:

It iswell known that polymers with conjugate bonding system, i.e. an uninterrupted
sequence of single and double bonds running through the whole molecule are usudly
electricaly conductive.

According to Rehwald and Keiss 2* such a system cannot exist as a one dimensiond
metd with a haf filled band, but rather as an insulator with a gap forming a the Fermi levd,
the reason being ether Perierls ingtability, or eectron correlation, or a combination of both.
With a energy gap of 1 — rev, polymes seem to resemble inorganic crysdline
semiconductors. The quas one dimensond dructure of this materid gives rise to strong
electron phonon interaction, leading to new quas particles upon doping: these are solitons,
polarons and bipolarons. Disorder within the chain and within its environment plays an

important role in such polymers.

(1) Electronic Ground State:



Conjugated polymers are treated theoreticaly as one-dimensond sysems. i.e each
lettice point is coupled to two neighboring points only. In ther review the authors use two
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Fig. 1.3 Schematic diagram for the chemical polymerization of aniline



theoreticd approaches to explain the formation of bandgap. They teke ether dectron —
phonon interaction or eectron corrdaion as the dominant mechanism. Accordingly if the

gap is result of eectron phonon interaction Peierls argument 2

can be used to give a
physicd reason for why a chain of unsaturated carbon atoms with one conduction dectron (
electron) per atom does not exhibit metdlic properties. It seems that Peerls argument
indicates quite fundamentally that a one-dimensond chain of unsaurated carbon aoms
leads necessarily to a semiconducting state. However, as has been shown by Froehlich %%, the
Peird’s sae is only semiconducting if the periodic lattice digtortion is commensurate with
the lattice. If it is incommensurate, the phase of the periodic lattice distortion can move
through the lattice carying a chage densty wave. In this case the Perds dae is
conducting. A more detalled invedtigation of the question of lattice digortion and of bond
dternation in polymeric chain has been made within the frame-work of the Hucked theory.
The Peards mode neglects completely the Coulomb repulson for an dectron that is
transferred to a state aready occupied. In the simple Hubbard model 2’ dectron corrdlation is
taken into account, but electron-phonon interaction is assumed to be negligible.

This modd yields a gap dso in the absence of a Peirels digtortion. The question arises
therefore, whether the onste Coulomb interaction or the dectron phonon interaction is the
dominant mechanism. It has been shown that both interactions are of Smilar order of
magnitude and that indeed Coulomb interaction enhances bond dternation.

(2) The Nature of the ChargeCarriers:

Conducting polymers are different from conventiona semiconductors. In  conducting
polymers the defects are the digtortions in the long chain molecules which in turn are due to
transfer of charges.

The continuum model developed by Brazovskii and Kirov 2 and by Fesser et al °
gives a coherent description of these defects whose extension is usudly severa monomer
units. The smplest of the defects is created by adding an eectron or hole to the ground state
and following the latice to rdax. In fact, this thought experiment smulaes the doping
process of a polymer chain, assuming that no mixing of the wave functions between dopant
molecule and polymer occurs. The defects generated in this way are cdled radica anion or
radicd caion in chemidry, in physics podtivey or negeively charged polaron. A polaron



represents a combination of two defects, namely of a charge and a neutrd defect or, in
chemica terms, of anion and aradicd.

For the purpose of discussing the carrier transport it is important to know the energy of
formation of the various quadiparticles; this decides which species is created. Polaron can be
envisaged as a combination of charge and neutra defects in close proximity. When these
effects are separated, the energy of formation increases to about 0.8 eV. So the first charge is
added to a chain will lead to the formation of polaron. Solitons can be created only in pairs
from topologica reasons. When a second charge is added, the two polarons disintegrate into
two charged solitons.

At low doping concentration, when an average only one charge per chain is found.

Polarons are expected; if more than one charge is transferred to the chain, correlated pairs of
charge defects bipolarons are usudly favored due to ther lower energy of formation.
Bipolarons are cdled in chemica parlance carbodication or carbodinion.
In the band dructure picture the Polaron form two dates in the energy gap in pogtions
symmetrica to the center of the gap. The lowest leve of a hole polaron is sSngly occupied,
the higher levd empty. In the dectron polaron the lower level is doubly occupied by
electrons with antipardle spin, whereas the upper leve is singly occupied. Both states carry
an unpaired spin and give rise to Para magnetism. The length of the deformed chain section
iIs of the order of severd repeast distances, eg. about four rings in polythiophene. The
solitons, on the other hand, forms an energy leved a the center of the gap ( as long as
electron-hole symmetry is fulfilled). This levd sngly occupied if the soliton is neutrd,
reulting in an unpaired spin and paramagnetism. By doping with donor or acceptors the
soliton can become negetively or postively charged. Both types of charged solitons are
characterized by zero spin. Fig. 1.4 gives a schematic view of the energetic postions of these
excitations.

Taking eectron-dectron interaction into account, the soliton level is no longer located
a the center of the gagp and differences occur whether its leve is occupied or not. The
effective mass of a carier is of paticular interest to the charge transport dong a polymer
chain. For dectrons or holes it is determined by the curvature of the respective band at the
band edge. For Polarons, soliton and bipolarons it is caculated from the kinetic energy. The



effective masses for these quaspaticles, estimated on this bass are of the order of 1-6
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electron masses. Since these defects are dso charged and not locdized within a unit cel,
there motion will be coherent dong a chain and their mobility is accepted to be high.

(3) Disorder along the chains:

So far the discussion of the one-dimensona model has been based on the assumption
of an ided, infinitdly long chain in a homogeneous environment. In fact, the chains have a
finite length, and ther lengths vary randomly in polyacetylene the dructure may change
between trans and cis, resulting in bends, folds, kinks, gogs and smilar geometric defects. In
poly ( p-phenylene) torson of monomer units out of their ided planar postion represent
another type of geometric disorder. Apart from that, chemicd defects are possible, such as
crosdinks between chains 3 defects in polyacetylene and b linkage of heterocycles in a
chan of a — linked monomer units. Chemica modifications at discrete points of the chain,
such as oxidation, dso belong to this category.

A third type of disorder results from the changes in the environment of the chain, the
s cdled secondary dructure, being described by the limiting cases of crystdline and
amorphous regions. Disorder may dso come from doping. At least a low dopant
concentrations, the dopant molecule occupy random postions between the chains. They
affect the dectronic properties by ther Coulomb potentid and by hybridization with
polymer p orbita.

(4) Low and intermediate doping:

Doping with acceptor or donor molecules causes a particle oxidation or reduction of
the polymer molecule. Postively or negatively charged quasipaticles ae created,
presumably Polarons in the firs steps of doping. When doping proceeds, reactions among
polarons teke place, leading to energeticdly more favourable quasiparticles, i. e. a par of
charged solitons in materids with a degenerate ground state and a bipolaron with polymers
with sngle ground date. Applying datigicd mechanics dlows cdculation of the dendty of
Polarons, bipolarons and solitons, and the dendity of dectrons and holes in band States at any
temperaiure. The bads of this cdculation is the neutrdity condition and the Fermi
digribution function. Furthermore it has to be assumed that the life-time of the eectrons
(holes) and polarons is sufficiently long to treat them as quasipaticles. On this beds
Conwell 3 has given an estimate of the density of free dectrons a a doping level of 5 % and



found a vaue for free charge density of about 3 x 10°* m® or less at 300 K. this is about a
fraction d 1/1000 of the totd dopant concentration. If the charge carriers in the band states
have mobility comparable to that in inorganic semiconductors, the contribution adone would
dready the measured conductivity vaues. The other quas particles (polarons, bipolarons
and 0litons) exis in a much higher concentration, but have presumably a sgnificantly lower
mobility. In view of this the contributions of various paticles to the conductivity are
uncleared. Recent theoretical treatments of three dimensonal interactions in trans (CH),
have suggested soliton order in a adjacent chains, solitons confinement and the absence of
polarons and bipolarons. These findings shed additiona light upon these questions and might
explan the importance of free cariers in conduction band. Although only outlined for
(CH),, these condderation are relevant for other conducting polymers with only polarons,
electrons and holesin the bands as carriers for the eectrical trangport.

(5) Conduction in localized states:

Carriers in locdized dtates can move into adjacent empty states by thermaly asssted
tunnding, cdled hopping. The hopping probability depends on the mutud overlgp of the
wave functions, determined by the ratio of interste distance R; to the locaized length ro
(decay length of the wavefunction). It depends in addition on the occupation of the initid
and find date and, if the jump takes place to a dte j with higher energy Ej — Ei an
approximation proposed by Ambegaonkar et al 3! is often used for the hopping rate.

6. 2Rij |Ei- Ef|+Ej- Ef| +Ei- Ej| 0
Gii =9 e(pg ro i 2kT E

Eq. 1.2

The prefactor gy denotes a kind of attempt frequency of the order of a molecular vibration
frequency, i.e. 10 — 10 3 s, In equilibrium the hopping rates Gij and Gii in both direction
are equa. An gpplied dectric fidd changes the energies Ei and Ej and a net current is the
result.

At sufficiently high temperatures and in diluted systems the hopping rate is determined
by the overlap. Therefore, only hops between nearest neighbous contribute to the
conductivity. The mobility is determined by an activated process.



If the temperature is low and if hopping takes place near the Fermi level, Mott 3! has
shown that the hopping probability reaches a maximum a an optimum combination of
hopping distance Rij and the energy difference Ei — Ej if the hop goes over a large distance,
more dtes are available to which the carrier can hop, and as a consequence the carrier has a
higher probability to find a dte with lower energy than in a short hop. Therefore such a
process is preferred at low temperatures. For a constant dendty of dtates a the Fermi leve

Mott’ s famous variable — range hopping law results,

s=s,ep(- T, /T)" Eq. 1.3

with

To =24 ( priokN(EF) ) and
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A dmilar formula can be derived from a percolation trestment of the hopping
conductivity 32, but only asymptoticaly in the low — temperature limit, aslong as
To / T > 100000. Amorphous inorganic materias, typica vaues of To, as derived from
experiments, are of the order of 10 8 K. when the density of states near the Fermi level is not
constant but varies quadraticaly, the temperature exponent changes from ¥4 to %2 . On the
other hand, densty — of — dtates functions aso lead to an exponent ¥4 and the same variable
range hopping lav. A TY* law is by no means a unique characteristic of variable range
hopping. Taking into consderation multi — phonon process (instead of one photon process
only, as in most trestments) hopping leads to a similar 7 law, and Emin 32 has calculated.
In addition, if Columb corrdation’s are taken into account exponents vary between % and 1
have been omitted.

Although many experimentd daia on the conductivity of disordered systems
(polymers, amorphous inorganic  semiconductors, impurity — band conduction) we
interpreted in terms of variable range hopping, there was dways the problem of obtaining a
reasonable numericad value of the prefactor. According to Eq.1.3 Tp and the prefactor have
the variables N (Er) and b in common with  and N (Eg) fixed, unredigtic values result for



Yo . Wurtz and Thomas 3* could give a remedy for curing this discrepancy by including
hopping between p - like éectronic states. Averaging overal directions introduces a factor
(To/T)™* with m between 2 and 10 into the prefactor that can easily account for the vaues of
S odetermined from the experiment.

(6) Trangport by Quas — Particles:

In conjugated polymer, as long as one-dimensond modd is valid, the addition of
charge leads to the formation of polarons, bipolarons or charges slicon. These quasparticles
are expected to be quiet mobile dong intact segments of the polymer chain. For dectricad
trangport  through the macroscopic samples, however these quasi-paticles have to move
findly from on chain to a neighbouring one.

For inter- chain trangtions of polarons, bipolarons or solitons are difficult to assess,
because not only the charge but dso the molecular distortion has to be trandferred. Electrons
can tunnd, but the quedtion is how the deformations can be transmitted to neighbouring
chan.

Chance et al *° caculated the transfer rate of a bipolaron. It is determined by combined
probability for finding a bipolaron on one chan and sufficiently long ssgment free of any
excitation on the neghbouring chain, and by the appropriate Frank — Condon factor f.
dencting the length of a bipolaron by | (expressed in monomer units ) and the molar fractions
of dopant molecule by y, the probability for interchain transfer is given by

Pb = (y/2) (1—iy/2)**? Eq. 1.4

as long as the interactions between polarons can be neglected. The trangtion rate, and hence
the conductivity, pesk a y = 0.05 — 0.07, assuming a bipolaron length | = 4-5. More
sophigticated treatments are required if Columb interaction between bipolaron play an
important role at high dopant concentrations.

The same authors dso congider interchain trandfer of solitons by a smilar mechaniam.

Two charged solitons on a chain approach each other, being separated by a distance I, and



perform an transtion to an adjacent chain in the same way as described for a bipolaron.
Taking exp (-bl) for the Frank — Condon factor, the total transfer rate is obtained as

Ps = y & P(I) = const {y? (1-y)} / {1-(1-y) exp (-bI )} Eqg. 1.5
The trandtion probability and hence the conductivity as a function of y are s — shaped;
leveling off & higher doping concentrations.

The above cdculations implies that a hop of two solitons on an adjacent chains is only
highly probable if the region of “wrong” bond arangement between them is smdl, and a
relative smal molecular digtortion has to be trandferred with the charge carier. This
mechanigm for a trangtion is no longer possble in the doping ranges, a which doping
proceeds via converson of neutra ®litons into charged ones, and at which the soliton ges is
50 diluted that only single, charged solitons may be found on the chains. Single solitons are
unlikdly to hop due to the high energy required for structura reorganization Kivelson °
envisaged for this doping range a mechaniam for the trangtion, involving the charged soliton
generdly pinned to a doping molecule, and a neutrd soliton can tunnd it to the postively
charged soliton, if the dectronic of both excitations nearly coincide. This require that the
neutra soliton is adso closad to an ionized impurity, otherwise an energy equd to the binding
energy of the charged soliton would have to be overcome. Under such conditions the charge
can tunnd without the need to trander a large amount of molecular deformation. The

resulting formula

e2 (Mro
T)=045—x.(1- x
s(T) 7 o0 %) YroRo

depends on the fraction of neutrd (X) and charged solitons (1-xo), the average chan length

exp(- 2.78R, /r,) Eq.1.6

N, the ratiion of average locdizaion length rp to the average acceptor distance R and on a
frequency factor g(T), which is assumed to vary with temperature like T", with

n = 10 — 12, a raher unphyscd dependence. This formula predicts, firdly, a strong
exponentia increese of the conductivity with doping, provided that the fraction of neutrd
solitons remain congant and, secondly, a power dependence of s on temperature.
Considering three-dimensiond effects 3"*8 | this process unlikely, since solitons on adjacent

chains are bound to one another forming a soliton molecule.



1.3.3 Applications of conducting polymers:

Conducting polymer represent materids with wide area of potentid applications.
Apat from bulk use in satic charge dissipation and RF shidding *°, some of them find use

40 various types of sensors #*, batteries *2, dectrochromic cells *3,

in corrosion protection
controlled release applications **. Other applications incdlude third-order non-linear optica
polymers and LEDs *°.

Functionalized conducting polymers, which are made by incorporation of functiona
molecules or by structurd control are being investigated for possible gpplications in the fidd
of photochromism, photoeectric conversons, chemica sensors, etc. Conducting polymers
have dready been demondrated for the fabrication of eectronic devices such as diodes, light

emitting diodes, resstors, capacitors and field effect transstors.

1.4 |Inherently conducting polymer blends and composites:

The firg requirement of the successful application of a conducting polymer is convenient
processibility. However, the conducting polymers synthesized via the chemica route as well
as the dectrochemica route are obtained as insoluble and infusble powders or films which
have poor mechanical properties. The processing of the conducting polymers has been
limited due to low solubility and high temperature dability of conducting polymers in ther
doped form “°. Some efforts have been made to overcome this problem by making blends of
conducting polymers with conventiona thermoplastics.

Mixtures of materids can be both homogenous and heterogeneous. In case of
polymers the homogenous mixtures are cdled as blends while the heterogeneous are called
composites. Interpenetrating network (IPN) or semi — IPN is another class of polymer
mixtures. Blends can be miscible partidly miscible or compatible while compostes are
mixture of two immiscible materids. Conducting composite systems are obtained by mixing
various polymers with conducting particles such carbon black, metal powder or flakes, metdl
coated particles or fibers. It has been shown that the conductivity of these heterogeneous
materials depends on the concentration of the conducting filler and their shape. Usudly the
percolation threshold is high (above 25 V %).



Recently, fully organic, heterogeneous conducting systems have been obtained from
mixtures of conducting organic maerids eg. conducting crystds (organic metds) with inert
polymers. These have been dlassified by Kryszewski into four groups*’:

(@ HIms cagt from conducting solutions with other film — forming inert polymers.

(b) Blends of processible conducting polymers with inert polymers.

(¢) Reticulate doped polymers (RDPs) consisting of conducting crystal network and
(d) charge-trandfer complexes formed in Situ of an inert polymer.

1.4.1 Methods of synthesis:

The blends and composites have been syntheszed by using different techniques
incduding mechanicd blending, disperson swdling emuldon technique and diffuson.
Broadly they can be classfied as prepared by eectrochemicd methods and those prepared
by chemica synthess of the conductive polymers. Electrochemicd methods are generdly
used for smdl-scde preparations and production of different kinds of devices. Chemica
preparation alows large-scae production of the conductive polymer blends and composites.

(a)Blends prepared by eectrochemical methods :

Conductive polymer films can be dectrochemicaly deposted on the surface of
metdlic or semiconducting eectrodes. The area of the film depends on the dimension of the
electrodes while the thickness depends on the charge dendity used.

To obtain blends, the working eectrode is coaed with film of insulaing polymer
prior to the anodic depostion of the conducting film. The coated dectrode is immersed in
electrolyte solution containing the desred monomer and swells over a period of time. When
the sweling process is complete, a potentiad is goplied to oxidize the monomer.
Polymerization darts a the eectrodefilm interfface and proceeds to fill the bulk of the
inslating film until reaching the film/dectrolyte interface Thus a blend is formed
depending upon the miscibility of the conductive and insulating polymer.



Blends can aso be prepared by co-depostion methods. In this case, the insulating
polymer hogt is dissolved in dectrolyte solution, which dso contains the monomer. As the
conducting polymer film is anodicaly deposted on the surface of the dectrode, it becomes
soaked with insulating polymer solution. After accumulating the required charge dengty, the
film formed on the éectrode thus contains a combination of conducting as wdl as insulating
phese. Soluble polyeectrolytes can aso be used in this method, diminating the need to use
an dectrolyte sdt. The polydectrolye itsdf acts as a counter ion or dopant.

(b) Blends prepared by chemical synthesis of conductive polymers:

A blend can be prepared by mechanicd mixture of conductive and insulating
polymer usng a counter ion rotating mixer or a double screw extruder. In this case the
resulting conductivity will srongly depend on the miscibility and rheologica properties of
the components of the blend. The conductive polymer used for blending is normdly
syntheszed by chemicd polymerization. Blends of polyaniline and poly vinyl chloride have
been prepared using this procedure 8.

The percolation threshold for ingance is drongly affected by the miscibility of the
blend components.

Another method is co dissolution of the blend components in common solvent,
followed by eveporaion of the solvent. Here, phase segregation may occur during solvent
evgporation because of the different solubility of the polymer in the common solvent.
Miscibility is dso important. In polyaniling, the polymer can be reduced in a basc solution
(dedoped) in order to incresse its solubility in common organic solvents. After preparation of
the blend it can be doped again.

Polymerization can be achieved by addition of the heterocyclic monomer to a solution
of the insulating polymer containing an oxidisng agent. Fims of the blend can then be
obtained by evaporating the solvent in agueous suspenson of latex covered by PPy or
collidd disperson of polypyrrole / poly (2-vinyl pyridine). Films can be obtained by casting,
spin coating or spraying *°.

Interfacid polymerization of conductive polymers producing a materid with different
superficid properties is an dternative method. A two-phase systlem is necessary: one
solution containing an insulating polymer and a heterocyclic monomer (organic phase) an
another containing an oxidisng agent (agueous phase). The monomer diffuses to the



interphase where oxidative polymerization occurs. Blends were obtained by this method
combining polypyrrole with nafion or PMMA °°.

Polymers can dso be swollen with a solution of an oxidant, then drained and dried
retaining the oxidants a filler in its bulk. Blend is then obtained by exposng the polymer
contaning the oxidant to vapor of heterocyclic monomer in closed chamber. Polypyrrole
was combined with cdlulose, with poly (ethylene terephthaate) or nylon >,

The solid inorganic oxidant can be introduced into the insulating polymer as a filler.
Thus blends can aso be prepared by exposure of such solid polymer matrices containing the
oxidant to vapors of heterocyclic monomers.

The mechanicd mixture of oxidant and the polymer is dso an interesting method to
incorporate oxidant in the polymer matrix. Blends of polypyrrole and EPDM rubber were
obtained using EPDM matrix impregnated with CuCh, by calendaring °2.

Blends or composites are prepared by combination of two conducting polymers aso.
A sandwich like compodte with layers of polypyrrole adhered to poltyacytdene was
gynthesized dectrochemicaly. Graft co-polymerization of pyrrole with pyrrole derivative
polystyrene was used to improve the mechanica properties of polypyrrole. Electrochemica
depogtion of polyaniline onto the surface of n — type of porous slicon layers has been
sudied. Polypyrrole and polyaniline were encapsulated in zeolites, FeOCl, porous PVC, or
V.05 %,

However the conducting-insulating polymer blends obtained by these methods often
have low conductivities, typicaly of the order of 103S/em and that is achieved a a high
concentration of the conducting polymer content. For example, a blend of PPy/PEO
exhibited a conductivity of 103S/cm at 22.5% PPy content while the PPy/PVC blend showed
a conductivity of 10°Scm by adding 37% PPy to the PVC matrix >*. In another case, PPy
coated nylon 66 and PE spheres exhibited a smilar conductivity a much a lower percolation
threshold of 10-20% >°, however the ultimate value of conductivity reached was il low i.e.
10°3Scm in spite of adding 60% PPy mated polymer. Furthermore, the flexibility and hence
the processbility of the blends deteriorate as the concentration of the conducting congtituent
increases. Hence a higher conductivity may be achieved only a the cost of the mechanica
properties. These drawbacks could be partly overcome by eectrochemica preparation of the
blends. In this case, the depodtion of conducting polymers was caried out in insulating
porous substrates coated on eectrodes or matrices that are soaked in the solvent prior to the



deposition of the conducting polymer *°. Reaivdy, interpenetrating networks with higher
conductivities were obtained. Niwa et d >’ adso used the same method to obtain semi-
trangparent free standing films of PVC/PPy with a conductivity of 15 Scm dso retaining the
flexibility of the polymer. Unfortunately, this method was not popularly used to synthesize
the blends of conducting polymer-insulating polymer due to limitations of smdl-scde
production. Hence dispersion technique was ill favoured so as to obtain blends on a larger
scae.

1.4.2 Chargetransport in blends and composites:

The charge transport behaviour in blends and composites is dominated by the
morphology that condsts of an insulaing matrix and conductive filler. The composte
changes from an insulator to a conductor over a very narrow range of filler concentration. A
typicd curve of resdivity Vs volume fraction of filler is shown in the Fig. 1.5. At lower
filler concentrations the compodte remans an insulator. At a criticd volume fraction, the
resdivity of the compostes fdls shaply to a levd a which the compodte can readily
conduct eectricity. The trandtion of a blend/composte from the insulating materid to the
conducting materid is cdled the percolation phenomenon. The criticd concentration at
which the blend/composite behaves as a conductor is called the percolation threshold.

The trandtion from the insulating to the nonrinaulaiing behaviour is genedly
observed when the volume fraction of the conductive filler in the mixture reaches a threshold
of about 25%. Increase in the filler content above the percolation threshold above the critica
loading does not appreciably reduce the resstively of the blend/composte but results in the
reduction of mechanical properties.

The addition of a conductor to an insulator affects the eectrica properties according
to the degree of filling and proximity of the conducting paticles Three dtuations are
possible:

1. No contact between the conductive particles

2. Close proximity

3. Physcd contact

When the conductive particles are isolated, the conductivity of the blend/composite is
changed only dightly. The blend/composite may remain an insulaor dthough its didectric
properties may change sgnificantly.
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Fig. 1.5 Typical curve of resistivity Vs volume fraction of filler concentration
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When the conductive paticles are in close proximity, the eectrons can jump the gap
between the particles, creating current flow. The ability of an eectron to jump a gep under a
given voltage field, increases exponentidly with decreasing gep sze. Gaps as large as 10nm
can be jumped. The process of eectron transport across an insulator gap is referred to as
'hopping or tunnding. Tunnding condgts of jumping or tunnding of dectrons from the
vaence band of ions or molecules on one sde of the gap to the conduction band on other
dde without an energy exchange. The equaion for the probability that an eectron will
tunnel from one energy date to ancther through the insulator is of then form,

-t DE/KT DEp/KT

P=ae +e Eq. 1.7
where
aisacongant
E isthe activation energy to travel the energy gap
T isthe sample temperature
Ep isthelocal polarization across the barrier
t isthe tunneling factor

The tunneling factor can be expressed as

-ar

t=e
where a isacongant

risthe spatid distance through which the dectron must tunne
The exponentid form of the tunnding factor shows the importance of maintaining close
proximity between the adjacent conductive particles.

The third condition, which is possble when conductive filler is introduced in to an
insulating matrix, is that the conductive particles will physcaly contact eech other to form a
continuous network throughout the blend/composite. Under this condition the composte
conducts through the particle network by conduction mechanism of the particles. In highly
loaded composites actud touching does occur and such composites have shown a linear
current-voltage characterigtics, but in some cases a non-ohmic (non-linear) behaviour was

also observed.



Gurland ®® has dso shown that the sharp transition from insulator to conductor is due
to the formation of a network among the conductive fillers. As mentioned eerlier, this does
not imply a physica contact.

The network formation has been most frequently treated as a percolation process. The
percolation modd smply refers to a means of continuous network formation through a
|attice, taking into account relative concentration of the two materids comprising network.

As discussed earlier a consderable amount of filler loading is necessary to achieve the
percolation threshold even as high as 25% of volume. This high loading leads to a sharp
increase in viscosity and areduction in the mechanica properties.

(@ Sharp increasein viscosty:

From the processng point of view, viscodty is one of the important parameters.
Eingein was the fird to podulate an expresson for viscosty of filled sysems, given as
follows,

h/ho=1+25f Eq.1.8
where

f the volume fraction of thefiller

h viscosity of the suspension

h, viscosty of sugpenson medium
Henceit is clear that the viscosity rises sharply with the filler loading.

(b) Reduction in the mechanica properties.

The mechanica properties of the conducing polymer blends'‘composites drop

consderably by the addition of the fillers. A continuous and dragtic reduction in the fracture

energy is found resulting in a brittle, weak product. The crucid parameters influencing the
fracture energy were found to be the volume fraction of the filler, and thar interfacid
adhesion.

1.5 Conducting polymer composites:
1.5.1 Synthesisand applications:

These are dso refered to as meta-filled polymers and are the most widdy used.
Conducting polymers composites (CPCs) are mixtures/blends of conductive particles and
polymers. Various conductors have been used in different forms. Initidly duminium flakes



were used to load polypropylene (PP) to make conductive compounds. These could be
injection moulded in to dedre shapes. The lengths of duminum flakes range from 1 to 14
mm and thickness form 25 to 40 microns. Typicaly 18-22% volume loading was used. The
resstance of the compound suddenly drops a a certain percentage of filler at the percolaion
threshold. The various polymers which have been used as mgor matrix are ABS, PP, PC<
PE< HDPE< PVC ec. and the different fillers used for loading are typicaly carbon black,
graphite, metd particles, fibers, platelets etc.

Although the conducting polymer composites are quite suitable for some applications
such as anti-daic materids, EMI/RF shidding etc. their mechanica properties may not
dways be saidactory. In fact high amount of filler loading might make the materid brittle.
As the conductivity is decided by volume of concentration, a low-dendty resin like PP
would need 46% filler by weight. This might cause film to crack under its own weight. Also
the compounding time has to be kept minimum to avoid degradation of fillers.

The proceses involved in making these compodtes ae diffeent for different
polymers. The basic procedure is to take the appropriate volume fraction of polymer and
conductor and mix them thoroughly so as to form a uniform digribution of tiller paticles in
the polymer. If both, the polymer and filler are in powder form, they can be dry mixed and
then pressed into desired shapes under high pressure and appropriate temperature. In certain
caes the polymer is firg dissolved in a suitable solvent is then dlowed to evaporate to
obtain a film. Another method used in mdtmixing where the polymer is heated to mdt it and
to the free flowing polymer the desred filler is added and mixed thoroughly. This mdt can
be pressed into dies to get the desired shapes. In al these cases, care has to be taken to avoid
degradation of filler paticdes. For example in the case of duminum flakes compounding
with the polymer mdt, shear must be kept as low as possble. Also the compounding time
must be kept minimum.

ABS/PC with 40% weight load of aduminum flakes as reported to give 40-50 dB
attenuation over a frequency range of 2 .6 to 3.9 GHz °°. Various grades of carbon blacks too
ae avalable and ae used extensvely for packaging in the fidds of eectronics,
photography, watch industry etc. Antigatic pipes have been manufactured for transporting
combustible liquids. For this carbon black is added to a resn to make the glass reinforced

epoXy pipe.



The resdivities of these composites range from 10’ to 10 ohm-cm. In certan
goplications conductivity of 10" ohm-cm is quite sufficient, as in the case of anti-Static pipes
where lower resistance would be desirable for EM shielding.

15.2 Chargetransport in conducting polymer composites:

The addition of conducting materia dradticaly changes the eectrical properties of the
origind polymer and the resigtivity drops down by a large vdue, sometimes by as 12 orders
of magnitude. The dectricd conduction mechanism in such conductor-filled sysems vary
one from sysgem to another sysem depending on the insulating polymer and the type of
conductive filler used.

Jean-Piere Reboul ® while discussng the dc conduction in  carbonrpolymer
composites has mentioned that the trandtion from insulating to nonrinsulating tekes place
when volume fraction of conductive filler is about 25%. The exact percentage depends upon
the aspect ratio of the conducting particles The conduction behaviour is explaned by
percolation. The author has aso caried out the contact resistance measurements and has

found that the contact resistance is not constant but changes as a function of gpplied voltage.

The conduction mechaniams in such systems have been discussed by various workers.
Sherman et al ' have proposed that three distinct physicd processes govern dectron
transport through a conductor filled polymer- Percolation, Quantum mechanicad tunneling
and thermd expanson. According to them the key feature of percolaive transport,
suggedting its relevance to conductor- filled polymer is the exisence of a dengty threshold.
In crossing this threshold, the mediums transport coefficient (such as resdivity) changes
sharply from non-conducting to conducting (or vice-versd). They suggest thet it is a point
that a macroscopic-length chain appears. For example, in systems where two dry powders,
one a conductor and the other an insulator, are mixed in various proportions it is observed
that, as the volume fraction of conductive materid increases, a a certain critical volume the
overdl resgance of the mixing drops sharply from insulating value to a vadue nearer to that
of conductive filler. This has been shown to be smilar to a liquid percolating through a
materid e g. soil.

Quantum mechanica tunneling has been dso used to explain the conduction through

the insulating materias. According to this theory, two conductors whose separation is large



( > 100 Angstrom ) compared to atomic  dimensons see each other through a resstance
controlled by the bulk resigtivity of the polymer itsdf. However when this digance is smal (
< 100 angsroms ) dectrons may tunnd quantum mechanicaly between the conductive
eements, leading to a lower resstance than would be expected from the insulator aone.
Thermd expandon of polymers has been used to explain the importance of criticd volume
fraction in such materids. Due to the difference in the themd expanson coefficient of
polymers (which ae quite high) and fillers, with increese in temperature the digance
between the adjacent filler particles increases. If the initid volume fraction is just greater
than the criticd volume fraction and therefore the resisance is low), then the increase in
temperature will cause the filler particles to move gpart. Due to this distance between the
filler paticles may increese beyond the critical vadue, thus causng a large increase in the
resistance value.

Jean-Pierre Reboul®, in a review, has discussed the conduction in carbon black- filled
polymers and dso the effect of electrode materid on the conduction process. In such systems
nontlineer current-voltage characteristics have been observed and different conduction
mechanisms such as tunnding between carbon black particles and hopping conduction have
been proposed. According to Reboul the resstance of such samples is influenced by many
parameters such as length, orientation, voltage, temperature etc. Therefore no sgnificant
vaue for the conductivity of the materid can be deduced from a single measurement of
current and voltage. It is therefore necessary to digtinguish between properties of the medium
and properties of a particular sample with given shape, length, and the eectrode materid.

Jachym %2 mentions that for polymers conducting powders a high concentration, the
mechanism of conduction is charecterigtic of the doping agent done. At concentrations close
to criticd there is a large change in resstance with change in temperature, resulting from the
different liner expandon coefficients of the polymer and filling materid. Frequently,
tunnding effects take place, which induce corresponding temperature dependencies have
been observed. At low concentrations, the temperature dependence of the composte is
comparable to that of the pure resn. The dependence of conductivity sgma on temperature

takes the form:

Eq. 1.9



Where s isacongant and W is the activation energy.

The activation energy can be defined by the equation

1(ns)

W=k T

Eq.1.10

Vaious values of activation energy are observed for different cross-linking agents and for
their variable concentrations. It is dso observed that above the glass trangtion temperature
Ty of the resn, the activation energy decreases with temperature for example in case of

polyesters and in low-conductivity composites.
For increase in carbon black content, above some critica vaue, there is an abrupt increase in

the conductivity of the compogte In this highly conducting region, the conductivity varies
according to the following reletion:

S=s,— Eq 112

—

which is vaid for the composite with polyester resn cross-linked with styrene, wheress for
the same composte but cross-linked with methyl methacrylate the variaion in conductivity
isasfollow:

s:50§%9 Eq.1.13

The variation in the temperature dependence of conductivity is said to be dependent on the
scattering centers. Such as in case of methyl methacrylate, because of presence of C=0
bond, can be conddered as effective scattering centers. Because of these scattering centers
the magnitude of N i.e dendty of scatering centers increases in resins cross-linked by
methyl methacrylate. 1t can be further assumed that the concentration of charge cariers, n,
generated from the particles of carbon black do not influence the temperature dependence of



the conductivity as the conductivity of carbon black is virtudly temperature dependent. In
genera the temperature dependence of such systems can be expressed as follows:

s a —o-2 Eq.1.14

In case of carbon black — polyester resn composites the current — voltage characterigtics
were found to be nontlinear and according to Jachym these can be explained by the theory of
space-charge —limited currents (SCLC).

The current voltage characteridtics in polyester resns containing carbon black sdisfies the
equation | = AU® where U is applied voltage. Non-linear characteristics have been observed
in certain composites, at carbon black contend of 0.4 to 1.0 g per 100 g of resin. Exponent 5
in between 1.07 and 1.85 depending on the carbon black concentration. According to Jachym
these non-linear effects can be expanded by the theory of space-charge limited currents
(SCLC). Further in agreement of SCLC theory, the current dendity depends on voltage in the
following way:

Ja U L+1
where L = TJ/T > 1 & T isaparameter defining distribution of traps 3.

The effects of pressure on the eectricd conductivity of composites have been found to be
useful to diginguish between ionic and eectronic conduction in such sysgems. While an
increase in pressure causes increase in conductivity for eectronic conduction, in case of

ionic conduction, conductivity decreases with increase in pressure.

1.6 Fillers:
Fillers are used in order to make blends and composites for incorporating specid

properties of photoconductivity, chemica sengtivity, etc. Fllers like phthdocyanines (Pc)
and cadmium sulfide (CdS) can be used for this purpose.

1.6.1 Phthalocyanines:
(a) Aschemicd sensors:




The effect of oxygen on phthalocyanine was discovered in 1948. This effect was studied

quantitativly by Heilmerier and Harrison %

usng CuPc sngle aydd in vacuum, air,
oxygen and hydrogen amosphere. Admission of oxygen was found to increase conductivity
and lower the activation energy. This was recognized to be a bulk rather than a surface
effect. Admisson of hydrogen reversed the oxygen effect to yidd a lower conductivity and
higher activation energy, which remained condant in subsequent evacudion. The effect of
oxygen, nitric oxide, nitrogen dioxide and ammonia on sublimed films of metd free, Fe -,
Co - , Ni — 1 Cu and Zn — Phthdocyanine were studied by Kaufhold and Hauffo °. The
nitrogen dioxide NO and NO, resulted in large increases in conductivity and reduction in
activation energies. Also charge transfer interactions were evident in the visble spectra of
thesefilms.

A surface accoustic waves (SAW) device responds to changes in the coatings mass,
conductivity and mechanical properties. A SAW device was condructed usng lead
phthalocyanine coated 110 MHz lithum niobate SAW sensor responding to 10 ppm nitrogen

dioxide.

(b) Photoconductors:
Almost 90 % of the photoconductors in the charge generation (copiers, lasers, printers)

ae organic semiconductors (especidly titanium phthaocyanines) have been observed in
phthaocyanines thin film devices. The contact of the solid molecular semiconductor like a
phthdocyanine with a materid of a different eectrochemicd potentid of eectrons (Fermi
levels) of metals and semiconductors redox potentia of an eectrolyte ) may result in:

a) Rectification in the dark under an gpplied potentid / eectrical fidd.

b) Photovaltaic effect and a photo potentia under illumination.

Different cdl configuration are Schottky cells, n/p double layer cdlsthree / multi layer cells,

photod ectrochemicd cdls. All these cdlls use phtha ocyanines in the form of thin layers on
electricaly conducting carriers such as 1T0, Nesaglass, Ag, An, Al. ec or inorganic
semiconductorslike P-Si, CdS.

Under illumination, a Schottky contact can exhibit a photovoltaic effect. If the metalic
electrode is thin enough to be semitrangparent in the contact of a metd low work function
and an organic p conductors then excited holes can cross the barrier into the semiconductor.
But this contribution is smdl due to low transmittance of the metd eectrode. Excited dates
in the depletion region of the semiconductors can be separated into eectrons and holes by



the built-in dectricd fidd. In addition, excitons from excited States obtained by light
absorbed in the bulk of the p-conductor may diffuse to the depletion region for separation
contributing to the photocurrent. Under illumination, the concentration of minority charge
cariers is increased more efficiently than that of mgority cariers therefore though junctions
that leed to depletion layers (high surface concentration of minority cariers) ae most
interesting for photoelectrochemica cdlls and sudies.

1.6.2 Cadmium sulfide (CdS):

CdS has interegting semiconducting properties and is an n-type semiconductor. It is
widdy used as a thin-film cel for solar energy converson and is a photoconductor and
dectroluminescent ®°. These properties have found use in phosphors, photomultipliers,
rediation detectors, thin-film transistors, diodes and rectifiers, etc ©’. It is found in cubic and
hexagona crysd latices. The photoconducting properties of this materiad ae utilized by
forming Schottky barriers or p-njunctions,

Photovoltaic effect in CdS is associated by the use of nonohmic contacts. CdS
rectifiers have been made by including a crystad of conducting CdS.Cl or CdSiIn between a
non-ohmic contact such as Ag or Cu 8. Such a rectifier biased in reverse direction can be

dso used as a photorectifier ©°

, Where lignt fdling on the rectifying junction causes an
incresse in conduction by a factor of 10°. Crystals of CdS show appreciable photosensitivity
on account of the presence of imperfections eg. a Cu" center in place of Cd®* or a cation
vacancy. These sendtizing centers may be categorized as compensated acceptors. |If
sengtizing centers are absent these other imperfections dominate and an insendtive materid
results. Senstivities of severd typicd forms of CdS are reported ©. In case of a
polycrystaline sysem associated with a CdS dispersed in an insulating binder, it is likdy
that a tunnding between photoconducting particles through a thin film of binder plays an
important role in the conductivity at low applied dectric fields ™.

Heterojunctions usng CdS were dso of interest in which light can be directly incident
on the junction if directed through the large band gap materids 2. Typicdly, the C,S-CdS
heterojunction, can be conveniently made by a dipping process in an agueous solution of
Cu?*, by which a layer of Cuw,S is topoaxidly formed. The diffusion of Cu into the CdS leads
to a high-resdtivity compensated layer in the CdS, the properties of which are extremey

important.



1.7 Special properties:

Vaious types of materids can be used aong with conducting polymers in order to
tallor the gpplication of the polymer blends. Criteria of the filler sdection entirdy depends
on the property desred. For example a photoconducting material like CuPc or CdS can be
introduced to form a composte of conducting polymer. Chemicd sendtivity of the
conducting polymers can dso be enhanced in a smilar manner. A brief account of the

propertiesis presented below.

1.7.1 Photosensitivity:

A broad definition of photoconductivity would be increased conductivity produced in
a materiad when it is irradiated with and absorbs radiation in the ultra-violet-visble region of
the dectromagnetic radiation.

Photoconduction gudies in polymers have been initisted by the report on a
photoconducting  polymer ( N-vinyl cabazole ) 3. The polymeric photoconductors are
based on two types of systems:

(@) Theactivity isbuilt into the polymer structure itsdlf.

(b) The binder polymers containing high concentration of active chromophores or charge
trangport molecules.

Congdering the above principles, the polymeric photoconductors are classfied into five

categories:

(A) Polymer with pendant group :

(B) Molecularly doped polymers:

(C) Backbone conjugated polymers:

(D) Liquid cryddline systems:

(E) Nanoclusters polymer composites :

The process of photoconduction can be separated into the following steps

Absorption of radiation

!




Generation of charge carriers

JON N

Electrons Holes Trapping and recombination

v v

Separation of charge carriers

l

Photocurrent

Photoconductivity is the result of two processes ’“:

(@ one utilizes photophysical processes a semiconductor (SC) junctions such as pn &
Schottky.
(b) the other is based on photochemical processes between sendtizer ( photoexcitation
center) and acceptor/donor
For both the process, separation of photo-produced charges ( eectron & holes ) is
most important.

This separation of charges occurs a the junctions in photo-physica devices. A pn
junction is formed when a p type semiconductors is contacted with the ntype semiconductor
resulting in an dectron flow from n-type to p-type semiconductor making the Fermi leve
come to the same height. This induces band bending of the valence band and the conduction
band. Illumination of the junction causes dectron trangtion from the vaence band to the
conduction band, giving rise to a hole in the vadence band. The holes and éectrons thus
produced by irradiation diffuse in different directions because of the band bending at the pn
interface. The photoseparated charges flow in the externd circuit giving a photocurrent.

The second type of junction giving photoconductivity is the Schottky junction
formed between a ptype semiconductor and a metd with a proper Fermi level smilar to the
pn junction.



The photochemical process comprises exchange of eectron & holes a separate
electrodes by the photochemica reaction products. For example, eectron donor (D),
sendtizer ( photoexcitation center P ) and eectron acceptor (A) produce photochemically
oxidized D and reduced A via photoexcitation of P as shown

D+P+A+nv ---------------- D+P* +A

D+P+A+hv --- === == -=- D+P* +A

If the three components are arranged in a multilayered sructure it is possible to
obtain an eectrical output. It is very important to suppress the charge recombingtion in a
photochemical process.

Photoconduction in polymers is of two types intrindc eg. PVK exposed to UV
radiation or extringc, asin pigment particles dispersed in PVK.

The exigence of intrindc photogeneration of carrier has been doubted for energies
lower than 4.6 eV (~260 nm). Due to UV irradiation, photo-oxidation products of PVK are
formed which act as acceptor like impurities and form charge — trandfer complexes with
unoxidised PVK. These charge transfer complexes act as charge carrier generators.

The second type of photogeneration is due to sendtization. Sendtization effect is
brought about by adding molecular species such as dyes, eectron acceptors and eectron
donors to the host polymer. For example, PVK was sendtized with crystd violet (CV), a
benzopyritium sdt B-20) and a carbonium sdt °. PA was senstized with dyes such as
pinacyanol, methylene blue, chlorophyll a hematin, phthdocyaning, etc. A hetero p-n
junction device was dso built usng PA. PA ntype was formed by doping with a donor such
as dkai metds & ptype PA was formed by doping with an acceptor such as halogens ( Ch,
Bry, I, etc) °.

1.7. 2 Chemical sensing properties.
There are various types of chemica sensors based on the chemica interaction and the
sensor configuration used. Recently, thin layers of molecular, supra molecular and polymeric

compounds gan interet as sendtive, sdective and dable coatings for transducers for



chemical sensors /7. Gases such as oxygen, chlorine, nitrogen dioxide and carbon dioxide
and volatile compounds can be easly detected. The materids have been applied in the form
of coaings on the substrates. Polypyrrole has been used to detect toxic gases in ar films
were deposited dectrochemicaly on interdigited eectrode patterns from an agueous solution
of 0.1 molar LiBF, . The films thus prepared were sensitive to dectron donating gases such
as ammonia. It was found that a past fabrication trestment enabled the sensors to respond to
additiona gases.

Results dso show that polypyrrole dso behave as a p-type materid. The conductivity
hence decreases in the presence of a reducing gas (ammonia) and conductivity decreases in
the presence of an oxidizing gas (nitrogen dioxide). The mechanism is smila to tha
occurring on tin dioxide in which the gas molecules cause changes in the near surface charge
carier (dectron and holes) dendty by reacting with surface adsorbed oxygen ions. The
response of to 0.1 % ammonia in air showed an increase in background resistance by around
20 % of its initid vaue after 8 exposure cycles. In case of hydrogen di sulfide there was an
evidence of an irreversble surface reaction due to the gas retention by the testing apparatus
79

Yoneyama e d & have shown tha dectropolymerized PPy films exhibit noticesble
gas sengtivities to electron acceptor gases such as PCh, SO, and NO, a room temperature.
The authors dso investigated the gas sensing properties of PTh films (16 d) but they found a
more irreversible behaviour in the conductivity change after exposure to ammoniaand HyS.

Feld effect trangstor (FET) devices have been fabricated usng ECP based chemicd
sensors L. SGFCTs operating in solid state have been developed by Janata et @ which
respond to lower diphatic alcohols a room temperature and with a time response of seconds
82 PPy/3-nitro toluene exhibit sdlective senstivity to acohols and aromatics and is explained
onthebassof M —H or M — N interactions.

PANI coated on four-probed electrode device shows sendtivity towards methanol,
ethanol acetone and acetonitrile vapours in the nitrogen carrier gas . PANI based micro-
electrochemica trangstors can operate in the solid state by using a PVA / Phosphoric acid
slid-state eectrolyte, in this way water vapours can be detected 4.

lon detectors have been fabricated usng ECP conducting polymers. PPy films
prevented the permesbility of anions of larger size than the cut off size, which was decided
by the sze of the anion used for ECP of pyrrole. Thus specificity to the ions may be obtained



by functiondization of the ECP by species offering specific interaction with the ion to be
andyzed. PPy coated by the carbothiotate ligand showed on uptake of Cu2+ ion from the
solution, with a detection limit of 1ppm %°. Thus it can be observed that the gas sensitive
devices based on conducting polymers are draightforward to fabricate robust and smple to
use. The sdectivity and sengtivity to a particular type of gas can be dtered by taloring the
matrix/subsirate used. Severd other types of sensors have been made usng conducting
polymers like radiation detectors, dectrochemical bio-sensors, etc.

Irrespective of the configuration of the sensors, the action of chemica species is
detected as changes in parametric vaues such as resigtance, current or dectrochemica
potentiad, or the work function of the polymer the mechanism of the interaction which occur
on PPy and p—poly phenylene films during their exposure to various organic vapours was
investigated by UV-vis spectroscopy and by the Kevin probe technique. The spectroscopic
method follows the changes in polaron and bipolaron concentration, which are sendtive to
any chage trander that moves into / out of the films while the Kevin probe monitors
directly any changes that occurred in the work function of the polymer. The results indicated
a mechaniam congging of the following seps : interaction of the vapour molecules with a
polymer, patiad charge transfer to form a mid gap date in the film and laterd digperson of
the charge between dl the absorbed molecules.

1.8 lonically conducting polymers:

1.8.1 Types of ionically conducting polymers:

lon conducting polymers are effectively solutions of ionic sdts in heteropolymers such
as polyethylene oxide (PEO). lonic conducting polymers can be classfied into two groups.
The didinction is based on the temperature a which the polymer shows apprecigble
conductivity relative to its glass trandtion temperature Tg. This didtinction is found to be
directly related to the ionic transport mechanism. The fird group is composed of polymers
that show gppreciable ionic conduction only a temperatures above their glass trangtion.
This group includes dl the ionic conductors based on complexes of polyethers and akai
metd sdts such as the dassic ionic conducting polymers developed by Wright e d. 8 and
Armand e d ®’. Also induded in the group are the polyphosphazene backbone polymers to
which ion-solveting groups have been grafted, such as the polymer MEEP, and analogues of



PEO complexes such as poly(ethylenemine) complexed with akai metd sdts. In this group
of polymers the ionic conduction process involves a cooperative interaction between the
mobile ionic species and the polymer matrix. The second group conssts of polymers that
have appreciable ionic conductivity at temperatures (typicaly, room temperature) below
their glass trangtion temperatures. Nafion and blends of poly (vinyl dcohol) and H3PO4
(PVA/ H3PO, are examples of polymersin this group.

1.8.2 Chargetransport mechanism ionically conducting polymers:

In these systems, the conduction mechanism can be described by a percolatiion mode
in which a highly conductive phase is embedded in a poorer conducting phase (or insulator).
Sgnificant conduction does not occur until a criticad volume of the highly conductive phase
is reached, & which point the highly conductive phase forms a continuous network
throughout the polymer matrix. If the ionic conductivity in a polymer were governed by
angle jump diffuson mechaniam the ionic conductivity can be obtaned by the Stokes
Einstein equation %8

D=kl /6Prh Eq.1.15
Where D is the diffuson congant, r is the ionic radius, k is Boltzmann's condant, T is
temperature, and h is viscogty) with the Nerngt- Eingtein equiation,

s = ZF%c(D++D.) / RT

(where c is the concentration of mobile ions, z is the charge of the ion, F is Faraday's
constant, and D* and D™ are the diffuson coefficients of the two mobile species that are
present, an anion and a cation). For a dtuation in which only one nobile species is present,
the combination of the &bove eguations predicts that the conductivity is inversdy
proportiona to the viscosity and is given by

s =Z F?c/NabPrh Eq.1.16
where Na isthe Avogadro's number.

An dternaiive expresson that is often used to describe the ionic conductivity in an
amorphous polymer system is based on free volume theory and is given by the Voge-
Tamman-Fulcher(VTF) egquation

C(T) = A exp (B/T-To) Eq.1.17



Where C(T) can be any reduced —transport parameter. If C(T) is DTY2, or sTY2, the
following expresson for ionic conductivity results:
s =AT " exp(B/T-Ty) Eq.1.18

1.9 Solid polymer electrolytes:

The insulating-conducting blends suffered from a magor drawback of possessng lower
conductivity. Hence these cannot be used in gpplications such as batteries, dectrochromic
dislay devices, eic wherein the internal resstance is required to be low. A novd way to
overcome this problem was to replace the insulaing polymers with semiconducting
materias/polymers in the blends. These semiconducting polymers belonged to the class of
ionicaly conducting polymers. viz. the solid polymer eectrolytes.

lonic conduction is associated with liquids, solvents with ether high didectric
congants or molten sdts. However solids can function as dectrolytes dso known as solid
ionic conductors. Fast ion conducting eectrolytes (typical conductivity 10° < s < 10 Slem)
are exciting because of their wide ranging applications such as gas sensors, eectrochemica
display devices, intercalation electrodes, power sources, solid state high densty batteries,
€tc.

The poly(ethylene — oxide) based chemicdly conducting polymer as the solid
eectrolyte was reported by Armand et d. Since then polymer dectrolytes based on
complexes formed between PEO and dkadi med <dts have become materids of
condderable interest due to ther desrable conductivity, mechanicd properties and
compatibility. SPEs were made by complexing a polymer like polyethylene oxide, poly vinyl
dcohal, poly vinyl pyridine etc with inorganic sdts such as lithium perchlorate, sodium or
potassium iodide etc.

The solid polymer eectrolytes can be classfied as
(1) conventiond polymer eectrolytes
(2) non-conventiona polymer dectrolytes
The conventiond polymer dectrolytes are dkdi metd sdt complexes of high molecular
weight polymers containing optimaly spaced eectron donor aoms or groups, which
coordinately bond with the metd ion in the sat. The wel-known example is PEO-(LiX), in
which the LiX is a Li st eg. LiISOsCF3, and n in this case is the mole ratio of Li st to
ethylene oxide (EO) monomer unit in the polymer hog, n is dso the mole ratio of Li* to O.



For a given concentration of the sdt, the concentration of the ionic charge cariers in the
eectrolyte is determined by the didectric congtant of the polymer and the lattice energy of
the sdt. Polymers with high didectric condants and sdts having low latice energies are
generdly expected to promote grester dissociation of the sdt thereby providing higher
concentrations of the ions. Larger anions as in the case of the complex ions promote
substantid delocdization of the negetive charge, tha occurs with the reduction of ion-ion
interactions consequently  yidding high conductivity.  The motion of the ions (i.e
conductivity) in polymer eectrolytes gppears to occur by a liquid-like mechaniam in which
the movement of ions through the polymer matrix is assisted by a large amplitude segmentd
motion of the polymer backbone. lonic conductivity primarily occurs in the amorphous
regions of the polymer 8. The conductivity behaviour is dependent on the crystdlinity of the
polymer, the complex formed and the sdt. The ratio of different phases depends on the PEO
. dopant ratio, and the time interval and temperature of the measurement as well as the
polymer characterization such a molecular weght, molecular  weight  ditribution,
completeness of cryddlization and the kindtics of cryddlization. Different techniques
including DSC , XRD , optical microscopy and eectron microscopy, NMR and IR have been
used to determine the phase diagrams and dructurd characterigics of the polymer sdt
complexes *°.

The temperature dependence of conductivity is best related by the Vogd-Tamman
Fulcher (VTF) equation

s = AT Y2exp (-B/T-Ty) Eq.1.19

where s is the conductivity, A is a congtant proportiond to the number of carrier ions, B is a
congant and T, is the temperaiure a which the configurationa entropy of the polymer
becomes zero and is close to the glass trangtion temperature (Tg). The thermd transitions are
the glass-trandtion temperature (Tg) and the mdting point (Tm) for the cryddline fraction of
the polymer. The influence of these properties on the conductivities of the dectrolytes can be
derived from the temperature dependence of conductivity. An abrupt increese in the
conductivity a 60°C is associated with PEO-based dectrolytes because PEO is partidly
crysdline whereas a seady rise in the conductivity is observed in case of complexes of
poly(propylene oxide) (PPO) and poly[bis-(methoxyethoxy) phosphazene] (MEEP) that are

fully amorphous. As regads dimensond dability, it genedly exhibits an inverse



relaionship, the higher the conductivity of the dectrolyte, the lower is its dimensond
Sability.

Comparatively, the nonconventiond solid polymer dectrolytes with ionic
conductivities approaching those of their liquid counterparts (i.e. s » 10°3Scm) have been
reported. This can be possble by adding plagticizers to the polymer eectrolyte. For example
Kely et d ° showed that the conductivity of PEO-(LiSOsCFs) could be increased to ~ 10°
“Slem a 40°C with the addition of 20 mole percent poly(ethylene glycol) dimethyl ether
(PEGDME).

Poly(ethylene oxide)(PEO) and other polyethers were blended with polypyrrole by
chemicd polymerization using FeCk as oxidant %2. In another case solutions of the polymers
and oxidant-FeCl; were mixed and cast on glass subdrates producing highly viscous films.
These films were then exposed to pyrrole vapours. The PPy thus deposited produced a
materid with conductivities of 2-3 x 10 Sem. Highly cross-linked PEO gels incorporated
with CuClh, were adso used to make blends with PPy %3, Hence it was observed that blends
with higher conductivity and processibility could be obtained

Solid polymer dectrolytes have been used as thin films on the conducting polymer
substrates and sandwich cdl type devices fabricated in the past, some of which were
reported to be more efficient than others. The devices reported in the past make use of the
conducting polymer film in liquid dectrolyte (mogly nonagueous), which may spill during
handling or evaporate during long term Storage. To overcome these limitations, attempts
have been made for replacing the liquid dectrolyte with solid polymer dectrolytes (SPES).
Thus the devices were safe and dso provided low volume and weight. The processng and
faorication of the SPEs in the thin film configuration are reativdy smple as these can be
routingly fabricated in the form of thin films with thickness of less than 1nmm.

Some of the gpplications of solid polymer dectrolytes in conjunction with the
conducting polymers are discussed briefly.

(1) Lithium-polymer betteries.

The use of conducting polymers as battery eectrodes relies on their redox(doping )
processes being driven eectrochemicaly. For example the p-doping process of for PPy has
been extensvely exploited in cathode materid for betteries with a lithium anode and a
auiteble dectrolyte, eg. a LiClIO4-PC solution. The eectrochemicd charge-discharge
process of this battery can be written as,



(Py)n + nyLiClO4 charge/ discharge [(Py)”" (ClO4)y]n + nyLi Eq.1.20
The lithum-PANI system was exploited by Japan's Bridgestone Company in the
lage-scle production of high-cyde-life, button-type, three-volt battery . A PEO-SEU-
LiCiO4 polymer having interpenetrating network was used in combination with poly(N—
oxyakylpyrrole) electrodes designed to form amixed ionic electronic conducting matrix®>+%.

(2) Polymer supercapacitors:

These can be defined as high-power, energy-storage devices wherein the conducting
polymers are used as eectrode-active materids. Conducting polymers are useful due to the
fast doping-undoping processes with suitable morphology, the charge is stored throughout
the volume of the materid and they can be generdly produced a lower manufacturing
costs”’.

(3) Electrochromic devices:

An dectrochromic materid is one whose colour changes in a peragtent yet reversible
manner through an dectrochemicd reaction. Accordingly, conducting polymers can be
repeatedly switched dectrochemicdly from the doped to the undoped dsates with high
contragt in colour have emerged as an extremely versatile class of eectrochromic materids
9%

The colour changes dicited are due to the modification of the polymer’s band
electronic dructure. To take advantage of the dectrochromic effect to form a display, a
method of reversbly injecting eectrons and ions into an dectrochromic film must be
devised. This is achieved by usng an ionic conducting eectrolyte to separate the
eectrochromic materid from an dectrode which is a source of ions faricated as a
multilayered structure.  For example, Poly (3-methyl thiophene) was used in conjugation
with lithium intercalated nickel oxide on 1TO as an dectrochromic device 99193,

1.10 Charge transport:

The blends and compostes of the conducting polymers as discussed in the above
section actualy represent a heterogeneous mixture of two or more components. Hence the
different materids are in intimate contact in a polymer matrix and are digpersed uniformly
throughout the matrix. The contact of the materids a the inteface will strongly affect the
electrical properties of the blends and composites on a macroscopic level. The dissmilarities
in work-function of the materids gives rise to the formation of a potentid barier a the



interface 194, Various such junctions were fabricated in the past in the view of their potential
use in eectronic devices The conducting polymers are p-type organic semiconductors.
Hence the junctions formed at the interface of conducting polymers and inorganic materids
in contact were termed as heterojunctions. Electronic devices based on conducting polymers
have been reported in the past. The first example of transstors was reported in 1988 by
Burroughes et d. usng PA and Assadi et d using poly(akyl thiophene) 1%. The Schottky
diodes using polymers as an active materia has been reported by several groups '%. These
new devices provided means of adding and removing charges to the polymer by injection
and depletion that avoids chemica doping of the polymer and possible sde reactions. These
devices reveded nove physcs that the characteristics of polymeric devices are smilar to the
inorganic semiconductor devices. Thus the polymer films are amorphous and the devices
have acceptable characteristics.

The eectrica properties of the blends and composites are exclusvely governed by the
charge transport across the potentid barrier formed a the interface of the materids. As
discussed earlier, smilarities can be drawn between the conducting polymer composites and
the blends and composites of inherently conducting polymers due to the fact that both
represent filling of conducting materid in the insulding counterpart. Hence the charge
trangport in the conducting polymer composites is reviewed in the following section.

In generd, such composites may be considered to be meta — insulators — metd type of
materie (M-1-M) and therefore the conduction processes at metd insulator interfaces should
aso be reviewed here

According to Smmons %" the conductivity in insulaior is often due to extrinscaly
rather than intringcaly bulk generated cariers. The intrindc current carried by an insulator

isgiven by.

| = emN _F. exp g %E Eq.1.21
where e is dectronic charge, mis charge mobility, F is fidd in the insulator, N¢ the effective
dengty of dates in insulator, Ey the insulator energy gap, K the Boltzman condtant, T is the
absolute temperature. This value of current density turns out to be 10°%® A/cn? which is

many orders of magnitude smdl.



When an dectric fidd is gpplied across an insulator, if sufficient number of cariers
are available to enter the insulator s0 as to replenish those which are drawn out, then the |-V
characterigtics of sample will be dependent on the bulk properties of insulator and we say
that the conduction process is bulk limited. At high fidds, or if the contact is blocking type
then the current supplied through the eectrodes to the insulator will be less than that capable
of being carried in the insulator.

Under these conditions the I-V chaacterigics of the sample will be controlled
primarily by conditions exising a the cathode-insulator interface, this conduction process is

referred to as being emisson-limited or contact-limited.

1.10. 1 Types of contacts

The types of contacts that can exit a a metd-insulator interface fdl into three categories : (i)
ohmic contact, (ii) neutrd contact, and (iii) blocking contact.

(YOhmic Contact — M ott-Gurney contact:

In this case the electrode work function y 1, is smdler than the insulator work function
yi a shown in the Fig. 1.6 (a) and the dectrode can readily supply dectrons to the insulator
as needed. Under these conditions, in order to saisfy thermd-equilibrium requirements,
electrons are injected from the electrode into the conduction band of the insulator, thus
giving rise to a space-charge region in the insulator. This space-charge region is shown in
Fig. 1.6 (b) to extend adistance | , into the insulator, and is termed the accumul&tion region.
(i)Neutral contact:

In this case y m = Yy, which means that the conduction band is flat right up to the
interface, that is, no band bending is present, as shown in Fig. 1.6 (d).

(iii) Blocking contact- Schottky barrier:

A blocking contact occurs when y >y , and in this case dectrons flow from the
insulator into the metd to edtablish therma- equilibrium conditions. A space-charge region
of podtive charge, the depletion region, is thus created in the insulator and an equd negative
charge resdes on the meta dectrode. As a result of the eectrogatic interaction between the



oppositdy charged regions, a locd fidd exigs within the surface of the insulator. This

WS ATOR COmOCTon
HaRD

i

FERMI
LEVEL

i
:

al LAy

- Ik
L= T.- f———
FL FL
lel For ¥ Idl
hII
e
'+ " 5 % LEMPTY DOMORS [ASITIVELT
b CHARGED
= = e g _.l;' CEMTERS
’ posers C: EERE ey i 11
—] —
LY L) (f

Fig. 1.6 Energy diagrams showing various types of contacts at metal-insulator inerface.
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causes the bottom of the conduction band to band downward until the Fermi level within the
bulk of theinsulator liesy ; below the vacuum leve.

Vaious workers in this fieddld of eectricdly conducting polymers have suggested
different conduction processes as dready mentioned. A detailed review of the physca
processes involved in the mechanisms such as Tunnd effect, Poole-Frankel effect and Space
Charge Limited conduction is given here.

1.10.2 Tunnd effect:

If the energy of an dectron is less than the interfacid potentid barier in a metd-
insulator-metd  junction upon which it is incident, the quantum- mechanicd wave function
Y (x) of the éectron has a finite values within the barrier (see Fig. 1.7), and Snce 'y (x) Y (x) dX is
the probability of finding the eectron within the incrementa range x to x + dx, this means
that the eectron can penetrate the forbidden region of the barrier. The wave function decays
rapidly with depth of penetration of the barrier from the eectrode-insulator interface and, for
barrier of macroscopic thickness, is essentidly zero [Fig. 1.7(a)] a the opposte interface,
indicating zero probability of finding the dectron there. However, if the barier is very thin
(< 50 A°), the wave function has a nonzero value at the opposite interface. For this case,
then. There is a finite probability that the eectron can pass from one éectrode to the other by
penetrating the barrier, as shown in Fig. 1.7 (b). When the dectron passes from one eectrode
to the other by this process, one spesks of the dectron as having tunnded through the
barrier.

The geneardized formula gives the rdationship connecting the tunnd current dengty
with the gpplied voltage for a barrier of arbitrary shape as

1=1,{Fep( AFY2) F+ev)ep| AF +ev) ]} Eq. 1.22
where | __® and AR PS (om)'2
2ph(bDs)’

Ds = width of the barrier a the Fermi level of the negatively biased eectrode



f = men barir height aove the Femi levd of the negaivdy biased
electrode

w 2] THiN gn.nn)’ﬂ“'\-:ﬂ;l

{17 THICH BEAsER

S T 1 A ﬂ

i ' 1 |’

* | |nl |I.\'\--.. | | l | s —
1 T 1l | W] - 1
te WL e W I| | |
T FEARIER A o B

181 [nl

Fig. 1.7 Quantusn mechanical tunneling of an electron at metal-insulator-metal junction
(&) at a thick barrier (b) at a thin barrier

47



h = Planck’s congtant

m = mass of the electrons

e = unit of eectronic charge

b = a function of barrier shape and is usudly gpproximately equa to unity, a condition we
will assume throughout

Expressed in conventiond units, except for Ds, which is expressed in angstroms, above

equation 1.3.7 abecomes

6.2 10"

! (Ds)*

{F exp (- 1.0250sF /2)- (F + V)exp| 1.0250s(F +V)"’]}  Eq 122D

1.10.3 Poole-Frenkel effect:

The Poole-frenkd  effect (fidd-asssted thermd ionizaion) is lowering of a
Coulombic potentid barrier when it interacts with an dectric fidd, as shown in Fig.1.8. This
process is the bulk andog of the Schottky effect at an interfacid barrier. Since the potentia
energy of an dectron in a Coulombic fidd - €%/4pi °kx is four times that due to image-force
effects, the Poole-Frenkdl attenuation of a Coulombic barrier Df pr in a uniform eectronic
fidd istwice that due to the Schottky effect a a neutra barrier.

F'2=p,F'? Eq. 1.23

This result was first applied by Frenkd % to the host aoms in bulk semiconductors and
insulators. He argued that the ionization potentid E, of the aoms in a solid are lowered an
amount given by eguation 1.23 in the presence of a uniform field-dependent conductivity of

the form ab o F?

)
s, ex 2 Eq.1.24
TS OPETT - a
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where so [ = emN¢ exp (-Eo/2KT) ] is the low-fild conductivity. Equation 1.24 may be

written in the form



12,
ab - F

MR T

1O

Eq. 1.25

where Jy (= soF ) isthe low-fied current density.

It is interesting to note that athough Df pr = 2Df s the coefficient of FY in the
exponentid is the same for both the RichardsonSchottky and Poole-Frenkd JF
characteristics (i.e, bpr /2 = bg), Mead **° has suggested, however, that since traps around in
an insulator and that a trgp having a coulombic-type barrier would experience the Poole-
Frenked effect a high fields, thereby increesing the probability of escgpe of an dectron
immobilized theran, the current dendty in thin film insulators containing shdlow trgps is

given by

ﬂ) F1/2 =

J=J, expﬁ

Note in this case that the coefficient of F¥2 is twice that in Eq.1.25 and for this reason

Eq.1.26 is usudly the form of Poole-Frenkel eguation associated with thin film insulators
rather than that given by Eq.1.25.

From what has been sad it follows that it should be possible to differentiate between

the Schottky and Poole Franked effects in thin-film insulaor from ther different rates of

conductivity with fidd strength; viz, a plot of In J vs FY2/kT results in a dtraight line of

Eqg. 1.26

Q'I"I'O

dope bs or bpr depending upon whether the conduction process is RichardsonSchottky or
Poole-Frankdl. These experimentally determined dopes can be compared with the theoretical
bs and bpr , which can be cdculate quite accurately provided the high frequency digectric
constant K™ should saisfy the equation K* = r?, where n is the refractive index for the
meterid.

Furthermore, if it is assumed that the insulator contains donor centers which he know the
Fermi level this assumption is supported by the fact that the conductivity of the films
continues to increese with increesng temperature above room temperature and shdlow
neutral traps ( see Fig.1.9), the bulk J—V characteridtic of thefilmis given by



1/2
()

ab
J:Joexpﬁg Eq. 1.27
]

1/2
y E +E &
whereJO:enNcae\lg—dg F exp ?#2
Nt g e 2kT I}
Thus in this case the coefficient of F/2/kt is bpr /2 ( = bs ) even though the conductivity is not
el ectrode-limited, which explains the anoma ous experimentd results.

1.10.4 Space- Charge— Limited (SCLC) Currentsin insulators:

An insulator which does not contain donors and which is suffidently thick to inhibit
tunnding will not normaly conduct Sgnificant current. However, if an ohmic contact is
made to the insulator, the space charge injected into the conduction band of the insulator is
capable of carrying current, this process is termed SCL conduction.

The reaults of the gpplied bias to an insulator having two ohmic contacts on its surface
Is to add postive charge to the anode and negative charge to the cathode, as would be the
case with any such capacitive sysem. Thus, as the voltage bias increases, the net postive
charge on the anode increases and that on the cathode decreases. Calling the charge on the
cathode Q, that on the anode Q> and the negative space-charge density p(x), the condition of
electrical neutrdity demands that

op(c)dec=Q, +Q, Eq.1.28

Equation 1.28 may be rewritten as

o)+ gp(ede =Q, +Q,

I

wherel , ischosen such that



op(c)dc=Q, Eq.1.29

and op(c)de= Q, Eqg.1.30

The insulator has thus been divided into two portions with | 1, as the boundary separating the
two.

The dgnificance of Eq 1.29 and Eq.1.30 is that the pogtive charge on wither contact is
neutrdized by an equal amount of negaive charge contained between the contact and the
plane a x = | . Thus, the fidd in the insulator due to Q and Q is zero & x = | i, the net
fidd there must be zero, as shown in Fig. 1.10, and for this reason the plane at x = |  is
termed as the virtua cathode. The region O £ x £ | 1,y is designated the cathode region, and the
region| ,, 3 x 3 sthe anode region.

From consderation of Eq 1.29 and EQ.1.30 and the fact that Qi decreases and Q>
increases with increasing voltage, it will be dear that the virtual cathode region decreases
and the anode region increases. Eventudly, when Q; = 0, the virtud cathode coincides with
the physica cathode-insulator interface. Under this condition, then, the anode region extends
throughout the whole of the insulator, and an ohmic contact no longer exids at the cathode-
insulator interface. Thus, for further increasing voltage bias, the conduction process is no
longer space-charge limited, but rather it is emisson -imited.
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1.10.5 Matrix Of Uniformly Dispersed Particles - Various conduction equations

The €ffect of fillers on the dectricd conductivity of polymers has been discussed
usng a modd by Radhekrishnan 1%*. A polymer containing uniformly dispersed filler
particles is consdered as a matrix of particles with average dimenson D separated from each
other by an average distance d. The dectricd equivdent of this sysem is a net work of
resstors R, and Ry ( where R, and Ry are effective resstances of the interparticle junction
and the paticle itself respectively). The net work is consdered to be a linear aray of a
umber (Ns ) of R and R, dternatively placed in series and N, such arrays placed in pardld.
These number of series dements (Ns) and pardle arays (Np ) depend on the filler
concentration through the interparticle distance as

Ns= (L-d)/(D+d)
Np = (B—d)?/ (D +d)? Eq.1.31

where L is the length and B the cross section of the filled polymer sample. The interparticle

distance and filler concentration q (volume fraction) are related as
g =D(L-d)/(D+d).L Eq. 1.32

The externally measured resistance R isgiven as

R, +R,) Eq.1.33

the resstance R, depends upon the type of conduction process taking place in the polymeric
materid aswell astype of contact. In case of ohmic conduction Ry isrelated to g as

1/3
R,(OH)=1r, L qL) _,+%rfq“3 Eq.1.34
vsF L 1/32
Qe+ 5 a

Wherer , and r s are bulk resstivities of polymer and filler particles respectively.



The charge trangport characteristics in polymers, however, are mosily non ohmic, especidly
a high fidds. Therefore Radhakrishnan has consdered the non ohmic processes involved in
such polymers. The relation of R, have also been derived.

For Schottky emission (SE) the current voltage characteristics are given by

bvl/2 N
J=AT? exp(- D/kT)e(pW Eqg.1.35

Where J is the current dengty, A the Richardson — Schottky constant (120 A / cm2), T the
temperature, k the Boltzmann congtant D the barrier height, b the RS exponent, V the voltage
and d the thickness of the layer.

I, = D? AT? exp (- DIKT) exp (bVp ?/d“2kT) Eq.1.36

The effective resstance R, is given by

V, Vv & ?bge Dy U
R =—F= 1+d/DekT epa—d+-22 Eq.1.37
P LDATZ( ) pngg d g E .

From the above equations Rx (SE) can be put in terms of filler concentration q as.

QO

bVl/Z

X

Eq1.38

©
@@ D> D> D> (D

ai‘__'_qu/s
V 1_ 1/3 Q D
R () e s ) 1

1/3

 kTLq"®  1-

[(@N e exY en Y e e’

In case of Poole - Frenkd effect the current voltage characteristics are smilar to that of
Schottky emisson and hencethefina Ry - g issamilar to the above equation except for b.



In case of gpace charge limited conduction process, there are various types current — voltage
relationships possble, depending upon various types of trgp didributions and their
concentration. The Mott — Gurney type relaion which is reated to polymer is.

2
:gm‘e\d/—s Eqg.1.39
and I, will be
V2
I, :gm‘ed—‘; Eq. 1.40

where m is the mohility of the charge cariers, f the trgp parameter and e the didectric
congtant of the medium. R, isthen given by

r =81 (L - d)d® Eq.1.41
" 9 nfe Vx(D+d)D?

The expresson for R, intermsof qinthiscaseis

g8 10% L2 [1- 1/3 )3
R, (SL)=3 — - q)
X a_'_

e

~ Eq.1.42
qu/s 0
D -

The tunnding of charge carriers which takes place in metd — polymer — metd sysems
through mechanical processes directly in thin films or via traps in comparetivey thicker

films. The current voltage characteriics a high enough fidds are governed by Fowler —

Nordheim equetions namely:

338 10°E2 & 0.690°/% 0

J ex T
D P E

Eq.1.43



Where E is the fidd (volts / A ) across the rectangular barrier of height D (V). The current
Ipisgivenas

3387 10*D?V/ o 26907 d(L - d)

= Eq.1.44
P Dd? P V, (D+d) a
and the resstance R, isgiven as
(L - d)od? o 0690 Zd(L - d)
= Eq.1.45
P 338 1010VXD2(D +d) VX(D +d) q
TheRx - q rdation in this case becomes:

Ry (TN)=

DD ('D> (D> %(‘D

U

/ O u

3.38 1010\/ ql/SgL'FL 1/30 V §[+ 1/3 B
ﬂ

Eq.1.46

Thus it has been shown that externaly measured resistance of filled polymer system depends
on the filler concentration in a complex manner and the exact relationship depends on the

interna conduction mechanism governing the carrier transport across the interparticle sites.

1.11 Aim and scope:
It is observed from the above discusson that processhility can be achieved by

gynthesis of blends and composites of conducting polymers. Moreover disperson is the most
convenient way of making blends and compostes. The lower conductivities can be enhanced
by the replacement of insulating polymer by solid polymer eectrolytes, which makes them
progpective materids for various gpplications. The dissmilarities in the work-function of the
condituents gives rise to the formation of junctions in blends and composites. However the

charge trangport sudies across the conducting polymer/insulating polymer interface have not



been investigated in the detall in the past. Properties exhibited by a blend are by the virtue of
the junction formation between the two component polymers. The understanding of the
charge transport processes a the interface of the materids can lead to better devices,
configuration and characterigtics.

Hence, it is proposed in the present work to investigate the charge transport across the
junctions formed as a result of the blending of different polymers. The blends reported in the
past ae modly syntheszed by mechanicad disperson method. However, these blends
represent junction formation on a rather macroscopic scde effectively yidding less number
of junctions. It aso exhibits a percolation threshold & a higher compostion of the
conducting polymer. On the other hand, the blends prepared by eectrochemicad method of
gynthesis yield blends on a sandler scde. Therefore polypyrrole blends are synthesized using
vapour phase method of polymerization of PPy in the present case. This method dlows the
depogtion of the conducting polymer in the semiconducting matrix of the solid polymer
electrolyte. Consequently, the outcome is reflected as an interpenetrating network of the
conducting polymer in the matrix. Thus blending may be achieved & a sub-micron levd and
ensure a better mixing of the polymers and hence lower percolation thresholds. Solid
polymer dectrolytes was used as the mgor matrix in al the blends and compostes as the
conductivity of these maerids is in the semiconducting range that reduces the internd
resstance that makes it suitable for various applications.

The properties of the junctions can adso be enhanced by addition of fillers to the solid
polymer eectrolytes by disperson method. Fillers such as CuPc and CdS can be used in
order to induce photoconductivity to the blend. The junction formation across the conducting
polymerffiller interface is dudied as a function of the compostiond variation and the other
parameters involved.

The type and magnitude of potentia barrier formed are investigated by recording the
current-voltage characteristics.  Furthermore, the modulation of the barriers when subjected
to extend changes such as the chemicd environment is dso ddiberated. The effect of
vaious paameters such as the method of synthess of the blend, doping levd and
compostion of the conducting polymer on the barrier formation are studied. The role of
barriers in determining the properties of the blends and compostes are investigated. In other
words the properties of the blends and composites can be tailored by proper sedection of the
materias and optimized by appropriate compostiond range.
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Chapter 2 - Experimental

2.1 Introduction :

Amongst the various ways of synthess of blends and compostes, which have been
discussed in the earlier chapter, mechanica disperson and vepour phase polymerization
techniques were sdlected in the present studies so as to obtain ex-Stu and in-Stu blends and
composites. The present chapter eaborates the methods of synthess, characterization and
measurement of properties of conducting polymer blends and composites. Polypyrrole and
polyaniline were chosen for the purpose due to their better dability in ambient conditions
than other ICPs. Blends were prepared with solid polymer dectrolytes such as PEO-CuCl,,
PVC-CuClk, PVACc-CuCl, while the compostes were syntheszed using fillers such as
copper phthdocyanine (CuPc) and cadmium sulfide (CdS). The various methods of sample
preparation dong with characterization by techniques viz., H-IR , UV-vis, spectroscopy,
ESCA and X-ray diffraction sudiess, TGA/DTG  dudies are described herein. The
measurement of properties by various techniques such as chemicd sendtivity, light
sengtivity & cydic voltammetry are dso discussed. The techniques for investigating charge
transport mechanisms like 1-V characterization, conductivity-temperature studies are aso
presented.

2.2 Chemicals used:

The various chemicas used adongwith the sources are presented in the table 2.1. The
chemicas used were of AR grade. The solvents used were distilled water, methanol and
tetrahydrofuran.



Table 2.1: Chemicals used and their sources

Chemica Acronym Source
Pyrrole Py Aldrich Chemicd
Co
Aniline Ani SD Fine, India
Polyethylene oxide PEO BDH Chemicd UK
Polyvinyl chloride PvC Reliance Ind
Polyvinyl acetate PVAC
Copper phthaocyanine CuPc Color
Chem/Hoechsi(India)
Cadmium sulfide CdS Loba Chemie, India
Ferric chloride, ferric nitrate, ferric| FeCls  Fe(NOs)s,
alfae, feric ammonium  sulfate, | NHi[Fe(SOa),], Loba Chemie, India
ferric  perchlorate, cupric chloride, | FeCIOy, CuCly,
cadmium chloride CdCl,
Toluene saulfonic acid, naphthdene | p-TSA, NDSA Loba Chemie
disulfonic acid
Ammonium persulfate (NH4)2S:0s Loba Chemie
Potassum chloride, sodium aulfate, | KCI, N&SO4, | SD Fine India
potassum sulfate K>S0,
Lithium perchlorate LiCIO4 Aldrich Chemical Co
2.3 Methods of synthesis:

2.3.1 Synthesis of conducting of polymers:
(a) Chemical synthesis :

A gengd method of syntheds of conducting polymer involves the oxidation reaction of
monomer pyrrole and aniline in agueous medium in the presence of oxidizing agents such as
ammonium persulphate or CuCh in an acidic medium. For example, the polymerization of
pyrrole was carried out by using 1:1 mole FeClk / monomer pyrrole. 3.26 gms of FeCk were
dropped in 200ml digtilled water to which was added 1.4 ml of pyrrole by continuous
dirring. The reaction was caried out mainly a room temperature for 24 hours. The type of
oxidizing agents and the extent of doping were varied to yidd polymers of different
properties. The variations of stoichiometry are discussed in detall in each chepter separatdy
in the respective experimental sections.



(b) Electrochemical polymerization :
Gold coated glass or PET subgtrates were used as eectrodes for the eectrochemica
deposition of PPy and PANI. Gold deposition was carried out in a Hind Vac Vacuum coating

unit (model 12 A4D) usng therma eveporation method on clean glass subdraes or PET
films. Electrodes were made by cutting the gold coated subdtrate into 3 cm x 2 cm dze. Air
drying silver paste was then gpplied on one end to achieve eectrica contact.

The eectrochemica deposition was carried out in a single compartment cell with three
electrodes system. The set-up is as shown in the Fig.2.1. The working dectrode was the gold
subsirate while the counter eectrode was a platinum foil. Reference eectrode used was
saturated caome eectrode (S C E) connected through he sdt bridge containing agar-agar/
KCl mixture. Under norma conditions, the eectrolyte was a monomer dong with an
oxidizing agent in gppropriate concentrations. The dectrolyte medium in dl cases was
digilled water. Electrochemicd depodtion was caried out by chronoamperometric
technique a constant gpplied voltage againg SCE. A potentid of 700 mV was applied in the
case of PPy polymerization process while 900 mV was applied in the case of PANI. The
duration of deposition was 120 sec - 180 sec.

(c) Vapour phase polymerization :

This technique was employed for the polymerization of pyrrole because of the low bailing
point so that it vaporizes easly a room temperature. Substrate electrodes were dip coated
with solutions of solid polymer dectrolytes i.e. PEO-CuCl, and PVC-CuCl, in methanol and
tetrahydrofuran respectively and dried in a dry chamber. A desiccator was then saturated
with pyrrole vapours for 20 hours and the substrates were then exposed to these pyrrole
vapours for varying durations ranging from .25 min to 600 min depending on the type of
studies carried out on the same.
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2.3.2 Synthesis of blends:
Blends were synthesized by two methods: ex-gtu and in-Stu techniques.
(@) Ex-situ blends:

The ex-dtu blends were prepared by externd addition of the conducting polymer to a
solid polymer dectrolyte solution i.e. PEO-CuCl,, PVC-CuCl,, PVAc-CuCl,. The viscosty
of the solid polymer dectrolyte, time of dgirring was dgrictly controlled. Compositiona
variation was carried out in case of adl the blends.

(b) In-gtu blend :

This type of blending technique was carried out in the preparation of PPy blends.
Vapour phase polymerization technique was used for polymerization of PPy into the matrix
of the solid polymer dectrolyte giving a blend having fine digperson leve (sub-micron
level) of conducting polymer in mgor matrix.

2.3.3 Synthesis of composites:

The composgtes of conducting polymers were made by physica disperson method.
Generdly in the case of ex-gtu composites, the fillers like CuPc and CdS were added to the
solid polymer dectrolyte under congtant girring and then the conducting polymer was aso
added to the same. On the other hand, in the case of in-Stu compogtes, the fillers were
added to the solid polymer dectrolyte solution and sirred to make a paste. This was then
coated on the eectrodes deposted on glasyPET substrates. It was then dried and then
exposed to and exposed to the pyrrole vapours for depositing PPy. The viscosty was

retained same by controlling the polymer content and gtirring time whereas compogtion was
varied.

2.4. Electrode configuration :

The electrodes were prepared by vacuum deposition of gold on various subsirates as
discussed in section 2.3.1 (b). Two types of configurations were made.
(a)Surface cdll :

Surface cdls were made using gold coated glass and PET substrates. An inter digited
electrode pattern was made as presented in the Fig. 2.2 (a). The eectrode gap was 1 mm.
Electrica connection were made to the two electrodes using silver paste.

(b)Sandwich cdll :



In a sandwich cdl, [see Fig.2.2 (b)] the conducting polymer blend / composite was in
the form a film. One of the eectrodes, Au coated glass or ITO was dip-coated with the blend
or composite. These were then dried thoroughly. The other eectrode Au / 1TO was placed on

top of the film so as to form a sandwich structure.
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2.5 Sample preparation :

The polymers syntheszed by chemica polymerization route were obtained in a powder
form. In order to prepare test samples, 200 mg polymer powder was pressed in a single
ended compaction die held at 5ton pressure for 60 seconds so as to form pdletsydiscs (1.1
cm diameter, 0.1 cm thick). These were used for conductivity measurements.

The blends and composites were made in a thick paste form. This durry was then
applied on the inter-digited eectrodes to produce samples for testing. The thickness of the
film formed was on an average 30 um.

Single junctions were created in the form of sandwich cedls. Multi layered dructures
were prepared by usng dectrochemically deposted polymer films. The other eectrodes
(counter electrodes) carried the film solid of polymer dectrolyte casted on to it or vacuum
deposition of Cds or CuPc. This top eectrode was then overlapped on the conducting
polymer film to form of multi layered sandwiched cdl device.

2.6 Characterization :

2.6.1 Infrared (IR) Spectroscopy :

Infrared (IR) studies were carried out to andyze the effect of doping on the
conductivity of the polymer using IR spectrometer.

The powdered samples of the polymer were mulled with dry potassum bromide or
nujol and the IR spectra was recorded using Perkin EImer mode 1600. The absorption bands

were compared with the known literature.

2.6.2. UV-VIS Spectroscopy :

The creation of mid-gap sates in a conducting polymer due to charge transfer complex
formation can be judged by UV-vis spectroscopy. Also the complex formation between the
polymer and the added sdt in case of solid-polymer eectrolytes such as PEO-CuCl, PVAC-
CuCl, can be dudied with the help of the above technique. Conducting polymer in the form
of eectrochemicaly deposted films was used for the purpose while films of solid polymer
electrolytes were solution cast on cleaned glass substrate.



2.7 Structural and compositional characterization :

2.7.1 X-ray diffraction studies:

The conducting polymers syntheszed by chemica route offered an amorphous
dructure. The dopant size often played an important role in arangement of the polymer
chains. Hence the conducting polymer powder obtained by using a variety of dopant ions
were characterized by wide angle X-ray diffraction (WAXD) technique. A powder X-ray
Diffrractometer (Phillips PW 1730 modd) usng CuKa source and bNi filter. The scans
were recorded in the 2y region of 540° at a scan rate of 4/min. From the 2 vaues for the
reflections, ‘d’ values were cdculated using the well-known Bragg' s equation,

2dsing=n|

2.7.2 X-ray Photoelectron Spectroscopy (XPS) / ESCA studies:

X-ray photodectron spectroscopy deds with a specid form of photoemission, namely
the gection of an eectron form a core level by Xray photons of energy m. The energy of
these emitted photodectrons is then andyzed by an eectron spectrometer and the data are
presented as a graph of intendgty (counts per second) versus the eectron energy (€V). The
binding energy of the photoelectron pesk defines not only the energy levd within the aom
from which it emerged but dso the chemicd environment. Hence it is dso cdled dectron
gpectroscopy for chemicad andyss(ESCA).

The intengty of dectrons ‘I’, emitted from a depth ‘d’ is given by Beer- Lamberts

equeation,
| =loexp(-d/Il snO)
where lo = theintengty from clean subgrate
| = indagtic mean free pah (the vaue is a function of kinetic
energy of emitted dectrons.

g = Angle subtended by the sample surface.

The technique has been used presently to determine the contribution of the charged /
uncharged species The XPS were recorded usng V.G. scientific ESCA-3 MK |l

spectrometer Al-Ka (1486.6 €V) and Mg — Ka (1253.6 eV) radiation was used for excitation



and photodectron Kinetic energy was measured with respect to the Fermi levd. All the
spectra were recorded under identicad conditions a 50 eV pass energy, 4 mm dit and vacuum
better than 10° Torr. The instrumenta resolution obtained for the Au 4f 7, levels under this
condition is 1.6eV (Full width a hdf maximum — FWHM). The binding energy vdues were
normalized by taking interna carbon standard (285 eV) in dl cases.

2.7.3. Thermo Gravimetric Analysis (TGA):

Thermo gravimetric andyss was carried out for various polymers to determine the
weight loss at different temperatures. All the measurements were @ried out usng TG / DTA
(Seiko 11 SSC 5100 Japan model). The samples used were in the form of powder and tested
under nitrogen amosphere a the rate of 10%min from room temperature to 500°C. The
therma andyss of pure conducting polymer was recorded for comparison as origind
dandard in any given sysem. The weight loss recorded for the blends and composites was
then compared with that of the pure one in order to estimate the fractiond component of the
polymer that was vapour phase deposited at a fixed temperature and composition.

2.8 Measurement of properties:

2.8.1 Conductivity measurements:

The conductivity measurements were carried out by a two-probe technique recorded
by a Kethley eectrometer 614 modd. Samples were tested in a srface cdl as wdl asin a
sandwich cdl form. Pellets were dso used in the case of pure conducting polymers. The

specific resdtivity was cdculated as,
r =RA/I
Hence s =1Ur

where r is its resdivity, A the cross sectiond areg | is the thickness, R is the sample

resstance and s isthe conductivity.



2.8.21-V characterization :

The |-V characteristics were recorded for the polymer blends and composites usng a
constant DC power supply and the Keithley electrometer. The current was recorded asa
function of the changing applied potentia across the two terminds.

2.8.3 Temperature conductivity studies:

The interdigited eectrodes were placed in the sample holders as shown in the Fig.2.3.
The apparatus conssts of a sample holder that was enclosed in an dectromagnetic shielded
cdl, which in turn was mounted inside a glass jacket, which could be sedled and connected
to a rotary pump. A smdl heater was mounted close to the film or pelet and usng a suiteble
control device controlled the rise in the temperature to 4/ min. The temperature was varied
from room temperature to 120° C while in the case of some samples it was varied from —100
to 120°C using liquid nitrogen. The change in conductivity was noted with respect to the
temperature. The activation energy was determined using Arrhenius formula
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2.8.4 Chemical sensitivity measurements:

The blends and composites were tested for chemicd sengtivity towards gases like
methanol, NO», etc. A closed chamber as illustrated by the Fig.2.4 was used for the purpose
that could be connected to a rotary. The change in the resdtivity of the sample on injecting
the gas was recorded by a fast xy-t recorder (Lienses, Germany). The senstivity factor was
then cdculated using the formula,

S =Rmax/Rmin.
Where Rmax and Rmin are the resistance after the exposure to chemicd vapours and initid

resistance respectively.
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2.8.5 Cyclic Voltammetry:

Cydic voltammetry sudies were caried out to obtan information of the charge
transport in and out of the polymer film that reflected the redox behaviour of the polymer.
These dudies were carried out using various agueous dectrolytes such as LiClO4, K2SOg,

KCl, etc.



Chapter 3 - PPy/PEO-CuCl, based blends and composites

3.1 Introduction:

The method of synthesis, dopant type, dopant concentration, etc, are important factors
which govern the conductivity of the polymer which in turn depend on the internd charge
trangport processes. In order to investigate the effects of these various parameters, PPy was
synthesized using different dopant ions. Also the PPy blends with PEO-CuCl, were made by
different techniques such as (i) powder blending, (i) in-Stu blending by vepour phase
depodtion. Smilarly, the compostes were aso syntheszed by various routes. Since the
charge transport processes are controlled by interfacid contacts, multilayered films were dso
deposited from each component materids s0 as to form sandwich cdls.  Different
configurations were used for such samples. The preparation, characterization and
investigations of dectrical properties of these various PPy blends and compostes are
described in this chapter.

3.2 Experimental:

3.2.1. Synthesis of PPy:
PPy was syntheszed by three methods viz, chemicd polymerization, eectrochemica

polymerization and vapour phase polymerization technique, SO as to obtain PPy powders for
powder blending, PPy films (for sandwich cdl having multilayers) and in-stu PPy blend
respectively.

(@) Chemica polymerization technique:

Dopants like FeCls, Fe(NO3)3, FeClO4, Fey (SO4)3, NH4{ Fe(SO4)2} and CuCl, were used for
the polymerization reaction. 0.1 M agueous solutions of these sdts with 1.1 M pyrrole

monomer (except CuCl, wherein methanolic solutions were used) were digested for 20 hours
with congant dirring. The resulting powder was washed with water and dried thoroughly.
Samples were madein a pellet form by pressing the powder at 3.0 tons, 25°C.

(b) Electrochemica polymerization technique:

PPy was potentiogaticaly deposted on gold-coated glass substrates from an  agueous
electrolyte containing 0.1IM pyrrole in 0.1 M H,SO, a an gpplied potentid of 700mV with
respect to SCE. The duration of deposition was 120 seconds. The films were then rinsed with
water and then stored in a desiccator.



(c) Vapour phase polymerization technique:

Solutions of PEO-CuCl, were prepared by dissolving PEO and CuClk in methanadl in various
ratios ranging from 1.1, 2.1, 4:1, 6:1, 8.1, to 12:1 monomer/ mole of CuCh. The eectrodes-
interdigited, vacuum deposted Au or ITO were dip coated in these solutions and the films

were dried. These were then exposed to dry pyrrole vapours in a desiccator for various time
intervals when PPy was formed in the PEO-CuCl, films the quantity of which depended on
the exposure time.

3.2.2. Synthesis of blends:
PPy/PEO-CuCl, blends were prepared in two ways viz.: externa addition of PPy in PEO-
CuCl, and vapour phase depostion of PPy in the PEO-CuCl, matrix while the composte

was prepared by dispersion of CuPc in the PEO-CuCl, prior to vapour deposition of PPy.
These were categorized accordingly asfollows:.

(a) Ex-gtu blend:

Chemicdly synthesized PPy was added in various percentage compostions of 5,10, 20, 30
and 40% containing to PEO that contained 10% CuCk by weight. The durry was made in
methanol and applied on interdigited e ectrode pattern.

(b) In-gtu blend:

The PEO-CuCl, (4:1) was applied on interdigited electrodes and exposed to pyrrole as
mentioned in the earlier section. Samples were dso prepared in a sandwich configuration by
coaing the  ITO dectrode with PEO-CuCl, followed by vapour phase polymerization of

PPy with the vacuum deposgition of athin layer of Au asthe top counter electrode.

3.2.3. Synthesis of the PPy-CuPc in-situ composite:

Commercidly available CuPc powder was dispersed in various compositions ranging from 2
% to 45% by weght in PEO-CuCl, (4:1) solution in methanol. The durry was made
homogeneous by congtant stirring and then gpplied on interdigited eectrodes, dried and then
exposed to pyrrole vapours. The exposure time was varied from 1min to 24 hours so0 as to
obtain different concentrations of PPy in the composite.



3.2.4. Fabrication of singlejunctions:

(a) PPy/SPE:

ITO dectrodes coated with SPES that were prepared by complexation of PEO with different
dkai metd ts, such as KCl, Kl, LiClO4, NaClO4, CuCly, ec., in a 41 molar ratio in
methanolic  solution. These were then dried and contacted with the PPy films
electrochemicadly deposted on Au coated glass plaes Thus sandwich dructure of
AU/PPy/SPE/ITO were obtained.

(b) PPy/CuPc:
The samples were made in a sandwich cdl configuration by first depodting PPy on glass

subgtrates precoated with gold films. The gold films were coated on plain glass dides as well
as pretreated glass substrates by vacuum deposition technique. The glass subgtrates were
precoated with polyvinyl butyrd (PVB) by dip-coating process usng 1% solution in
methanol and therr thickness was the same in al cases in the range of 2-2.5 mm. The
thickness of the gold film was 200-250 nm. The thickness of PPy was in the range of 1.5
mm. The CuPc films were vacuum (10°® mbar ) deposited on the PPy films at the substrate
temperature of 27°C udng a mask and the thickness ranging from 10 nm to 500 nm
(confirmed by optica absorption spectra at the open areas surrounding the junctions). The
top eectrodes were duminium films that were aso vacuum deposted s0 as to form the
AU/PPy/CuPc/Al type sandwich cells.

3.3 Results and discussion:

3.3.1 Characterization of PPy:
The yidd, naure of the depost and the value of conductivity obtained in PPy

synthesized under the same condition of temperature, solvent and concentration were found
to be highly dependent on the dopant ion used during the reaction. The PPy powders
obtaned from aulfuric acid and toluene sulfonic acid were brownish flaky while that
obtained from ngphthaene disulfonic was dark green/black in colour. The comparison of the
conductivities obtained for the PPy containing dopant ions is made in Table-3.1 (a) and (b).
It is seen that the conductivity is maximum when FeCk is used while it is lower for the
aulfate/sulfonic groups. A large variety of doping agents have been used in the past such as
CI, I3, Br, ClO4, SO, etc.3. The vaue of conductivity was found to be dependent not



Table 3.1 (a) Conductivities of PPy obtained by using different dopant 1ons from
Fe™ salts

| [ Conductivity |
| Zample | (Slem)
e T
| PPy-FeCl; 20

| PPy-FeCIO; 01186 |
|_F'P)--NF];|‘F315G4}:} cl.az_gs |
. PPy-Fed S04k 0018
TPPy-CuCl; 0003

(b} Conductivities of PPy using dopant jons from sulfate/sulfonic

aced groups
I Sample Conductivity{S/cm) |
| PPy-80, 317x 107

PEy-FTSA  |474x107
| PPy-NDSA | 1.89x 107

only on the dopant ion introduced but dso on the synthesis route used for making PPy and
the compound from which it is derived. The conductivity was found to be the lowest in the



case of PPy synthesized from CuCh. This normaly may not be expected as CuCh is equdly
a drong oxidizing agent as FeChk. Polymerization of PPy by chemica route in various
solvent mediums has been reported by Machida and Miyata “. The conductivity is found to
be the highes in methandl (s = 190 S/cm), closdy followed by water, ethanol, etc. The
pyrrole/FeCl; ratio used in this case was 1:35 FeCl concentration /mole % while the
reaction temperature was maintained a 0°C. Thus the solvents possessng an —OH group
such as water, dcohols that are protic solvents are reported to be favourable for the synthesis
of highly conducting PPy. The present reaction using CuCh was caried out a room
temperature with 1:1 molar of the monomer to oxidant raio in methanol that is less polar
than the agueous medium. Another paper by Rapi, Bocchi describes the chemica
polymerization of PPy in agueous medium using sdected transition meta complexes °. PPy
gyntheszed from CuClh with a molar ratio of oxidant to pyrrole as 121 showed a
conductivity as high as 8 Scm. However, the yield is very poor i.e. 14%. On the contrary, a
low vaue of conductivity, 6x10°Scm has been reported by Budimir et. a.. This has been
attributed to the presence of copper that has been confirmed by cyclic voltammetry from the
oxidation-reduction reaction of Cu’/Cu"™ system incorporated in PPy. Moreover, a new
method of chemical synthesis of doped PPy initisted by CuCh-C,HsOH system is reported
wherein polymers with different yidd and conductivities were obtained by varying the initid
concentration of CU?* /. Hence the low conductivity of PPy can be aitributed to the less
protic, methanolic reaction medium and low concentration of CuCl, used.

The temperature variaion of conductivity showed digtinct differences depending on
the type of dopant ion present in the PPy. Fig 3.1 shows the plot of log s vs. UT for PPy
contaning different dopants from feric sdts dl beng prepared under the same
concentration of 0.1 mole/mole Py. It is seen that whereas the conductivity shows little
change with temperature for PPy with FeCl; that for nitrate and sulfate as dopants there is a
sharp vaiaion inlog s - UT plot especidly a 360K. In order to examine this sharp change
in conductivity PPy containing different sulfate, sulfonic groups were dudied. Fig. 3.2
shows that log s vs UT graphs for PPy containing SO~ “(curve A), TSA (curve B) and NDS
(curve C). It is evident from this figure that temperature dependence of conductivity is not
only different from that observed for PPy but aso shows digtinct trangtion pesk at about
360K. This trangtion gppears to become increasingly sharp as one goes from SO, ~ to TSA
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Fig. 3.1 Temperature dependence of conductivity in PPy containing various dopants from
ferrie salts at 0,1 mole/male concentration (A) FeCly (B) Fe(NO: ), (C) Fad 5040,
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Fig. 3.2 Temperature dependence of conductivity in PPy contzining sulfate/sulfonated ions
Diopant ions used : (1) NDSA (Y H:50, (3) TSA
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to NDS ions as dopants. The activation energy (DE) for charge transport was evauated in the
two regions of the graphs, viz., low temperature and high temperature using the conventiond



Arrhenius equation. The vaues of (DE) derived are indicated in Table 3.2. The comparison
of these vaues suggedts that the charge transport may be smilar in dl the cases a low
temperaiures but didinctly different and/or affected by the ions present especidly at high
temperatures.



Table 3.2 Activation energies for PPy containing different dopant jons

[ Snmpl-n: (AE) .3\.-'.
PPy-FeCly _.Wg 0.13)
PPy-Fe(M(s): | (LOGR(0.15)
PPy-Fe(S(y ) 0063 (0.31)

| PPy-50), 0.044 (033
PPy-PTSA 0.046 (0.19) .
| PPy-NDEA 0.057 |
-2
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Fig. 3.3 Conductivity in PPy-NDSA samples (at 28°C) as a function of dopant ion
concentration on & log-log scale
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Since the PPy-NDS complex exhibited sharp changes in conductivity, the eectricd



properties of these were studied in more detail with respect to concentration. Fig.3.3 shows
the room temperature conductivity for PPy as a function of concentration of NDS. It may be
observed that there is a large increase in conductivity- by admost 6 orders of magnitude-
when the dopant concentration is increased from 0.06 to 0.6 mole/mole PPy. This change in
conductivity may be approximated as a power law of the type s p C" where n = 7 with C
being the concentration of the dopant. Such dependence of conductivity on concentration is
typicd for many conducting polymers including PPy and has been noted for other dopants as
wdl ®° There have been a few mechanisns suggested in the past for the rapid rise in
conductivity of the dopant concentration, which condder the increese in the number of
cariers as well as the decrease of distance between the hopping stes. However these do not
take into account the exact nature of the dopant ion such as its sze, digtribution or
agoregation in the polymer matrix. Further, there can be other charge transport processes
different from hopping mechanism especidly a high temperaiure. These various aspects are
discussed later.

The temperature dependence of conductivity in PPy-NDS was carefully monitored
by recording the sample resistance at congtant potentia and fixed heating rate (3.5°/min) in
order to minimize the sde effects that may cause shifts in the trangtion pesk. Fig 3.4 shows
the s-T plots for PPy samples containing three different concentrations of NDS, curves A to
C corresponding to 0.05 mol, 0.3 mol and 0.5 mol of NDS respectively. It is interesting to
note that in al cases the conductivity exhibits a broad peak centered at about 330 K followed
a shap trandgtion above 360 K. The sharpness of the latter trangtion decreases with
increasing dopant concentration. In order to understand these results, one has to first look
into the nature of the experiment. Since the conductivity (directly proportiona to the curren)
was noted a congant potentid and fixed hedting rate, these conditions are essentidly
equivdent to thermaly stimulated current (TSC) measurements %2, Hence one may draw
amilarities between the present data and the TSC curves. It is important to note that the
dynamic mechanicd relaxation curves for PPy doped with toluene sulfonic acid sdt have
been reported in literature 13, which dso exhibit broad rdlaxation pesks in their tan d vaue at
230 K, 335 K and 423 K respectively. The peaks above room temperature in their daa
corrlate well with the present data clearly suggesting that there is a dose smilarity in the
two and one can understand these peaks on the basis of TSC relaxation. The various peaks in
the TSC originae from different mechanisms such as trgpping and detrapping of charge
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Fig. 3.4 Variation of conductivity in PPy-NDSA samples with respect o temperature
recorded at constant applied field and heating rate of 3.5 "/min. Curves (A} 10 (C)
correspond 10 NDSA concentration of 0,03, 0.3 and 0.5 mole’ mole Py

Table 3.3 (a) XRD results for PPy containing dopant ions from Fe' salts

Sample [ 280max | Peakwidh | R |
{radian) | (°A)
PPy-FeCly 247 0.147 450
PPy-Fe(NO,); 132 0167 4.79
PPy-FelC10; 126 0.199 492 |
PPy-FedS0sh 330 | 0.180 483 1
| PPy-NH:{Fe(SO4)] 249 | D122 4.47 'i

{b) XRD results for PPy containing different sulfate (sulfonic acid dopants

[ 26 [PeakWidh | R
Sample | (deg) E (radian} [ [24)
PPy-H:S0, 21 | 0.19 529 |
|PPy-FeiSO;, | 23 | 0.18 I
[ PPy-TSA 20 0.20 555
| PPy-ND3 22 02l 505

Liv)
ot

cariers, segmental motion of the polymeric chain, dipolar relaxation, etc. Since both the
dynamicd relaxation curves as reported earlier and the present conductivity data show



amilar pesks occurring in the same temperature range, these are no doubt associated with
motion of polymer chan segments. This movement of the chan ssgment can affect the
mobility of the charge carrier, interaction between the dopant and the polymer molecules or
the distance between the dtes. These various factors cause the changes in the conductivity
vaue with temperature in the manner observed here.

The wide angle x-ray diffraction of the PPy doped with sulfate/sulfonate ions
exhibited only an amorphous hao with possbly a week reflection occurring at 2q of about
25°. However, the pogdtion of the maximum intensty of the amorphous hdo changes
consgderably with the dopant ion. One can edimate the average interchain separation from
these maxima using the rlation 4,

R=5/8[1 /snq] Eqg. 3.1

where | is the CuK, x-ray wavdength and q the diffraction angle & the maximum
intengty in the amorphous hdo. The full width a hdf maximum of this diffuse hdo is dso
indicative of average distance between the chains *°. These parameters are compared for PPy
containing different dopants in Table 3.3. It is evident that the charge separation is the
largest for PPy-NDS smples. On the other hand the charge transfer interaction between the
dopant and PPy can be adjudged from the xray photoelectron spectroscopy (XPS). The core
level spectra for Gs and Nis for the NDS doped PPy are indicated in Fig 3.5. These were
further deconvoluted in the usud way '®'7 and it is evident that there are a lesst two
additionad charged species other than the neutrd ones. The binding energy vaues and their
relative contributions for these different parts of the XPS spectra for PPy containing
aulfae/sulfonic and feric sdts are indicated in the Table 3.4 (a) and (b) respectively. The
comparison of these vaues shows that athough both NDS and TSA dopant ions give rise to
amilar chage trander interaction with PPy, the actud didribution of the charge over
different carbon or nitrogen atoms differ between the two types of dopants. This is evidenced
from the different contributions to XPS from the charged carbon or nitrogen species. These
differences can arise from change in placement of the dopant ions with respect to PPy chain
aswdl asther separation.
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Fig. 3.5 %P3 core-level spectra for PPy-NDSA samples (A) Cy; and (B) N5 spectra with
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Tahle 3.4 (a) XPS results for PPy containing different sulfate’sulfonic acid dopants

Specics (BE cV) PPy- FPy- IPP}'-NDS- |
| H:80, TSA
Clly  (2843) [ 34% 2% | 40%
Clll)  (285.6) 5% 8% 1% |
CIn)  (287.8) |'1'5I% 15% | 33%
N()  (399.6) 3% 25% | 16%
WD) (4009) % |32% | 52% |
| N(IT) - (402.5) 32% 7% [20% |
!N{I\.-']l {4040 it 168 i:?% |

(b} XPS results for PPy containing dopant ions from Fe'~ salts

| Species Binding | PPy- PPy- PPy-

I Energy (eV) | FeCly FeNOy)s | Fea(30,)

[Cm | 689 708 | 5849

|rin} M7.7 1851 [27.32 |

lcsm} 134 10.69 | 14.18 |
N(T) 49.86 679 39.61

| NI 2865 (2117|3659 |

!W 2149 | 1093 2378 i

a0

The above results on the WAX and XPS characterization of PPy doped with sulfate and
sulfonic groups show that the dopant polymer interaction does not change very much but the



interchain distance gets affected by the size and the type of the dopant molecule. This in turn
afects the movement of the polymer chans giving rise to pesks in the conductivity-
temperature curves.

Due to the variations observed in the conductivity behaviour of PPy during the sudies
caried out with different dopant ions, the same dopant ion was used for dal the further
experiments. CuCL, was sdected as a dopant in spite of the low conductivity exhibited by
PPy syntheszed usng CuCh as the mgor advantage was the complex formation with PEO
to form a solid polymer éectrolyte that could be used for the vapour phase polymerization of
PPy. In addition, the Cu’/Cu"™ redox matches with the work function of PPy fadilitating
efficient charge transport between PPy and the SPE.

3.3.2 Chargetransport in PPy /PEO-CuCl, ex-stu blend:

(a) Compositional dependence of conductivity(s ):

The Fig.3.6 indicates the change in conductivity of the blend with respect to the compostion
of PPy. The conductivity of the sysem is observed to increese with higher PPy
concentration. Moreover, it rises continuoudy from the conductivity of the matrix (PEO-
CuCl) a one end to the conductivity of the additive, pure PPy at the other. This trangtion
from 10® S/cm to avaue of 10° S/em occurs gradually and saturates at 15% PPy content. It
can dso be noticed that pure PPy (100% compostion) exhibits a conductivity vaue of 1.3 x
10 Scm, which is quite low. The type of dopant ion, its concentration and the reection
medium are some of the important factors in controlling the conductivity of the polymer as
discussed in the earlier section.

The plot dso shows a shap rise in conductivity that exhibits smilarities with the
18,19

classca percolation behaviour
percolaion threshold indicates the percentage of filler particles in the insulating matrix at

. In case of the conducting polymer compostes, the

which the conductivity increases sharply. According to the theory, the conductivity s,
depends on the volume fraction of the conductive component. The equation can be given &s,

SH(j -je)f Eq. 3.2

Hence, logs =logA +flog( -j ¢ Eq. 3.3



where j is the volume fraction and j ¢ is the volume fraction at the criticad concentration and
f an exponent.
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Fig. 3.6 Variation of conductivity with the composition of PPy in the ex-situ PPy/PEG
-CuCls blends

A plot of log s vs weght fraction of PPy was made and is illusrated by the Fig. 3.7.
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Fig. 3.8 |-V characteristics for PPy/PEO-CuCl; ex-situ blends containing 10, 20 and 30%
PPy
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It can be noticed that the plot is a draght line thus following the percolation modd of
conduction. This behaviour exhibited by the sysem can be understood as follows. The blend



conssts of conducting PPy particles (10° Slcm) embedded in a semi-conducting matrix of
PEO-CuCl, (10° Scm). Schemaicaly, it may be considered to form an M-1-M structure
wherein the conducting regions are wel separated by the insulating materia. Incorporation
of more PPy in the insulating matrix reduces the distance between the two conducting Sites.
At a critical concentration, the PPy particles contact each other, forming a network 2%2%, This
effect is pronounced a higher PPy concentrations whereafter the conductivity reaches
saturétion.

Wegner has reported the eectrical properties of composites based on PPy externaly
added to PEO 2. The properties were studied as a function of the size of PPy particles.
However, the conductivity even a 20% volume fraction was not very high (10% Scm)

gmilar to that obtained in the present case.

(b) 1-V characteristics of PPy/PEO-CuCl, ex-situ blend:
The I-V characteristics were observed to be non-linear in naure as indicaied by the

Fig.3.8. Moreover, the degree of nontlinearity was found to rise with the increase in PPy
concentration. In order to find the charge trangport mechanism, i.e. the exact dependence of
current on the voltage, one has to fit the data in the mathematica expressons governing each
mechanism For example, in Space-Charge- Limited-Conduction, SCLC,

g . V?

— p
Ip —§nfed—3 Eq 34
or laV" wheens 2 Eqg. 35

relationship is followed. A plot of log | versus log V was made to verify this equation and
was observed to give a linear dependence but with a dope of <2 (1.3 to 1.5) (see Fig 3.9).
Hence one cannot justify the conduction process using the SCL.C mechanism in these blends.

In the case of Poole-Frenkd or Schottky effect, an I-V dependence of the type,
| =soexp (bVY2/KkTdY?) Eq. 3.6
is expected to be followed. Hence the plot of log | versus V2 would represent a straight line
and the dope (S) would correspond to,
S a b/KkT d"? Eq. 3.7



where b isthe Poole Frenkel parameter.
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Fig. 3.9 1-V characteristics for the PPy/PEO-CuCl: ex-situ blends containing 0,2. 10, 20 and
30 % PPy platted on a log-log scale.
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Applying this equation to the present blends, the data was plotted as log | Vs VA2 for varying
PPy content as shown in the Fig.3.10. Further, the dopes of these graphs were determined
and are shown in Fg 3.11 as a function of the PPy concentration in the blend. It can be
clearly noticed that the dopes rise sharply beyond the 20% PPy. Conddering the Schottky
emisson type of conduction, it dways depends on the nature of eectrode used i.e. F, the
work function of the metd. A Schottky type of barrier formation is reported at the In/PPy/Au
junction wherein the PPy contained a small quantity of PEO 3. However, in the present case
the |-V characterigtics were studied on interdigited dectrodes of gold (on both sides), which,
has a high work function and forms an ohmic contact with ptype PPy. Hence the Schottky
effect can be ruled out. The abrupt increase of the dope from 0.24 to 0.44 can be explained
by consdering its dependence on ‘d’, the interparticle distance between the PPy particles
(see eq 1.7). As the PPy composition increases, the concentration of the conducting sites is
increased, the particles come closer thus reducing the interparticular distance and in turn
increase the dope S. Thus the charge transport process in the ex-gtu blends is predominantly
of Poole-Frenke type.

(c) Temper atur e dependence of conductivity (s -T):

Arrhenius plots are normally presented as the dependence of log (s) agangt 1T,
which are represented by Fig.3.12 for the PPy/PEO-CuCl, ex-dtu blend. The changes in
conductivity are observed to be entirdly dominated by a sharp transition occurring at 65°C.
The temperature (T), dependence of conductivity s, in solid polymer dectrolytes is related
by Vogd-Tamman-Fulcher (VTF) and Williams-Landd-Ferry (WLF) rdationships in the
form 24,

s(T)=AT Y exp[ -Ea/ R(T - To)] Eq. 3.8
This means that idedly amorphous materids display gently curved temperature
dependence in alog s vs UT plot. It is known that PEO based polymer dectrolytes contain a
mixed morphology; the crystdline spherulitic regions of the polymer met a 65°C 2.
Consequently, the mobility of the charge cariers increases contributing to the ionic
conductivity that is responsble for the presence of the ‘kne€ leading to an increase in

conductivity a that temperature. Apart from this, a small and broad pesk is observed at low



temperature that may be attributed to the release of charge carriers from the traps as the
temperature rises.
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3.3.3 Chargetransport in PPy/PEO-CuCl, in—situ blend:

The dudies were caried out in two configurations viz. the surface mode
(interdigited cdls) and the sandwich mode (multilayered cells).

(a) Time dependence of conductivity:

The time dependence of conductivity was carried out to know the extent of rise in
conductivity with the duration of exposure to pyrrole vapours. A typicd plot for 8:1 PEO-
CuCl, compogtion is exhibited in the Fig.3.13. The initid portion of the plot indicates a rise
in conductivity by amost four orders in magnitude for an exposure duration of 30 minutes.
This is follomed by saturation in conductivity inspite of further exposure to pyrrole. Thus a
conductivity increase to 1 S/cm is observed due to the formation of PPy in the PEO-CuCl,.
The formation of PPy occurs a the cost of CuCh 2°. The initiation of the polymerization
takes place dong in the crysdline boundaries in the PEO-CuCl, complex. As time proceeds,
more growth of PPy occurs that leads to the formation of network-like Structure. The
increase of PPy content enhances the conductivity of the blend. At higher exposure duration,
the vapour phase polymerisation reaction goes to completion due to complete converson of
CuCl, to CuCl and no more PPy is formed. Consequently, the conductivity of the blend
reaches a seady vaue of 1 Scm. Smilar findings were recorded for the blends containing
varying amounts of CuCh. The rise in conductivity is higher in the case of blends containing

more CuCl,.

(b) Compositional dependence of conductivity:

Conductivity of the blends was plotted againgt the CuClL, concentration in the blend as
illugrated by the Fig.3.14. Curve (A) represents the conductivity variation for the PEO-
CuCl, done (without PPy), curve (B) represents the conductivity for the blends exposed to
PPy for 2 minutes duration while curve (C) indicates the conductivity of the blends when
exposed to pyrrole for 24 hours till sauration. The curve (A) indicates a conductivity rise
from 10° Slcm for PEO to 10° S/em with 0.25 M addition of CuCl, (4:1 monomer/mole
CuCl) and then shows a smdl decrease with further increase in CuCh. As discussed in
Chapter 1, for PEO-sdt complexes the charge transport is governed by ionic conduction.
When a dopant st is introduced into the polymer matrix, conductivity increases rapidly due

to an increased number of charge carriers. However, a higher sdt concentrations, the sdt



dso cyddlizes out of the PEO sysgems. Maximum concentration of the sdt retained in a
complex form exhibits higher conductivity. This optimum is observed to be achieved a 4:1
PEO:CuCh monomer /mole concentration in the present case as evidenced by the
conductivity plot. Vapour phase depostion of PPy in the PEO-CuCl, matrix for two minutes
duration increases the conductivity of the sysem by amost four orders of magnitude as
indicated by te curve (B). The conductivity increases quite sharply with respect to the molar
concentration to a value of 10 Scmat 0.25M CuCl, content, wheresfter it is observed to be
steady irrespective of the CuCh change. Actudly, it is expected that the conductivity should
rise with the incresse in dopant ion continuoudly. But Cheung et. d.2” have found out that the
larger amount of dopant in the film may result in high degree of conjugaion but not higher
conductivity. This has been explained on the bass of the factors limiting the conductivity i.e.
the carrier mobility and the carier concentration. Carrier  mobility depends on the
intramolecular and intermolecular trangport, which is concerned with hopping from one
backbone to other and interparticle transport. Thus the densdy packed films would have
higher conductivities: The conductivity of the blends after exposure to pyrrole till saturation
are indicated by the curve(c) wherein a saturation value of 1 Slcm is obtained for the blends
with CuCl, content beyond 0.25 M.
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Fig. 3.14 Dependence of conductivity on the CuCl; content in PEC for PPy/PEO-CuCl,
insitu blend, Curves correspond to (a} PEO-CuCl; alone (b) PEO-CuCl; with
exposure to pyrrole for 2 min (¢} PEO-CuCl; exposed to pyrrole till saturation

The compositional dependence is smilar to that observed for the ex-situ blend as observed



in the Fig 3.6. This occurs due to the two-phase morphology of the ex-stu as well as the in-
dtu type of blend. The PEO-CuCl; film shows a polycryddline nature with many
amorphous regions. During the in-Stu depostion, the preferentia growth of PPy in the inter
gherulitic-crysdline regions creates conducting regions (domains) separated by nont
conducting regions 28, The mean free path of an dectron will thus remain confined to the
conducting domain. The microgtructure is amilar to the M-1-M gructure as described in the
ex-gtu blend syssem but the dimensons are dragticaly reduced to sub-micron scaes in the
insitu blend. Hence acomposite-like behaviour as observed in the case of the ex-dtu blends
IS expected. At low time exposure, low concentrations of PPy are formed. Hence these
blends can be said to be below the percolation threshold as represented by the curve (B).
However, a higher exposure times, continuous PPy network is formed and the blends are
said to be above the percolation threshold as indicated by the curve (C).

(c) 1-V characterigtics of PPy/PEO-CUCl, in-situ blends:
Thel-V characterigtics of the PPy/PEO-CuCl, blend system with partid depostion of
PPy with varying CuCL contents are shown by the Fig 3.15. It is observed that the I-V

curves are nontlinear and the degree of non-linearity increases as the CuCl concentration

increases. These were then andyzed for the exact conduction mechanism. The SCLC
mechanism was ruled out as the vaue of nin | a V" is less than 2. Plots of log | / VW2 were
made as depicted in the inset of Fig.3.15 yidding a linear dependence implying a Poole-
Frenkel or Schottky type of conduction mechaniam; the dopes of which are dso indicated
(see Fig.3.16). It is observed that the dopes rise with the increase in CuCh till 0.25 M
concentration and then remains congant. This can be again explaned on the bass of the
factors governing the variations of the dope. In case of the blends with low dopant (initiator)
concentration i.e. 0.08, 0.125, and 0.167 the PPy content is dso low, the interparticular
distance (d¥?) is high giving rise to bariers a the PPy / PEO-CuCl, interface. The addition
of CuCl, to the matrix, decreases the interdomain distance, d, reducing the barrier width a
the interface consequently increasing the sope of thelog | / VY2 plot.

The 'V characterigtics for the PPy/PEO-CuCl, blends that are saturated with PPy and
hence above the percolation threshold are depicted in the Fig.3.17. Curves (A) and (B)
represent +V characterigtics for 12:1 and 8:1 PEO-CuCl, monomer/mole concentration. It is
cler that the I-V characterigics ae dl liner irrespective of the CuCh
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ncentration. The ohmic nature of the FV curves clearly brings out that no barriers are present
between the PPy domains and network is formed throughout the matrix in the saturated
blend.



2000

Current fuft )

[ | 1 |
=212 =007 - @03 008

Valtoge [ V)
=4000
=2000L
2000~
= B
=
£ 1000
o
5
0
L L i j
=02 —0A o] o o2
Vaoltoge (W)
~ 1000
—2000 L

Fig. 3.17 -V characteristics for the PPy/PEC-CuCly in-situ blends sanurated with pyrrole.
Curves (A) and (B} correspond to 8:1 and 121 monomer/mole PEO-CuCly
concentration

104



(d) Temperatur e dependence of conductivity:
The temperature dependence of conductivity for the PPy/PEO-CuCl, in-stu blend with
different CuCh was carried out as is represented by the Fig 3.18. It can be noticed that the

log s vs. UT plots having low concentrations of CuCh show the presence of a trangtion near
the T, of PEO. The blend containing 8:1 PEO-CuCl, exhibits a rise in the conductivity till
89°C and shows a smdl decrease a higher temperatures. A similar behaviour is observed for
the blend contaning 6:1 PEO-CuCl, with the pesk in conductivity shifting to a higher
temperature of 103°C. The increase in the conductivity a the trandtion is by magnitude of
more than 1 order in the blends with 8:1 and 6:1 PEO-CuCl,. As discussed in section 1.3.2
(©), the trangtion a the T, of PEO is influenced by the viscosty of the blend, which
changes by the addition of PPy. Formation of PPy by in-Stu method is more a a higher
dopant (initiator) concentration of the matrix. Hence the viscosty of the blend increases as
the CuCl incresses. At lower concentrations of CuCh, the ionic mobility increases as well
as some deformation in the conducting domains occurs a the T, that reduces the
intergranular distance. Practicdly this phenomenon is observed as a trangtion in the case of
81 and 61 in-dtu blends. However as the viscogty of the blends increases, the ionic
mobility successvely decreases, lowering the sharpness and magnitude of the trangtion at
the Tr.

The temperaure variation of conductivity for the in-gtu blends saturated with PPy i.e.
above the percolation threshold are markedly different than observed for the partidly
deposited blends. No trandtion is observed in the conductivity-temperature plots. It is thus
evident that more the amount of PPy available for blend formation with PEO-CuCl, more is
the therma dability of the materid. Formation of PPy network diminates the bariers a the
interface, hence conduction occurs via interchain and intrachain hopping. As discussed in the
Chapter I, Mott's varigble range hopping mode ° has ardlationship as,

s =s, exp (-TMY* Eq. 3.9
The sgnificant feature of s is its dependence on exp (-To/T)Y*. Hence plots of s-T were
represented as log s agang TY* as shown in the Fig 3.19. It is observed that the plots
follow a linear dependence hence obeying the equation 1.1. It can be said that the conduction
occurs by variable range hopping modd in the case d blends saturated with PPy. Lefrant et
a *° have observed that above the percolation threshold, a temperature dependence of the
conductivity characteristic of VRH modd is obeyed in the case of PPy/PVA-FeCl;



composites. This holds good in the present case dso where continuous PPy domans are
formed in case of higher PPy blends.
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Fig. 3.18 Temperature dependence of conductivity for the PPy/PEO-CuCl; in-situ blends
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3.3.4 Chargetransport at PPy/PEO-CuCl, and other solid polymer

electrolytes:

Typicd |-V characterigtics were obtained for the in-gtu blends containing 2.1 and 4:1
PEO-CuCl; for the ITO/PPy(PEO-CuClp)/Au cdl and are shown in Fig.3.20. Sharp steps in
current a a certain gpplied potential are observed in both increasng and decreasing cycles
which are smilar to switching type of characteristics 3. In order to investigate this further,
gngle junction sudies were caried out a the PPy/PEO-CuCl, interface by making a
sandwich cdl of eectrochemicdly deposted PPy and the PEO-CuCl, (4:1) across ITO and
Au dectrodes. The 1-V characteristics of the device are depicted in the Fig.3.21, which
exhibit a amilar switching type of behaviour. To understand this fully, charge transport was
dudied across sngle junctions of PPy in contact with solid polymer dectrolyte congsting of
PEO complexed with KCl. The |-V characterigics for the cell exhibited a large anodic
current superimposed on a smdl cyclic wave noted in the cathodic region (see Fig.3.22).
These were smilar to rectifying type of characterigics. Single junction studies were aso
caried out in contact with liquid eectrolyte as a comparative study between the solid and
the liquid éectrolytes. The cyclic voltammogram of PPy cyced in CuCh and and KCl are
given in the Fig3.23 (a) and (b). Didinct changes are observed in the charge transport
processes a the PPy/SPE and the PPy/liquid dectrolyte interface. Similar studies were
caried out in contact of SPE and the liquid eectrolytes with different sdts like LiClOy,
NaCls, and NaSO4; the FV characteristics of which are depicted in the Fig. 3.24, 3.25 and
3.26. The FV curves are found to be of rectifying nature in al the cases using SPEs. It may
be mentioned herein that the PEO-based SPE has compardively high resdivity; thus, much
lower current vaues are expected in these type of cdls than those with the liquid
electrolytes. Furthermore, it may be noted that the potentids in the case of SPE are with
reference to gold, whereas those in liquids are with respect to SCE. The former are hence
much higher (~0.8 V) than the | atter.

The cydic voltammetry of PPy films in the liquid eectrolytes has been dudied by
severd authors, and is well documented in the literature 323, Although there are some
changes in the actud potentid vaues from report to another, the overdl features in the FV
characteristics are the same. Two pesks are observed in the |-V characteridtics that
correspond to the reduction and the oxidation of the PPy films for example the cyclic
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voltammogram for PPy in agueous KCl (Fig. 3.22 b ) shows the presence of two distinct
peaks in the FV a —0.4V and —0.15V corresponding to reduction and oxidation of the PPy.



This process of reduction and oxidation of the PPy is understood in terms of the transport of
iong/charge carriers in and out of the polymer. The pesk postion and its sharpness depend
on the nature of the dopant ion present in the eectrolyte. The present observations for the
PPy in liquid dectrolytes are essantidly in agreement with these reports. It is thus clear that
fredly mohile ions shoud be available for the doping/undoping process to teke place, and
these are present in the case of liquid dectrolytes, whereas in the SPE, there will be less
mobility of ions and a different type of behaviour would be expected. A few authors have
mentioned the use of SPE, together with conducting polymers and note smilar FV curves as
in liquid eectrolytes. Because the ionic transport in SPE is governed by the type/sze of the
ions, temperature, crysdlinity, etc. %68, the sSmilarity of the 1-V curves would be observed
only in certain cases where the ion transport is not hindered through the SPE (probably in
LiClO4 and NaClO,), as wdl as the interface of the SPE and the conducting polymer. Large
differences in the diffuson congtants for the ions in the SPE (of the order of 5x10°),
compared with liquid dectrolytes (>3x10°), have been reported by Geng and colleagues .
Thus, one may expect the |-V characteridtics to change at least in the vaue of currents and
pesk position when the SPE isused in place of liquid eectrolyte.

In the present case, significant differences were noted in the FV characterigtics when
the SPE was replaced by a liquid dectrolyte, with the former exhibiting high anodic
currents, compared with cathodic ones. There can be manly two reasons for this type of
behaviour:

(1) the charge transport across the PPy/SPE interface is easier in one direction than the

other, and /or

(2) the SPE dlows trangport of only one type of ion.

In the SPEs, PEO is known to form complexes with dkadi metd <dts by binding the
medlic ions within the hdicd matrix by coordinaion with oxygen aoms*®#. Thus it
appears that one of the charge species would be more mobile than the other in such
electrolytes, compared with the liquid dectrolytes, wherein both the species are mobile. This
may lead to the unusudly non-symmetric |-V characteristics observed in the case of the
SPEs. Furthermore, PPy has a work function of 5.0 eV, whereas the PEO has a workfunction
of 3.95 eV *? as represented in the band diagram, Fig 3.27. This can give rise to a potentia
barrier for the charge transport a the interface, because of the mismaich in the energy leves
of the two polymers. Thus, the charge trangport across the interface of PPy and SPE isdso



quite different from that at PPy and liquid eectrolyte. These various effects can give rise to
thetype of I-V characterigtics described herein.

Now, considering the case of CuCl, complexed with PEO as the dectrolyte, it may
be noted that the rapid switching type characteristics were observed especidly for those
samples that were made by in-Stu polymerization technique. In this process, the PPy
formation takes place according to ref *3:

NPy+mCuCh —» [(Py)xCl "x1]n+ mCuCl Eg. 3.10
where N(= nx) and m(= nx-n) ae molar concentrations of monomer and dopant,
respectivey; and x is some fraction indicating dopant concentration in the polymer. The
above equation is a generdized form of that reported for x = 2. This dearly suggests the
formation of CuCl during the polymerization step. This component remans in the SPE
during subsequent experiments and changes the nature of the I-V characterigtics. It may be
of interest to note herein that the PPy has a work function of 5.0 eV which implies that its
vaence band is 5.0 eV below vacuum leve (0.0 V), and the Fermi level tha exists between
the bipolaronic states have been reported to be 1.7 eV apart above the vaence band (i.e, at
2.2 eV bdow the vacuum leve). Furthermore, the Cu™/Cu’ redox is expected at 4.653 eV
below the vacuum #*. Thus, the transfer of eectrons from the bipolaronic state to the redox
date in such a case is very much facilitated, whereas the reverse process is blocked. To
confirm the role of CuCl, separate set of experiments were conducted by ddiberatey
incorporating CuCl into the liquid dectrolytes containing CuCh. Fig. 3.28 (a), (b) and (c)
shows the cydic voltammograms for PPy in liquid eectrolyte containing 10, 20 and 30%
CuCl (of the total sdt concentration). It is clearly reveded from these that FV characteristics
exhibit additiona waves that correspond to the oxidation and reduction of Cu’ species. This
wave becomes more pronounced and sharp with the increase of CuCl [compare Fig
3.27(a,c)]. At a high concentration of CuCl, the overadl shape of the FV resembles a sharp
step-like characterigic smilar to those in the Fig.3.20. With a difference that, in the latter
case, the gep is much steeper and the currents are much higher in the case of PPy in liquid
eectrolyte. These differences in the |-V characteristics of Fig 3.20 and Fig. 3.21 can be
undergood as follows In the case of PPy film immersed in liquid dectrolyte contaning
CuClL/CuCl [Fig 3.21 (b)], there is a single junction formed a the interface of the polymer
and the eectrolyte, whereas in the case of PPy deposted in the SPE containing CuCh (and
in dtu formed CuCl), there are a large number of such junctions formed a the PPy domains



that are connected in series and paralld. Thus, the effect observed a each PPy-éectrolyte
junction gets amplified in the case of PPy deposted in the SPE, and one observes much
higher current vaues, as well as a shap sep in their FV curves. It may be aso mentioned
that the charge transfer to the redox dtes within the SPEs is much more efficient when the
dectroactive component is dispersed in it *°. Hence, one would aso expect a higher rate of
charge trandfer in the PPy/SPE composite than for discrete two layer structures. It may be of
interest to mention herein that the differences in the FV curves have been observed when the
rate of andyte transport near the dectrode (eg., in the case of microdectrode systems,
compared with macrodlectrode-based cdlls) “°. In the former, the I-V is sigmoidal, wheress
in the latter it exhibits typica FV pesks. The present results on the PPy/SPE composite cells
seem to suggest that these behave more like microsystems in which each domain of PPy acts
as amicrod ectrode on which the electrochemica reaction takes place.
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3.3.5 PPy/CuPc in composite:

These composites were made by vapour phase deposition of PPy on PEO-CuCl, films
containing CuPc in the range of 2% to 45% by weight.
(a) Time dependent kinetic studies:

The varidion of compostion in the CuPc composte sysem urged the need to
invesigete the kinetics of vapour phase polymerization of PPy. The variation of conductivity
of the composites with exposure time is depicted in the Fig. 3.29. It is observed that the
conductivity rises very rgpidly in case of the compostions containing CuPc represented by
curves (b), (¢), (d), (e), (f) and g containing CuPc of 16.7, 23.1, 28.6, 33.3, 37.5 and 44.4 %
composites as compared to the 0% CuPc (i.e. PEO-CuCly) indicated by the curve (g) (PEO-
CuCl, is same in dl cases, 4:1). The rapid rise in the conductivity of the compodtes for a
shorter exposure time to pyrrole suggests that CuPc influences the vapour phase
polymerization process of pyrrole. It may be of interest to note that the conductivity vaues
a zero exposure i.e. without PPy are dso found to vary with the CuPc compostion. The
exposure to pyrrole causes the conductivity of the compostes containing 2% and 5% CuPc
to rise by dmost 4 orders of magnitude in the initid 100 seconds. It is observed to saturate
beyond an exposure time of 500 seconds. On the contrary, the 0% CuPc shows a dow rise in
conductivity till around 900 seconds and then reaches the saturaion limit. At higher
concentrations of CuPc, the conductivity saturates at relatively higher time of exposure. The
composite containing 25% CuPc is observed to saturate around 200 seconds while that
containing 38% and 45% CuPc takes 300-400 seconds to saturate.
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In order to understand the variations in the rate of depodtion of PPy, morphologica
dudies of the composites were carried out usng an optica polarizing microscope. Fig 3.30
(@), (b) and (c) depicts the optical micrographs of the compodte containing disperson of 0.5,
1 and 5% CuPc in PEO-CuCl,.



Figure 3.30 Optical polarising micrographs of CuPc dispersion in PEO-CuCl; (4:1
monomer/mole) eontaining 0.5, 1 and 2% CuPc

It can be easly observed that the CuPc particles are associated with the domains in the
matrix. There can be a posshility of some kind of chemicd interaction between CuPc and



CuCl, due to which these are found in close vicinity in the matrix. Another interesting fact
noticed, is the greater association of CuPc with the domains as more CuPc is dispersed in the
matrix. A comparison of the particle sze of CuPc dispersed in the matrix suggedts that the
particle sze of CuPc increases a higher (eg. 28%) CuPc. Dyes such as phthaocyanines are
reported to form agglomerates & a higher compositions #”*°. Similar phenomenon of
agglomeration can be observed to occur in the present composites as evidenced by the
increasing particle sze of CuPc. Exposure of these composites to pyrrole show the presence
of black depodts of PPy as indicated by the Fig. 3.31(a) and (b). An intereging fact
observed in these micrographs is the exclusve depostion of PPy on the CuPc particles.
These micrographs dso show a networking of the PPy depodts al throughout the matrix
whereas no networking is observed in the case of PEO-CuCl, exposed to pyrrole for the
same time intevd. It is thus dear that the CuPc-CuCl, association provides stes for
initigting the vapour phase polymerization process for PPy, which then proceeds in the bulk
forming a network.



Fig. 3.31 Optical micropraphs of PPy/CuPe in-situ composite with CuPe containing (a) 5
and (h) 73% CuPe respectively, Exposure to pyrrole 30 sec

The above findings suggest that CuPc associated with CuCl, acts as an initiator and tence a



cadyd in the polymerization process of PPy which results in a fast depostion of PPy and
hence a rgpid rise in the conductivity. The time dependence of the reaction was further
investigated by applying the conventiona equation for kinetics °.
Int=alnx+bx+d Eq. 3.11
wherea = (1-n),
=-In(1-n) k

x=[sw-sol/[s@-so]

tisthe time, n the reaction order, k the rate parameters,

ab,c are the condants, x the fractiona change in conductivity,

S(0), Sty and s(y) thedectrica conductivitiesa time 0, t and ¥ respectively.

Plotsof x or DR {as [s() - S(0)] / [S(¥) - S(0)]} againgt the time on a log-log scale was
made for the initid rise in conductivity as depicted by the Fig.3.32, where the s (q) as taken as
the conductivity value a zero time exposure while s ) was taken as the conductivity a the
saturation limit. The plots are observed to be draight lines with varying dopes that are
plotted with respect to the CuPc compasition as in the Fig.3.33. It is observed that 2% CuPc
compogtion exhibits a maximum denoting a fader rise in the conductivity. It may be
expected that at higher concentrations of CuPc, the more number of nuclegting Stes present
would give rise to a muchrenhanced depostion of PPy yielding a high rate of reaction. But
exactly the opposite phenomenon is observed, wherein the rate is seen to decrease a higher
concentrations of CuPc. This can be understood as follows. Referring to the Fig 3.31 agan,
one can notice that there is agglomeration of the CuPc particles resulting in the formation of
large paticles. Thus, the surface to volume ratio is found to be lower in the case of
agglomerates than for the individud paticle , the initiation of polymerization reaction
occurring mainly on the active surface of CuPc. Due to the agglomeration of CuPc, the net
active area available for the polymerization reaction reduces leading to lower rate than that at
lower CuPc content. (It is gill higher than the case of 0% CuPc. Hence an optimum surface
of 2% CuPc content is observed which gives the most rapid deposition of PPy.
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(b) Compositional dependence of conductivity:

Investigations were made for the dependence of conductivity on CuPc concentration
as well as CuClL, doping levd. Fig 3.34 shows the variation of conductivity with CuPc
concertration varying from 2% to 45% by weght with CuCh concentration being held
congant a 4:1 m/M in the PEO matrix. Curve (A) corresponds to the origind PEO-CuCl
matrix with no PPy while curves B and C correspond to the patidly exposed and fully
exposed samples respectively. It is evident from the above figure that incorporation of smal
amount of CuPc (even <10%) leads to a large increase of conductivity after PPy deposition.
There is some incresse of conductivity by incorporation of large quantity of CuPc (> 20%)
even in PEO-CuCl, by itsdf but the change in conductivity after PPy formation is dmost 6
orders of magnitude. If the dopant (CuCk) content was varied keeping CuPc concentration
the same, (40%), the conductivity was again seen to increese with the increase of CuCh
concentration as shown in the Fig. 3.35. In this case it is dso seen that the exposure to
pyrrole (short or long time) leads to a tremendous increase of conductivity a dl

concentrations.
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Fig. 3.36 Vanation of conductivity of CuPe with CuCl, doping

These various findings can be explained as follows. The incorporation of CuPc in PEO-
CuCl, leads to dight increase in conductivity, which is possbly due to doping of CuPc by



electron acceptors such as CuCl, or even chlorine ions. On the other hand, exposure of these
compodte films to pyrrole, causes PPy depodtion on these various semiconducting domains
meking them more conducting and findly highly conducting due to the formaion of
continuous network of conducting PPy. As mentioned in the earlier section 1.3.5 (&), CuPc
may be acting as a catdys/initiator for the PPy formation. In order to confirm these
hypothesis, further investigations were carried out to sudy the interaction between CuPc
particles and CuCl, as wdl asthe formation of PPy in these composite films.

The Fig 3.36 illugtrates changes occurring in the conductivity of CuPc powder by
using different concentrations of CuCh. 0.5 gm of CuPc powder was dropped in methanolic
solution of CuCh in the concentration range of 0.05 to 0.6 M. The powder obtained was
filtered and dried. An incresse in the conductivity of CuPc from 108 S/em to 10° Sem is
obsarved till 0.2 M addition of CuCh where &fter it saurates. The increase in the
conductivity of CuPc by doping with iodine is well reported by severa authors °1°3, The rise
in conductivity by 8 to 15 orders of magnitude has been obtained for Mpcly where the x
vaies from 0.2 to 1.7. Smilar posshbility of ‘doping’ of CuPc by CuCl can be envisaged in
the present case. It is clear from the plot that highest conductivity corresponding to the
maximum doping occurs a 0.2M CuCh. Micro-andytica sudies were caried out for the
CuPc-CuCl, complex possessng the saturated conductivity. The andyss showed the
presence of 1.22% chlorine content. In recent years, an intendvey growing number of
patialy oxidized metd phthalocyanine derivatives have been reported >**°. Among these
sysems paticulally interesting are the 1, doped, co-facidly assembled, sdt-like aggregates
obtaned from smple meta phthdocyanine units or polymeric metdloxanes of formula
[M(Pc)O],, (M=S,Ge) and simplified as PcNi(l3)o.33 and {M(Pc)Q]l1.1} n. Common features
of these doped materids are:

(@) ligand- centered interaction, with the central metal ion experiencing in al casesa
dtable oxidation state,

(b) attainment by each Pc unit in the stacked polymer, of a non-integral oxidation ete,
i.e. +0.33, or closetoit,

(c) associated presence of parrdld chainsof I3™ ions,

(d) éectrica conductivity measured on polycrydaline samplesintherange 0.1to 1
Scm.



Thus dmilarities can be drawn in the present context, with the iodine doping occurring in
phthaocyanines. The doping process may occur via bridging of the CuPc molecules. The
chlorine in CuChL forms a coordinate bond with the centrd metd ionCu in the
phthadocyanine ring that is origindly connected by two covdent and two dative with the
nitrogen aoms of the ring. CuCh thus acts as a source of Cl ions, which create bridges
between the CuPc linking them together forming a network of CuPc. In these compounds,
the phthaocyaninato ligand (dianionicligand) forces the centrd metd aom in a square
planar configuration. The highly conductive materid is built up of dacks of
metallophthalocyanine units and chains of polyhdide anions °°°’. Structuraly, the CuCl, can
be imagined to be present in the interdtitid spaces between the CuPc lattice stackings. The
bridging of CuPc thus leads to a conjugation in the system resulting in an dectricaly
conducting CuPc. It may be interesting to note that the doping of CuPc by CuClk through
bridging of the centra Cu aoms of phthaocyanine would render a patid charge on the
nitrogen aoms of the porphyrin ring sructure inducing more polarity in the Cu-N bonding.
The digribution of charges was further invedigated by XPS andyss of the CuPc with
different levels of CuCh. The G, and Nis core level spectra for 0.1, 0.15 and 0.2 M CuCh
content are indicated by the Fig. 3.37. The various species obtained after deconvolution and
the areas under the respective pesks are presented as Table 3.5. It is observed the G5 does
not show a reasonable change in the peak area. On the other hand, the N(I) species exhibits a
consderable decrease in the relative contribution from 65.6% to 37.4% as the doping level
of CuPc increases whereas the N(II) and N(IllI) species indicate an increase in their
respective contributions. N(I1) shows an increase from 21.5% to 47.1% in case of 0.2M
CuCl, while N(111) rises from 13% to 15.5%.
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Fig. 3.37 Cys and Wy XPS core level spectra for CuPe doped with CuCly. CuCl,
concentrations are {A) 0.0 M, (B) 0.5 M, (C) 0.75 M, (01 M

Table 3.5 XPS results for CuPe powder doped with different CuCl; concentrations

Chemical species

CuPe powder doped with CuCl;

Relative percentage contribution

[0.0M 0.5M 0.75M | 0.1M
| CuCly CuCl; CuCly CuCl;
| im 51.0 44.42 3878 40,62
| C(lL) 200 2027 31.84 10,40
Cu CII) 11.4 1652 | 2021 %53
,l ClIv) 78 938 | 918 10.44
,I R D 50 5558 | 4811 | 3734
| Ni | NN 30 | 2151 | 3698 4713
£ | N 139 | 1290 14.90 1552 |
127

Thus it is clear that CuPc gets doped by CuClh resulting in highly charged Nis species. This



implies that CuPc conductivity increases in the presence of CuCh leading to higher
conductivity in PEO-CuCl, containing CuPc.

Morphologica studies indicate the presence of doman structures as observed in the
opticd micrograph represented by Fig. 3.30 (a), (b) and (c). It is dso noticed that the
individuad CuPc particles get closer as the CuPc concentration increases. Comparison of the
micrographs indicates that the doman sze as wdl as the didribution changes with CuPc
addition. The domains are seen increasng in Sze adong with a decrease in the interdomain
distance. An important fact to be noted is that the CuPc is confined to the domains and is not
randomly didributed in the matrix. PPy depodtion dso results in an increese in the
conductivity of the sysem tha is indicaed by the Figs.3.33 and 3.34. The opticd
micrographs for the composites show a network formation on exposure to PPy (see Fig 3.38
(@ and (b) for the composite containing 5% CuPc, exposed to pyrrole for 20 and 45 sec
repectively), which implies that PPy connects the domans together by edablishing
conducting channes yielding a higher conductivity. In the case of compostes partidly
exposed to pyrrole the CuPc content plays an important role in deciding the ultimate
conductivity. In this case the CuPc particles get coated with PPy, which leads to a decrease
in the interparticulate digance and higher conductivity. This would continue till a dtage is
reached when a network of conducting particles is formed; either due to high CuPc content
or high PPy content. For example, in the composite films exposed to pyrrole till saturation is
reached, the conductivity exhibits a rise in the conductivity till 16% CuPc addition and then
saturates to a vaue of 4 Scm. The high conductivity of these compostes can be attributed to
the PPy network formation.



Figure 3 38 Optical micrographs of PPy/CuP'c in-situ mmpnsite containing 5 % CuPe exposed
to pyrrole for (a) 20 sec and (b} 45 sec respectively

The thermd gability of PPy compostes with CuPc was studied usng TGA. Fig. 3.39 (A),



(B), (C) and (D) denote the TGA curves in an inert aamosphere at a heating rate of 10°/min,
for PEO-CuCl, (4:1 monomer/mole) and the composites containing 0, 5, 40 % CuPc exposed
to pyrrole till saturation respectively. TGA andyss of PEO-CuCl, (see curve A) depicts two
geps in the temperature region of room temperature to 300° C. The first peak occurring a
145°C may be atributed to the entrgpped solvent: methanol/water while the second pesk
around 284.6°C may be due to the decompostion of CuCl due to the loss in the chlorine
content resulting in the formation of CuCl. The degradation of pure PPy is gradua over the
entire temperature range with a total weight loss of 79.5%. The PPy formed in the composte
can be estimated using the relation,

Theobserved = Thecdculatedweight + PPy degradation Eq 312
weight loss weight loss of PEO

The weight percent of PEO was cacuaed from the compostion used. Content of PPy
cdculated dong with the actual percentage weight loss observed are tabulated as Table. 3.6.

It is clearly observed from the results that the PPy content increases as the CuPc
increases. The composte with 28% CuPc contains around 19.6% of PPy that remans more
or less congant even as the CuPc increases and is supported by the conductivity against

compoasition studies.
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Fig. 3.39 TGA analysis of the PPy/CuPc in-situ composites, Curves correspond to (AJPEOQ-
CuCly (4:1 monomermole). (B) PPy/PEO-CuCls, {C) PPy CuPePED-CuCl
containing 5% CuPe, ([jcontaining 23% CuPe. (B), (C and (D) are exposed to

pymrole till saturation

Table 3.6 Amount of PPy determined from TGA analysis

% Composition .| % PPy content as |

of CuPc | determined
iInPEQ-Culll; | from TGA analysis
[ 0 1081 |
5 | 1651 5
9 1657
28 19.62
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(c) I-V characteristics of the PPy/CuPc in-situ composite:

The charge transport processes in the in-Stu composite without PPy and with exposure
to pyrrole were carried out by recording the FV characterigics. The influence of parameters
such as the dopant ion concentration and the CuPc composition was aso investigated.

(1) Variation of CuCly:
The |-V characteristics of the CuPc/PEO-CuCl, composites were investigated as a
function of the CuCh concentration with a constant CuPc content of 28% and are indicated

inthe Fig. 3.40. It is observed that the FV curves are non-linear; the degree of non-linearity
is found decreasng with increesing CuCh. These were then andyzed for the Poole-Frenkel
type of conduction mechanism by making plots of log | Vs VY2 that are found to be straight
lines as illustrated in the Fig. 3.41(inset). The dopes of the log | Vs VY2 plots exhibit a
decrease with respect to an increase in the CuCl, concentration (see Fig 3.41). These
findings suggest of a barier formation a the CuPc/PEO-CuCly interface. Consdering the
energy band diagram as given in the Fig. 3.42, it can be noticed that a barrier of 0.3 eV
exigs a the inteface of the materids causng non-linearity in the 1-V characterigics. The
decrease in the non-linearity of the -V curves and hence the decrease in the dope with the
rise in CuCh from 8:1 to 1:1 monomer/mole, can be understood in terms of doping of CuPc.
Higher doping results at increased CuCl, contents in PEO-CuCl,. This introduces trapping
centers in CuPc resulting in lowering the barrier a the CuPc/PEO-CuCl, interface a higher

CuCl, contents causing lower dopes.
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Exposure of the above compostes to pyrrole, yidds I-V curves that tend to be less non+
linear in nature in comparison to that without PPy depostion (see Fig 3.43). The FV curves



were plotted as log | vs V2. The plots followed a linear dependence; the Sopes of which are
presented as a function of the CuCl, concentration in the Fig.3.44. An incresse in the dopes
is observed as the CuCl increases causng a decrease in the interdomain distance hence
reducing the interparticulate distance between the PPy deposits leading to an increase in the
dope of the logl / V2 plot. PPy deposition takes place aong the CuPc particles that form a
charge transfer complex with CuCl,. Increased depodtion of PPy takes place a high CuCh
contents as discussed in section 1.3.5 (b). The depostion of PPy on CuPc increases the size
of the particles decreasing the interparticle distance hence the sope of log | / VM2 is observed
to be affected more a higher CuCl, contents. Taking into account the energy levels of PPy
and CuPc, it can be noted that a barrier of 0.7 eV is present at the PPy/CuPc interface.
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In order to invedtigate the junction a the PPy/CuPc, single junction studies were carried out



% A multilayered cdl was constructed using eectrochemically deposited PPy and vacuum
deposited CuPc. The |-V characterisics exhibited srong non-linearity and sometimes-
peculiar features such as a peek in the current and negative resstance characteristics above
certain gpplied voltage which depended on the thickness of the CuPc film (see Fig.3.45).
Thee characteridics are reminiscent of tunnding type of behaviour observed in thin film
semiconductor/insulator structures °%%. In the case of Fowler-Nordhiem tunnding, the I-V
characteristics are governed by the equation, ®2

J=(3.38 x 10'°F2 / F )exp(-0.69f *2 / F) Eq. 3.13
With

F=V/d

Where J is the current density (in Alenf), F is the dectric fidd, V the voltage, d the
thickness and F the barier height in eV. Fig 3.46 shows the Fowler-Nordhiem plot, log
(IV?) againgt (1V), for the initid rising portion of the |-V characterigtics for the samples
having different thicknesses of CuPc. The linearity in dl the cases is evident but with a dight
change in the dope especidly for thicker CuPc films. In the latter cases, there will be some
potential drop across the CuPc prior to the active region and hence the applied voltage will
not appear wholly across the interface, giving rise to a change of dope in the above graph. A
barrier of 0.9 eV can be caculated from the energy band diagram.
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Fig. 3.45 -V characteristics of AwPPy/CuPe/Al junctions showing tunnzling type
behaviour. The CuPc thickness is (a) 35 nm (b} 58 nm {c) 140 nm respectively,
Deevice area is 0.25 em”,
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Fig. 3.47 IV characteristics of AwPPy/CuPe/Al junctions deposited on substrates with
polbyvinyl butyral backing layer. The curves (a) and (c) are for dark and
illumination (2 mWicm®} with CuPe thickness of 28 nm while (b) and (dj are
similar curves for CuPe thickness of 43 im respectively. The inset shows the
lincarity of log I- V'* plot as per the Schotky equation. Device area 0,25 em’
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Interestingly, the samples having polyvinyl butyrd (PVB) backing layer not only showed
different behaviour than above but dso exhibited high photosengtivity. Fig. 3.47 depicts the



typicd |-V characteridics in these cases. Although the |-V characteristics are strongly non
linear, there was no tunneling type characteristic observed for the whole range of thickness
for CuPc used. On the other hand, these follow RichardsonSchottky equation (see the inset
of the Fig.3.47):

J=AT?exp (-f KT) exp (bVY2/dY?kT) Eq. 3.14
where A is congant, T the temperature, k the Boltzmann congtant and b the Schottky
parameter dependent on the didectric congtant. It may be of interet to mention here that
such type of characterigtics have been reported for conducting polymer-Rhodamine B
junctions ®3. These differences in the nature of the 1-V characteristics could be associated
with the crygdline nature and morphology of the CuPc films obtained in the two cases  of
subgtrates with backing PVB film and those without the backing layer. It may be noted that
PVB does not come in contact with the top junction layer. Hence, detalled studies were
caried out on the nature of the CuPc films deposted on the bare substrates and those
precoated with PVB prior to depodtion. These films were observed under the opticd
polarizing microscope and it was noted that the CuPc films without backing layer appeared
amorphous, uniform without any grains while those depodited on the subdrates with backing
layer were granular (see Fig. 3.48).



Fig. 3.48 Morphology of vacuum deposited CuPe films on (a) bare glass substrate and (b)
substrate precoated with polyvinyl butyral,
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Fig. 3.49 Xeray diffraction scans of CuPe films on glass substrates without pTwundifm_nli ng
(curve A) and with precoating of PVE {curve B). For the latier case the sensitivity
was increased to two times

These CuPc films were further characterized by Xray diffraction (XRD). Fig.3.49 shows the



XRD scans for the CuPc films deposited on glass subgtrate (curve A) and those deposited on
treated sibstrates (curve B). The latter was taken at higher sengtivity scale in order to bring
out the small pesks superimposed on the broad amorphous background. It is clearly seen that
whereas the CuPc films on bare glass substrates are wholly amorphous, those deposited on
pretreated substrates exhibit some crysdlinity. The detailed analysis of these XRD pesks
reveded that the films contain a mixture of a and b phases of CuPc. Strong influence of the
subgtrate on the crystaline nature and morphology of CuPc has been reported earlier ©4°°,
The nature of the CuPc films can change from amorphous to crysdline and even epitaxid
by change of the substrate temperature and/or its crystdline state. In the present case the
substrate temperature was low (25°C) and hence only amorphous CuPc was obtained on
plan glass subgrates (as mentioned in the references) but these films become granular and
dightly crystaline on the PVB coated substrates.

From the above discussion it is observed that a Schottky barrier exists at the PPy/CuPc
interface. These are present as discrete junctions in case of the compodtes. This leads to the
formation of multiple junctions yielding properties that is a collective effect of the discrete
junctions.

The composite system as described above, when saturated with PPy exhibits linear |-V
characterigics. The network formation destroys the bariers leading to ohmic 1-V
characteristics. A comparison of the FV characteristics of the unexposed, partly exposed and
fully exposed composites containing 4:1 PEO-CuCl, is presented in the Fig.3.50. A gradud
change in the nature of I-V characterigtics from non-linear to linear is clearly brought out.
Gradud exposure of the compostes to pyrrole gives rise to the formation of a continuous
network of PPy in the matrix. Thus the barrier at the PPy/CuPc interface is present at lower
PPy contents while higher exposure leads to short-circuiting of the barriers and hence linear
I-V characterigtics asis clearly noticed.
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Fig. 3.50 I-V characteristics of PPy/CuPc in-situ composite containing 23% CuPe. Curves
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Fig. 3.51 |-V characteristics of PPv/CuP¢ in-situ composite containing 2% CuPe with PEO)
-CuCls (4:1 monomer’mole concentration)
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(2) Variation of CuPc:
Thel-V charecterigtics obtained for the composte sysem with partid depostion of

PPy are found to be non-linear in nature for the compostions ranging from 2 to 40% CuPc
by weight (see Fig 3.51 for the compodte contaning 2% CuPc). The |-V characterigtics
were then plotted as log | vs. VY2; the dopes of which are depicted in the Fig. 3.52. The
variation of the dope showing a decrease from 0.7 to around 0.35 at 28% and then rises
further almost to 0.65 a 40% CuPc composition. This decrease in the slope of log | / \#2
can be understood by considering the dependence of the dope on the interparticle distance,
‘d. Disperson of CuPc in the PEO-CuCl, matrix results in the formation of aggregates as
evidenced by the micrographs. Thus the particle sze increases reducing the surface to
volume ratio and hence the area of contact. As the CuPc disperson increases, the extent of
agglomeration is aso rased vyidding bigger patides of CuPc. Consequently, the
interparticle distance (d?) increases resulting in a higher dope. On the other hand, a higher
compositions, the concentration of the aggregates in the matrix increases hence decreasing
the particle to particle distance that brings about an increase in the Sope of thelog |1 / VY2,

In case of the composites saturated with PPy, the FV characteridtics are linear in dl
the cases exhibiting an ohmic type of conduction. This implies that no bariers exig a the
PPy/CuPc interface due to extensve network formation of PPy throughout the matrix.

(d) Temperatur e dependence of conductivity:
Fig 3.53 illudrates the variation of conductivity againg temperature for the PPy/CuPc

composites with partid deposition of PPy.
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It is observed that the s-T plots follow a /T dependence of temperature. The dopes are



found to decrease with the CuPc compostion and then reman amost congant. The

activation energies are cadculated usng the Arrhenius equation as,

: | logi oA |
NE=1.98" 10 i—ly Eq. 3.15

i b

and are presented in the Fig 3.54. These are observed to decrease till 25% CuPc

compogtion and then dmost remain congant. This can be co-reated with the lowering of

the barrier width at the PPy/CuPc interface due to the increased depostion of PPy till 25%

CuPc content beyond which the agglomeration reduces the depostion of PPy content and

the barrier width is restored dightly exhibiting an increase in the activation energy.
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Composites saturated with PPy exhibit s-T plots as presented in the Fig. 3.55. The eectrons

hence experience no barriers for conduction due to the conducting network formation.

(e) Photosensitivity:

The light sengtivity factor (S) was cdcuated as I} / I A maximum sengtivity of
16 is obsaved for the compodte contaning 10% CuPc in PEO- CuCl. Higher
photosengitivity was expected due to the barrier formation at the PPy/CuPc interface. Charge

cariers would be generated due to illumination. These would then undergo separation at the
under the influence of the surrounding fidd and get trandferred to PPy resulting in a large
photocurrent. A large photocurrent is thereby expected due to the formation of multiple
junctions. On the contrary, a very low photocurrent is observed for the system. This can be
understood on the basis of doping effect CuPc. The formation of a charge transfer complex
with CuCh, gives rise to trgpping centers in the energy band gap. Thus, the formation of
charge transfer complex with CuChk gives rise to trgpping centers in the energy band gap.
During the process of excitation, most of the excited dectrons are trgpped by the impurity
centers that further undergo recombination. The excitation process is thus dominated by
trapping and recombination phenomena. Consequently, very less dectrons are available for
conduction resulting in alow photoconductivity.

3.4 Conclusions:

PPy/PEO blends exhibit a variaion in the charge trangport behaviour due to a
difference in the method of synthess The conductivity of the ex-Stu blend follows the
percolation model and shows a percolation threshold a 2.5% PPy content. The presence of a
barrier at the PPy/PEO-CuCl, is well reflected in the FV characteristics and the blend obeys
a Poole—Frenkd type of conduction mechanism. In case of the in-stu blend, the disperson
of PPy/PEO-CuCl, is achieved a a microscopic level exhibiting a much higher conductivity
(1 Scm) and a quite lower percolation threshold. An easy switching of PPy between the
conducting and the non-conducting states was achieved across the PEO-CuCl, solid polymer
eectrolyte, indicated the presence of Cu'/Cu™ couple that facilitated the transfer of eectrons
between the bipolaronic states of PPy and the redox couple. This was dso evidenced by the
single junction studies a the PPy and the SPE but with a difference that only Cu™ takes part



in the reaction as againg the redox in the in-situ case. Hence the role of PEO-CuCl, as an
efficient solid polymer dectrolyte is darified.

The PPy/CuPc in-sStu composite depicted the formation of a digperson of CuPc in
the SPE on a nanoscde. A charge-transfer complex was found to form between CuPc and
CuCl,, impating CuPc conductivity well in the semiconducting range. Due to the doping
phenomena, CuPc exhibited a role of a caadys and an initiator in the vapour phase
polymerization process of PPy. This resulted in a rapid depostion of PPy as wel as
improvement in the conductivity d the composites. The presence of barriers was observed at
low PPy contents that showed some photoconducting property. The charge tranfer was
found to follow the Poole-Frenke model of conduction. The junctions disappeared on
sauration implying a network formation of PPy in the matrix. In case of the PPy/CuPc
sgngle junction, the charge transport across the barrier occurs by tunnding mechanism in
cases of low film thicknesses and is found to be sendtive to the morphology of the backing
layer whereby it changes to Schottky mechanism. Smilar type of behaviour is not observed
in the case of composites because the doping of CuPc by CuCh which introduces impurity
centersin the CuPc and consequently decreases the barriers at the PPy/CuPc interface.
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Chapter 4 - PPy/PVC-CuCl, based blends and composites
4.1 Introduction:

Polyvinyl chloride is one of the few commodity thermoplagtics, which can be
processed by both, solution as wel as met techniques. Its gpplication in coatings and
films is well known. In order to provide dectrodatic disspation one can incorporate
conducting polymers in the same’. The processability of PVC can be effectively put to
use in the synthess of blends and composites of PPy. In the present studies chemicaly
synthesized PPy was blended with PVC containing CuCl,. In another case, the blends
were prepared by vapour phase polymerization technique. The properties of the blends
were modified later by adding CuPc to make a molecular composite.

4.2 Experimental:

(@) Synthesis of PPy/PVC-CuCl» ex-situ blend:
PVC was dissolved in tetrahydrofuran (THF) and 10% CuCl, was added with
continuous girring S0 as to obtain a cdear green solution. PPy synthesized by the

chemicd route usng CuCl, as an oxidizing agent was added to PVC-CuCl, in vaious
compositions such as 2,5,10 to 50% w/w. The solution was stirred continuoudy so as to
obtain thick durry, which was then applied on interdigited eectrodes and the solvent
evaporated at room temperature. Samples were dried for 24 hrs and placed in desiccator

under dry conditions.

(b) Synthesis of PPy/PV C-CuCl, in-situ blend:
PVC-CuCl, solution containing varying amounts of CuCl, was prepared in THF.

The interdigited eectrodes were coated with the solutions containing 1:1, 2:1, 4.1, 6:1,
81 and 12:1 monomer/mole of PVC and CuCl,. The films thus obtained were dried
thoroughly and then exposed in a desscator presaturated with pyrrole vapours. The
exposure time was varied from 1 minute to 20 hours yielding two sets of blends (1)
partiadly exposed aswell as (2) fully saturated samples.

(c) Synthesis of PPy/PV C-CuCl, in-situ composite with CuPc:
The composite was synthesized with respect to the concentration of CuPc as well as

CuCls. In one case, the PVC-CuCl, (monomer/mole) ratio was kept congtant to 4:1 while
the CuPc content was varied from 2510 to 50% w/w. The solution was irred
continuoudy and then applied on interdigited dectrodes. The cdls were then exposed to



pyrrole vapours n a dessicator for duration of 1 minute to 20 hours. In the other case,
composites were prepared by varying the CuCl, amount in PVC from 11 to 121
monomer to mole ratios while keeping the CuPc amount congtant a 28.5%. This paste
was then agpplied on the interdigited eectrodes, dried and exposed to pyrrole so as to
form PPy in-gtu.

(d) Fabrication of PPy/PVC-CuCl» single junctions.

Sngle junctions were fabricated across PPy and PVC-CuCl, interface in a
multilayered form by usng dectrochemicaly deposited PPy on gold eectrodes (see
Chapt.2). Semitransgparent Au as counter electrode was dip-coated with PVC-CuCl,
solution in THF of the ratio 4:1m/M, and dried thoroughly. This counter eectrode was
then placed over PPy forming a sandwiched cdl configuraion. Smilar Sngle junction
was fabricated usng CuPc. The dectrochemicaly deposted PPy was dip-coated with
PVC-CuCl, and then dried. CuPc was vacuum deposited on counter electrode Au and
then combined with the PPy/PVC-CuCl, to form a multilayered cell of the type
AU/PPy/PVC-CuCl, /CuPc/Au. In another set of experiments, the CuPc was deposited

over a trangparent conducting ITO to form a sandwich cdl by coupling with PPy/PVC-
CuCl,.

4.3 Results and discussion:

4.3.1 Chargetransport in PPy/PVC-CuCl, ex-situ blends:
(a) Compositional variation of conductivity:

The variation of conductivity was sudied as a function of the PPy, which was
added externdly to form the PPy/PVC-CuCl, blend is presented in the Fig.4.1. The
magnitude of conductivity incresses from 10° Scm to 10% Sem till 50% addition of
PPy and then saturates to 102 S/om approaching the conductivity of pure PPy a high
concentration. The plot resembles percolation behaviour as discussed earlier in the
Chapter 3. A plot of conductivity, s against the weight fraction of PPy added, { ), was
made on a loglog scale as illudrated in the Fig.4.2. The plot is observed to be a straight
line. The dope of the plot, yieding the vaue of 'f' in the eq 3.1, is found to be 4. A clear
percolation threshold is observed a 2.5 weight % of PPy in PVC-CuCl,, which implies
that formation of a network of PPy dats a 25% that results in an increase in
conductivity, by amost 5 orders of magnitude till 40-50% addition. Studies on smilar
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Fig. 4.1 Variation of conductivity with PPy composition for PPy/PVC-CuCly ex-situ
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systems report a percolation threshold at a high PPy loading of 20% 2. However, lower
percolation thresholds have been reported by Mandaf. A continuous rise in the
conductivity is observed & 34 weght % of PPy loading in PPy/PVC blend in THF
wherein the PPy particles are isolated by using a gabilizer.



11

1y iS5 em)
=

=T
13

Canductivi
.

o L

1 o | —
Yo oo oo o1 i
Waight fraction of PPy (y)
Fig. 4.2 A Ing-log plot of conductivity against the weight fraction of PPy for the PPy/PVC
-CuCl; ex-5itu hlends

(b) 1-V characteristics of PPy/PVC-CuCl» ex-situ blends:
The |V characterigtics for the ex-stu blend system were observed to be nonlinesr
in nature as shown in the Fig.4.3. The degree of nonlinearity is seen to decrease with the

increase of PPy. In order to investigate the charge transport mechanism, the +V curves
were plotted on a log-log scale, the dopes of which were found to be between 1 and 2.
Hence, the SCLC mechanism was ruled out. Log | vs. VW2 plots were made and are
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Fig, 4.3 1-V characteristics for the PPy/EVC-Cull; ex-situ blends containing 10, 40
and 50 % PPy
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indicated in the Fig.4.4. It is observed that the plots are straight lines implying a linear
dependence. Hence, the equation (section 3.4.2) governing the Schottky/Poole-Frenke
effect holds good in the present case. The dopes of the plots were determined and are
represented graphically in the Fig.4.5. It can be clearly noticed from the plot, thet the
dope of log | / VW? increases with the increase of PPy in the PVC-CuCl,. This can be
associated with the parameters influencing the dope, which can be given as,



Logl/V¥2 @ p/kTd¥? e (Eq.4.1)

In the present system, the increase of PPy content in the PVC-CuCl, matrix decreases the
interparticular distance ‘d“2’ between the PPy particles. This reduces the barier width at
the PPy/PVC-CuCl, interface and hence an easy lowering of the barier by the
gpplication of voltage under Poole-Frenkd effect. The overdl effect is the lowering of
the interfacia barrier width and hence a better conduction. The charge transport can be
well understood by considering the energy band diagram for PPy and PVC as illudtrated
by the Fig.4.6. It can be noticed that the valence band of PPy lies a 5.0 eV which
presents a mismatch with the work function, F, of PVC i.e. 513 eV “. This presents a
barrier of a very low magnitude of 0.13eV a the PPy/PVC-CuCl, interface as is brought
out by the |-V characterigtics.
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(c) Temper atur e dependence of conductivity:

The temperature dependence of conductivity is presented as log s vs. 1T plots,
which are indicated in the Fig.4.7. It may be observed that the plots are linear and that the
Arrhenius reldion is followed. The dope of the graph, which represents the variaion of

the activation energy, was determined and its variaion with the compostion is shown in



Fig.4.8 It is obsarved that the activation energy decreases with the increase of PPy
concentration. Thus, there is easy conduction pah with lower activetion energy in the
blend containing high PPy content.

4.3.2 Charge transport in PPy/PVC-CuCl, in-situ blends:

(a) Time dependence of conductivity:

The variation of conductivity of the blends with time of exposure to pyrrole was
sudied. A typicd compostion of 4:1 (monomer/mole) PVC-CuCl, is represented in the
Fig.4.9. The initid risng portion of the plot shows a rise in conductivity from 6x10
89cm to 3x10°°S/em during a period of 60 seconds of exposure to pyrrole vapours, while
the subsequent region exhibits a saturation of conductivity to 5 x 10™° Scm after 1500
seconds. Similar rise in conductivity is found in the blends containing different amount of
CuCl,. As discussed in Chapter 3, CuCl, acts as an initiator and a dopant and hence the
conductivity rise is more in the blends containing more CuCl, due to more amount of
PPy formation.



2
)

o
i

Actlvation energy | AE) (eV )

o= | 1 1 1 |
o 10 20 30 40 50

% Composition of FPy

Fig. 4.8 Decrense in the activation energy with higher PPy for the PPy/PVC-CuCls ex
-51tu hlends

153



|

~10 | /
E
=
5 | p
T, - i

1
= {0 -?
= |
=
L)

-7

10 l~

1 ] — )
100G 2000 3000

|
'D")O—to:.ﬂ.‘r-m—e

Time of axposure to :-yrrc.le {sac)

Fig. 4.9 Variation of conductvity with the exposure to pyrrole for 4:1 monomer'mole
PVC-CulCl,

(b)Compositional variation of conductivity:

The variation of conductivity with respect to CuCl, concentration is presated in
the Fig.4.10. Curves (a), (b) and (c) indicate the conductivity varigions for the PVC-
CuCl, aone, PPy/PVC-CuCl, partidly deposited and PPy/PVC-CuCl, having maximum
PPy in the blends respectivdly. The conductivity is observed to rise with the increasing
amounts of CuCl, in dl the three cases. The rise in the conductivity of PVC with the
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Fig. 4.11 Optical micrograph of PVC-CuCl; showing a phuse-ssgregated morpholony

e2

addition of 0.08 mole/monomer of PVC is dmog five orders of magnitude as shown by
the curve (8), which saturates to a value of 1.5 x 10°® Slem beyond 0.25 mole/monomer
concentration of CuCl,. When exposed to PPy for 1 min durétion, the conductivity is
seen to increase further by two orders of magnitude for 0.08 moles of CuCl,. At high
concentrations of CuCl,, the conductivity of the blend increases to 8 x 10* Scm. For
PPy/PVC-CuCl, having high PPy content (curve c), the magnitude of conductivity rises



from 9 x 10° Sem to 3 x 102 S/em with the increase in the amount of CuCl, from 0.08 to
1.0 mole'/monomer CuCl,.

These various results can be explained by taking into account the role of CuCl, as a
dopant as wdl as an initiator for the polymerization of pyrrole. Opticad microscopic
dudies caried out for PVC-CuCl, (41 monomer/mole) reved a phase-segregated
morphology as illustrated by the Fig 4.11, which imply no complex formation between
PVC and CuCl, but the CuCl; is observed to be uniformly didributed in the matrix. On
exposure to pyrrole, the CuCl, acting as an initigtor for the polymerization reection,
results in the formation of a blend of PPy in the PVC-CuCl, matrix. It is reported that a
uniform digribution of PPy domains is formed due to a good penetration of the oxidant
FeCl, in PVC rather than in the case of PVAc during oxidative polymerization >°. The
morphology of PPy has been found senstive to the substrate materia. Earlier reports ’
reved that no ordering or crysdline growth in the case of PPy vapour phase deposited
on amorphous substrates such as polystyrene, polyvinyl acetate, polyvinyl acohol, etc.
Hence depostion of PPy in a cryddline ordered structure as observed in the case of
PEO-CuCl, @ does not take place in the PVC-CuCl, matrix. As the CuCl, concentration
increases, more of PPy is formed in the matrix, which imparts more conductivity to the
blend as evidenced by the Fig.4.10. Smilar kind of work has been reported by Ueno et.
d. ° wherdn vapour phase polymerization of pyrrole was caried out in PVC-FeCl,
matrix. However, blends containing a high FeCl; to PVC (g/g) ratio of 7/4 exhibit a

conductivity value lessby anorder of magnitude as compared to the present case.

(c) |-V characteristics of PPy/PVC-CuCl, in-situ blends:
The |-V characterigics of the PPy/PVC-CuCl, in-situ blends are non-linear in

nature. Those containing lower CuCl, amounts i.e. 8:1 and 12:1 monomer/mole exhibit

more nontlinear character as indicated by the Fig.4.12. A plot of log | vs. log V was
made to verify the SCLC mechanism. However, the magnitude of the dope is found to be
1<n<2 suggesting that the SCLC mechanism is not doeyed. Hence, a plot of log | versus
v¥2 was made. All the compositions represent straight-line graphs, which suggests thet
the probable mechanism may be Poole Frenkd or Schottky type. The dopes of the log
Ov were determined which are represented in a grgphicd form in the Fig.4.13. It is
observed that the value of dope increases initidly from 022 to 0.35 as the CuCh
concentration increases to 0.5 M. This variation in the dopes can be corrdated with the
change in the interdoman digance ‘d’, with the compostion. Since CuCl, only gets
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deposited in the PVC matrix, the PPy formed will be a these stes and hence number of
PPy domains will depend on the CuCl, concentration. These results predict a barrier at
the PPy/PV C- CuCl, as represented by the energy band diagram discussed in the Fig.4.6.
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Exposure of these blends to pyrrole for a longer duration induces high

conductivity. The 1-V curves are as illustrated in the Fig.4.14. These are dl linear in
nature. This suggests that there are practicaly no barriers present for the charge transport

in the system, which is consstent with the band diagram studies.
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In order to check the charge trangport mechanism and the type of junction formed at the

interface of PRY/PVC-CuCl,, |-V characterigtics were recorded for the multilayered cdls
as described below.



(i) |-V characteristics for Au/PPy/PVC-CuCl,/Au sandwich céell:
The IV characteridtics obtained for these cdls are illudtrated in the Fig4.15. It is

observed that the plot is linear. Consdering the energy band diagram given in Fig.4.6, it
can be noticed that there is very little barrier present a the PPy/PVC-CuCl, interface for
the hole transport while there is a barrier for the eectron transport. Hence a decrease in
overd! current is observed in the reverse bias while the FV curves are dightly non lineer.
The effect of illumination was dso sudied by exposng the cdl to light through the PVC-
CuCl, face. Curve (L) in the figure indicates the |-V characterigics under illumination
wherein a amadl photocurrent is observed. Possbly very few of the charge cariers
generated in PPy may have undergone a separetion a the interface, which are tranferred
to the trgpping stes in PVC. This @pture of the photo excited dectrons by the trapping
sites created by CuCl, resultsin asmall photocurrent.
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(i) 1-V characteristics for Au/PPy/PVC-CuCl,/ITO sandwich cdll:
The change of the counter eectrode from Au to ITO, changes the nature of the |-V

curves condderably from linear to non-linear and rectifying as shown in the Fig.4.16.
The work function of ITO is 436V while that of Au is 4.8 eV and hence it acts as a

blocking contact to PPy. A depletion region is created at the PPy/ITO interface under



reverse bias conditions that gives rise to rectifying chaacterisics Negligible
photocurrents are seen under illumination. The |-V curves were further andyzed by
making a plot of log FV¥2 as shown in the Fig.4.17. It is observed that the plot is a
draight line obeying the VY2 dependence.
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Hence it is obsarved that the charge transport at the PPy/PVC-CuCl, inteface is of
Schottky type. Smilar type of discrete junctions are formed in the blend that gives a
collective effect on a macroscopic level.

(d) Temperature dependence of conductivity:

The conductivity againg temperature plots for the partiadly exposed blends are
shown in the Fig.4.18. It is observed that the plots are straight lines thus obeying the
Arrhenius law. Activation energy was determined from these plots and is presented in the
Fig.4.19. It is observed that the blend system possesses low activation energies. An

activation of 0.175 €V is observed for the 12:1 compostion that decreases repidly to
0.015 eV in the case of 41 m/M PVC-CuCl,. Thus as PPy concentration is increased
(due to increase of CuCl,) the interdomain distance decreases and the activation energy
for the charge transport (hopping from one domain to the other) decreases.

The conductivity shows practicdly no change againg temperature in the case of
blends fully saurated with PPy. In the samples containing high concentraion of PPy
(saturated) there is an extendve contact/network formation between the conducting
domains. Herce, the linear FV characteristics are observed for these samples. A plot of
log | againgt 1/T* was made and observed to be a draight line. Thus the temperature
dependence of conductivity for the sameis according to the VRH modd 1°.
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4.3.3 Chargetransport in PPy/CuPcin-situ compositewith PVC-CuCl,:
(a) Time dependent Kinetics studies:

The conductivity versus time of exposure of the PVC-CuCl, matrix (in the reio 4:1
monomer/mole concentration) containing various amounts of CuPc to pyrrole is shown in
the Fig.4.20. It is clearly observed that the overdl process of depostion is fast in the
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CuPc containing samples and the conductivity saturates within 100 seconds of exposure
time (curves b, c, d, and e). The conductivity in the composte formed without CuPc
atains an upper vaue a a much higher time of around 2000 seconds (curve a). This
suggests that CuPc plays an important role in the formation of PPy in these composites.
In order to check the exact nature of role played by CuPc, these curves were anayzed



futher to determine the kinetics of polymerization as discussed in Chapter 3
[Section:3.3.5 (8)].

In order to andyse the present system, a plot of log DR vs log t was made as
illusrated by the Fig.4.21 for the risng portion of the conductivity-time curves The
plots represent draight lines with varying dopes. Slopes of these plots were determined
and are plotted againgt the CuPc composition as shown in the Fig.4.22. It is observed that
the dope in case for PPy/CuPc composte containing 2% CuPc, exhibits a maximum.
Thisimplies that the rate of reaction is highest for 2% composite than rest of the cases.
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In order to underdand the variation in the rate of polymerisation, morphologica sudies
were carried out by optical microscopy technique for unexposed and the samples exposed
to pyrrole. The films were very uniform with the colour changing from green to blue with
the addition of CuPc. Figs.23, 24 and 25 show the optical micrographs for conposites
containing 0.5, 1, and 2% CuPc dispersed in the PVC-CuCl, respectively. It is cear from



Fig.4.23, 4.24 and 4,25 Optical micrographs for PVC-CuCl, containing 0.5, 1 and 2% CuPe
represented by (a)(b) and (¢) respectively

ITE

these opticd micrographs that the digtribution of CuPc becomes increasingly non
uniform with the increase of concentration. The comparison of Figs. 4.26, 4.27, & 4.28
(a lower magnification) clearly bring out the fact that as the CuPc concentration
increases, the intergranular distance decreases and that agglomeration of CuPc particles
adso takes place a higher CuPc concentration. Moreover, the digtribution of CuPc is
random and uneven in nature. Vapour phase depostion of PPy in these matrices



Fig. 4.26, 4.27 and 4.28 Same as Fig. 4.23, 4,24 and 4,25 but with lower magnification

containing 1 and 2% CuPc is indicated by the Figs. 4.29 & 4.30 respectively which show
the morphology of the composites after exposure to pyrrole vapours for 30 secords. It is
obsarved that PPy is formed preferentialy on the CuPc particles even in this case as
observed for PEO-CuCl,/PPy composites. The formation of PPy on CuPc increases the
size of CuPc, which can lead to contact formation a a particular concentration of CuPc
and exposure time to pyrrole vapours. For such composites continuous network of PPy



Fig. 4.29 and 4.30 Vapour phase deposition of PPy in the PPy/CuPe in-situ composite: with
PYC-CulCl; comtaining 1 and 2% CuPe. Exposure to pyrrole (30 sec

(-]

may teke place. This can be clearly observed in Fig.4.30 which depicts the morphology
of PV C-CuCl, with 2% CuPc after PPy formation.

The kinetic udy of vgpor phase depostion of PPy in the PVC matrix, containing
FeCl; has been sudied by Ueno e a as mentioned earlier. The dependence of
conductivity on reection time was studied by teking different ratios of FeCl;.6H,O: PVC.
It was observed that the matrix containing highest FeCl;: PVC rdtio is 7:4 g/g showed a



rapid increase in conductivity than those containing 54 and 4:4 g/g and the time taken
for saturation was admost 23 minutes exhibiting a conductivity of 8 x 104 Slcm while in
the present case. In the present case, an optimum surface to volume retio is achieved a
2% CuPc due to a good dispersion that yidds a higher deposition of PPy. This gives rise
to a rgpid rise in conductivity & this composition as is evidenced by the rise in dope of
DR againg time.

(b) Compostional variation of conductivity:

The effect of addition of CuPc on conductivity of the composite formed by in-Stu
method is presented in Fig.4.31. Curves (a), (b) and (c) represent the conductivity
vaiaion for PVC-CuCl, containing CuPc done, with patidly deposted PPy and with
maximum PPy respectively. The CuCl, concentration was held congtant in al the cases
i.e. 0.25 molemonomer PVC. It is observed that the overdl conductivity increases with
the addition of CuPc. In curve (a), the increase in the conductivity is very sharp beyond
5% addition of CuPc, and is dmost 4 orders of magnitude saturating & 20% CuPc to a
vaue of 3 x 10° Slem. The curve represents a classicdl percolation behaviour governed
by the equation 3.2 (chapter 3). Conductivity, s, againg the weight fraction of CuPc
added in PVC was plotted on a log-log scale as shown in the Fig.4.32. The plot is a
graight line with dope, f = 5225. The sysem thus represents conducting particles
dispersed in an insulating matrix of PVC similar to carbon black filled polymers 1. This
behaviour can be undersood by congdering the charge-transfer complex formation
between CuPc and CuCl, giving dectricdly conducting CuPc that is dispersed in the
inllaing PVC matrix. The interparticulate distance decreases a  higher CuPc
concentrations, which effectively leads to contact formation a a criticd concentraion
denoted by the percolation threshold. The percolation threshold is at 4.8% as inferred
from the plot.

The conductivity variation of the sysem (CuPc/PVC-CuCl,) after exposure to
pyrrole for 1 minute is represented by a sharp rise of conductivity in the initid region of
the plot and reaches saturation at a lower concentration of CuPc i.e. 10% as compared to
the CuPc in PVC-CuCl, done [see curve (a)]. The increase of conductivity occurs by
three orders of magnitude to a value of 8x10 S/cm. This occurs due to the formation of
conducting paths of PPy, interconnecting the CuPc particles. Moreover, the depostion of
PPy on the surface of CuPc causes an increase in the sze of the CuPc particle facilitating
an interparticulate contact formation a a much lower compostion of CuPc. Addition of
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CuPc reduces the interparticutae distance effectively touching each other a the 10%
composition forming a network.

Curve (C) represents the conductivity of the composte system after depostion of
maximum PPy. The variaion of conductivity follows the same trend as in curve (8 and
(b) with a difference that the increase of conductivity is around two orders of magnitude



which saturates to dmost 1 x 10"t S/om. The formation of extensive PPy network imparts

ahigher conductivity to the composite.
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The variation of conductivity was dso studied with respect to the amount of CuCl, in the
PVC matrix and is presented in the Fig.4.33. The curves @), (b) and (c) indicate the
vaiaions for the PVC-CuCl,, containing 28.6% CuPc and with partia exposure to Py
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respectively. It can be observed that the conductivity increases with higher CuCl, in dl
the cases. The variation of conductivity in the case of PVC-CuCl, illustrated by the curve
(@ is well discussed in the earlier section. Addition of CuPc to this matrix increases the
conductivity by amost 3 orders of magnitude from 108Scm to 10°Scm, which is
brought out by the curve (b). Continuous rise in conductivity is seen till 0.25 M addition
of CuCl, that further saturates at 9x10°S/cm. The formation of charge-transfer complex



of CuPc-CuCl, induces a higher conductivity to the sysem. A smilar trend is observed
in the case of the sysem partidly exposed to PPy. The conductivity exhibits a limiting
vaue a 0.25M CuCl, concentration whereby avaue of 2.7x101S/em is attained.

The themd dability of the PPy/CuPc compostes with PVC-CuCl, was
investigated usng TGA andyss amilar to that of PPy/CuPc compostes with PEO-CuCl,
(Chapter 3). The TGA/DTG curves are indicated in the Fig. 4.34. Curves (a), (b) and (c)
represent the % weight loss with respect to temperature for PVC-CuCl, aone, saturated
with PPy and PVC-CuCl, with 5% CuPc saturated with PPy. It is observed that the
weight loss of PVC-CuCl, is a very rapid process. The initid portion of the TGA curve
can be attributed to the evaporation of THF. This proceeds to complete the degradation
process at 300°C giving a weight loss of 67%. PVC is reported to degrade very rapidly at
300°C giving a 60% weight loss. The onset temperature of degradation is around 240°C
and degrades 75% at 500°C.
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Fig. 4.34 TGADTG curves for the PPy/CuPe in-situ composites with PVC-CulCl; (4:1
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temperatures for PYVC-CulCl: alone, saturated with PPy and PVT-CuCl, with 59
CuPe saturated with PPy

The TGA curve for the blend saturated with PPy [curve (b)] PPy (PVC-CuCl,) indicates
that the blend is stable over a long range of temperature. A rapid weight loss of the blend
starts around 370°C and the degradation completes by 500°C. The TGA for the
composite with 5% CuPc is shown in the curve (c). The composite is observed to be
gable till 360-370°C. Similar TGA plots are obtained for the composites containing 10 &



285 % of CuPc, which show a smdl rise in therma Sability as the CuPc increases. No
step-wise degradation of the components was observed. Hence, it was not possible to
deduce the weight loss of PPy and hence the composition.

Smilar kind of thermd studies have been caried out by De Paoli e d *2 for
PPy/PVC blends which are dectro-polymerized onto Pt coated PVC films from a
solution of acetonitrile containing tetra ethyl ammonium fluoroborate  (0.119M) and
monomer pyrrole (0.00619M). The TGA curves show that the films are stable to hesting
till 280°C beyond which they lose weght rapidly in comparison with the decompostion
temperature of PVC/PPy films. The thermd dgability achieved in the present blends and
composites is higher than in the reported case. This may be related to the method of
gynthess of the blend and composite. Electro-polymerization process dlows the
polymerizetion of pyrrole to take place in the pores and voids of PVC matrix. Thus
conducting channds of micrometer range are formed throughout the matrix 3. In the
present case, vapour phase polymerization technique gives an indtu depodtion of PPy
forming a semi-interpenetrating network. An intimate mixing of the components is
ensured during this process.

The problem of therma stability in PVC has been tackled ty adding various
heat or UV dabilizers ranging from purdly organic chemicds to metdlic sogps to
complex organometalic compounds®®. Dehydrochlorination is the man cause of
degradation of PVC, which involves three seps initistion of HCI loss rapid zip-
dimination of HClI and gmultaneous formaion of polymers in the PVC chain,
termination of the zipping process.

PV C degradation occurs by both free radica and ionic reactions where the latter is
a more important route. Lewis acid cataysts such as zinc chloride or hydrogen chloride
can accderae the dehydrochlorination of the polymer, which can occur in the case of
CuCl, added to PVC.

Heat dabilizers serve different functions such as absorption of hydrogen chloride,
replacement of labile chlorines, prevention of autoxidetion, etc. In the present case, the
PVC disperson with CuCl, is observed to become thermally stable only after the vapour
phase deposition of PPy. This suggedts that either PPy itsdf or the by-products formed
during the course of the reection act as heat stabilizers for PVC. There is a possibility of
absorption of HCl by PPy which effectivdly gets doped forming a charge transfer
complex. Thus the HCl formation is arrested. Another factor would be the bresking of
labile of C-C1 bonds and doping of PPy with the Cl radicd. This would in principle



arest the indication of HCl formation. On the bass of the byproduct CuCl formed
during the vapour phase polymerisation of pyrrole it can aso be proposed that the loss of
Cl is replaced by CuCl. This would aso arest the HCl formation and increase the
therma ability of the composite. More investigations need to be carried out to find the
exact mechanism that makes the composte to degrade as a whole than as single

components.

(c) |-V characterization for PPy/PVC-CuCl, in-situ composites:
(1) Variation of CuCly:

The IV chaacterigics of the syssem CuPc (PVC-CuCl,) contaning various
amounts of CuCl, are represented in the Fig.4.35 and can be easly differentiated due to
vaying nonlinear nature for each composition. The degree of nonlinearity is seen to
decrease with increasing CuCl, content. Analysis of the IV curves was done in order to
find the exact conduction mechanism. The log-log plot of the |-V curves for the
composites 12:1, 8.1, 6:1, 4.1, 2.1 and 1:1m/M represent a straight line but the dope is
1<n<2. This implies that the mechanism is not SCLC but Poole-Frenkel or Schottky type.
This was veified by plotting the log 1/0v for dl the compostion that are found to be
lineer in nature implying theat the Ov dependence is followed, the dopes for which are
represented in the Fig.4.36. It is observed that the dope is less at lower concentration of
CuCl, denoting a higher nontlinearity, which incresses beyond 0.25 M of PVC:CuCh
from 024 to admost 0.305. The opticd microscopy reveds a phase-segregated
morphology for PVC-CuCl, while CuPc is found in close asociation with CuCl,. This
effectively reaults in a conducting CuPc phase dispersed in the PVC marix. This not only
increases the overal conductivity but aso affects the barrier a the CuPc/PVC-CuCl,
interface. The energy band diagram (Fig.4.37) depicts a barrier of the 0.87eV a the
interface of the materids. Collins et d ° have studied the IR response of PbPc exposed to
Cl and |. Generation of acceptor levels within the band gep due to doping led to the
slitting of the vaence band. The podtion of the Fermi leve shifts towards the vaence
band edge 618 on increased doping. This effectively increases the ptype conductivity of



the materid. Similar trgpping centres can be introduced in CuPc causng a lowering of
the barrier in the present case. Hence, the I-V curvestend to be linear with higher CuCl,.
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A patid exposure of CuPc/PVC-CuCl, containing varying amounts of CuCl, to pyrrole
yidds I-V characterigics, which were found to be non-linear in nature as shown in the



Fig.4.38. The initiation of polymerisation a the CuPc generates CuPc particles covered
with PPy that are embedded in the PVC-CuCl, matrix. This results in the increase of
paticle/ldomain sze of the conductivity component and a high concentration of CuPc
and/or high PPy deposition (saturation) these touch each other giving rise to continuous

peth.
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Hence the charge transport in the PPy/CuPc in-stu compostes with PVC-CuCl, was
found to be of Poole-Frenkel type. FV characterigics of multilayered cdls were caried

out in order to check the charge transport at the PVC-CuCl, / CuPc interface. These are
presented as follows.



() 1-V characteristics for Au/PVC-CuCl,/CuPc/Au sandwich cdl:

The |-V characteridtics obtained for this cell are found to be non-linear in nature
(see Fig. 4.39) and the conductivity of the cell is observed to ke quite low (the current is
in pA). These were then plotted as log | vs. W2 asillugrated in the Fig.4.40. It is clear
from the plot that the VW2 dependence is absolutely followed. Au forms an chmic contact
to CuPc 1929, Referring to the energy band dagram (Fig 4.37), it can be noticed that a
barrier of 0.87eV exigs a the interface of the materids that gives rise to nontlinear +V
characterigtics.  High photocurrents are noticed as given by the curve L. The hole-
electron par created in CuPc gets separated a the CuPc/PVC-CuCl, interface. A
photosensgitivity factor of 7 was determined.
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(i) 1-V characteristicsfor Au/PVC-CuCl,/CuPc/I TO sandwich cdlls:

I-V characteristics Smilar to those obtained for the cell with Au are obsarved in the
present case (see Fig.4.41). However, larger photocurrents are observed in the forward
bias i.e. ITO*, than with AU* as CuPc is a hole-transporting layer while ITO acts as an

effective hole collector, moreover ITO aso ohmic to CuPc 2. A plot of log | against V2



was made as shown in the Fig.4.42. It can be noticed thet the plot is a sraight line

implying the presence of Schottky barrier a the PVC-CuCl,/CuPc interface. A light
sengtivity factor of 8 could be determined.
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(ii)l-V characteristics for Au/PPy/PVC-CuCl,/CuPc/Au multilayered cell:




Redtifying -V characterigics smilar to those obtaned for cdl (i) and (i) ae
observed and presented in the Fig.4.43. The charge transport mechanism was found to be
of Schottky type. Photocurrents were aso observed indicated by the curve (L). It is
interesting to note that the currents are higher in 10® A as compared to 10°A obtained for
cdls () and (d). This is due to the presence of PPy that acts as an efficient hole-

transporting layer.
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(iv) I -V characteristics for Au/PPy/PVC-CuCl,/CuPc/I TO multilayered cdll:
Smilar rectifying 1-V characterigtics are obtained when I1TO is used as a counter

electrode (see Fig.4.44). High currents as well as photosengtivity of a factor of 59 ae

observed.



These various results suggest that Schottky barrier exists a the CuPc/PVC-CuCl,
interface thet aso exhibits photosengtivity.

(2) Variation of CuPc:
The |-V characterigtics for the samples with varying CuPc exposed to pyrrole for

15 seconds are shown in the Fig.4.45. It is observed that the |-V curves are mostly linear
in nature with some non-linearity in the case of the compogtes containing higher CuPc.
The non-linearity in the I-V characteriics usudly occurs a higher dectric fidds. Since
the intergranular gap decreases with the increase of CuPc, there will be high dectric
srength (V/d) for such composites. Hence, any barrier or space charge effect present will
get reflected in the I-V curves for such composites. The log 1/Qv curves were plotted to
find out the influence of CuPc concentration on the charge trangport process. The log |
vs. V” gave a liner dependence, the dopes of which are represented graphicaly with
respect to the CuPc composition. It is obvious from the Fig. 4.46 that the dope increases
from 0.35 to 0.41 as the CuPc composition increases from 0 to 20% w/w. Sope then
reach a steedy vaue as the CuPc is further increased. The decreasing trend of the dope
which increasing CuPc decreases the interpaticular distance d“? parameters leading to an

increase in the dopetill 20 to 30%.
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|-V characterization was dso caried out for the above system exposed to pyrrole ftill
saturation. It is observed from the Fig.4.47 that the curves are exdusivey linear
irrespective of the compostion of CuPc showing that there is continuous conduction path
for the charge carriers. The formation of conducting paths of PPy, leads to shorting of
CuPc/PV C-CuCl, junctions and ohmic type of |-V characteristics are obtained.
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(d)Temper atur e dependence of conductivity:

The variaion of conductivity with temperature was studied in the range of 30°C to
120°C for CuPc done in PVC-CuCl, (without PPy). It was found that the conductivity
rises with risng temperature and the plots of log | vs. /T was obtained as shown in the



Fig.4.48. The plots are more or less linear with 0, 9, 16, and 23% showing two distinct
dopes for the high temperature and low temperature region. The activation energies were
caculated from these and Fig.4.49 shows the change in DE with respect to the CuPc
concentration. A sharp change in DE from 0.17eV to 0.065eV was observed till 16% of
CuPc wheregfter it remains dmaost constant with respect to the CuPc content.
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with PYC-CwCls with a less exposure to pyrrole

The dependence of conductivity on the temperature for CuPc/PVC-CuCl, composites
after little exposure to pyrrole, is illustrated in the Fig.4.50 with temperatures ranging
from -100 to 11CPC. It is observed that the plot is a straight line in the bw temperature
region. Activation energy was determined from these plots and is presented graphicaly
as Fig.4.51 with respect to CuPc concentration. It can be seen that by comparison with



Fig.4.49, the DE is vey low for dl the compogtions due to the formation of PPy
providing conducting channelsin the composite.

In the case of composites containing high PPy content (exposure to saturation), the
temperature dependence of conductivity follows essentidly TY* law as depicted in the
Fig.4.52, which is as per the Mott’s VRH mode!.
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(e) Photosensitivity:

The photosengtization effect of CuPc was caried out for the present composite
sydem. The IV characterigtics in dark and under illumination were observed to more or

less overlgp in case of dl the compostions. Hardly any photosengtivity was observed in



the present syslem. This is because there is no barrier a the interface of the materids. A
barier is one of the prerequisites for the presence of photoconductivity. The inert matrix
PVC does not provide a polar environment in the vicinity of the dispersed CuPc particles
22 This leads to a low rate of separation of the hole-electron pair crested due to excitation
by the interaction with visble light. Moreover the fraction of charges which get separated
under the action of gpplied eectric field get trapped a the impurity centres and thus are
not available for giving a photocurrent.

4.4 Conclusions;

The charge transport processes in the PPy/PVC-CuCl, blends and composites can
be explained on the basis of the various results discussed a@ove. In case of the ex-gtu
blend, charge transport occurs by percolation method. The single junction studies depict a
sndl barier a the PPy/PVC-CuCl, inteface. The in-Stu blends exhibit a higher
conductivity than the ex-stu blends. This occurs due to the formation of interpenetrating
network of PPy yidding a high conductivity. Moreover, PVC-CuCl, has a phase
segregated morphology hence PPy deposition take place uniformly in the matrix. Hence a
more uniform blending is achieved in the in-Situ case.

The in-sSitu composite of PPy/CuPc with PVC-CuCl,, exhibits conductivity as high
as 1x10-'S/em. Actudly, a barrier is seen to exist at the interface of CuPc/PVC-CuCl, in
the dngle junction dudies that adso exhibits consderable photosengtivity. However, in
case of the compostes, the CuPc gets doped by CuCl, that consequently introduces
impurity states and hence reduces the barrier & the CuPc/PVC-CuCl, interface and hence
a loss in the photosengitivity. The charge transport in the blends and the composite follow
a Poole-Frenkd type of conduction mechanism while the sudies caried out a the
interface of the maerids exhibit contact-limited Schottky emisson. Network formation
a higher PPy contents causes short-circuiting of the CuPc/PVC-CuCl, barriers and
conduction by VRH modd.
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Chapter 5 - PPy/CuCl, based CdS composites

5.1 Introduction:

The use of (CH)x as a photosendtive materid was reported by Heeger's group by a
demonstration of p-(CH)x/n-ZnS heterojunction that gave an open circuit potentid of 0.8 V 1.
PPy has been used in combination with CdS mainly to prevent photo anodic decompostion of
semiconductors 2. The semiconducting photoanode materials are al susceptible to oxidative
decomposition when photogenerated holes (h') rise to the top of the valence and. All n type
non-oxide photo-anodes suffer irreversble decompostion when exposed to light in agueous
dectrolyte solutions. In order to dabilize n- type semiconductors againgt photo-anodic
decompogtion, a PPy film is usudly edectropolymerized on the semiconductor electrode.
Vighle light water cleavage has been reported by PPy-coated n-CdS photonode on which
RuO; was atached 3. However, little work describing the semiconductor contacts and
photovoltaic applications has been reported in the literature. The present chapter deals with the
electricd and photoconductive properties displayed by a PPy/CdS hetergunction. The
influence of the type of the materias used and the method of fabrication was on the charge
transport process across the junction was investigated.

PPy/CdS hetergjunctions have been fabricated in the present case, in the form of a
composite by vapour phase depodtion technique. The virtue of achieving interpenetrating
network of PPy by the vepour phase depostion method in the solid polymer dectrolyte —
(PEO-CuCl) was put to use in the case of in-dtu compostes. Multiple junctions were dso
prepared by making a composite of PPy with CdS by ex-stu method. The charge transport at
each of the micro-junctions was carried out by congructing PPy/CdS single junctions. The
charge trangport and photosengtivity has been investigated with respect to the composition of
PPy and CdS. The CdS used in al dispersons was encgpsulated with PEO. It is wel known
that the polymer composites conssting of photoconducting powder dispersed in a polymer
matrix exhibit high photosengtivity especidly a high fidds high intensties *. Such
photoconducting composites have found wide application especidly as photo resstors and
electrophotographic layers °. CdS encapsulated in various polymers like PMMA, PS, etc. was
reported to have light sendtive effect. These results have been compared with those obtained
using commercidly available grade, which definitely shows alower photosenstivity.



5.2 Experimental:

(a) Synthesis of in-situ CdS:
Nanoparticulate CdS was prepared by in-Stu technique. A reaction of CdCL with

NaS was caried out in methanol containing PEO. A 21 raio of PEO.CACh was used.
CdCl,.2%2 H,O (6 gms) and PEO (2gms) were dissolved in 250ml methanol containing 50 ml
water. To this was added a 50 ml methanol solution containing 2.4gms NaS without girring.

The solution was then digested overnight and then irred to obtain fine colloidd precipitate.
The precipitate was filtered and dried in air for 24 hrs.

(b) Synthesis of the PPy/CdS in-situ composite:

The PPy/CdS in-stu composite was syntheszed by usng vapour phase polymerized
PPy. The composite was prepared by two methods wherein in one case the PPy was generated
by the VPP technique first and then CdS was added to it, whereas in the other case, CdS was
dispersed in PEO-CuCl, and then the CAS/PEO-CuCl, dispersion was exposed to pyrrole so as
to obtain in-gitu PPy in the matrix containing CdS.

(1) PPy/CdS in-Stu composte (1):
A solution of PEO-CuCl, was prepared in methanol with a PEO-CuCl, ratio of 4:1

monomer/mole. The solution was then poured in a large petridish and then exposed in a

desiccator previoudy saturated by pyrrole vapours. The duration of exposure was 24 hours.
The PPy/PEO-CuCl, thus obtaned was the dried thoroughly in a dessicator and used for
preparation of the composites.

The composites were prepared by dispersing CdS-IS in a congant quantity of PPy in
vaious amounts ranging from 20, 30, 40, 50, 60 and 80 % by weght. The two were
thoroughly mixed making a thick paste in methanol. The solvent then evaporated and the
resdue was dried in ar. The resulting powder was scraped off the petridish and pelletized
under a pressure of 3 tons. Air-drying slver paste was gpplied on one face of the pellet while
the counter eectrode used was transparent conducting ITO coated glass so as to form a
sandwich cdl configuration.



(2) PPy/CdS in-stu composite (11):

The composites were prepared by adding different quantities of the in-situ grade CdS
(CdS-1S) to a 5 ml methanol solution of PEO-CuCl, (4:1). The amount of CdS was varied
from 20, 30, 40, to 50% by weight keeping the quantity of PEO-CuCl, constant. The gurry

was prepared by continuoudy dirring for thirty minutes and then gpplied uniformly over
interdigited gold-coated glass substrate. The films were dried in a desiccator and then exposed
to pyrrole vapours in a closed chamber. The exposure time was one minute S0 that limited PPy
was formed. Excess PPy gives high conductivity but no photosengtivity. The various
parameters like girring time and time of exposure to pyrrole were drictly controlled. -V
characterigtics of these films were studied by using ITO as the top eectrode. Commercid grade
CdS was a0 used ingead of the in-Situ prepared CdS. In another set of experiments the CuCh
content was varied by changing the PEO-CuCl, ratio from 4:1 to 81, 16:1 and 321
monomer/mole. The composites were prepared in the same manner as in the above case. The
effect of variation of CuCl, concentration on the |-V characteristics was noted.

(c) Synthesis of PPy/CdS ex-stu composite;

An ex-dtu composte was prepared by usng PPy-syntheszed by chemicd
polymerization technique.

The chemicdly syntheszed PPy usng CuCh as the oxidant was used in making a
disperson of PPy and encapsulated CdS. 10% PEO by weight was used as a binder for
preparing the composite. PPy was added in various compositions of 10, 20, 30, 40 and 50% by
weight to CdS containing 10% PEO. The durry was prepared in methanol and applied on
interdigited gold dectrodes resulting in the formation of surface cdlls.

(d) Synthesis of PPy/CdS single junctions:
Single junctions were cregted in a sandwich cdl mode having a multilayered structure of
the type AWPPy/CdS/Au. Firgly, dectrochemica deposition of PPy on gold coated substrates

was caried out. Commercidly avalable CdS was vacuum evaporated on the PPy films for

various duraions to vary the thickness of the CdS film. A thin layer of gold as a counter
electrode was the vacuum deposited on top of the multilayered sructure usng a mask.
Electrica connections were made by air-drying slver paste.



5.3 Results and discussion:

5.3.1 Chargetransport in PPy/CdS ex-situ composite with PEO-CuCl,:
A composite was prepared by an ex-gtu method wherein PPy was externaly added to

the encapsulated CdS. This was done by dispersion of APy powder in encapsulated CdS using
10% PEQO as a binder.

(a)Compositional variation of conductivity:

The conductivity of the system increases with the increase in the PPy compodtion as
exhibited by the Fig.5.1. It is observed that the conductivity increases from 4.5x10°°S/cm,
(which is the conductivity of encapsulated CdS) to 1x10°Sem with PPy addition till 20%
wheresfter it atans limiting vaue. As discussed in Chapter 3, percolation threshold denotes
the criticd concentration a which the conduction occurs by percolation method. It may be
edimated from the log-log plot as indicated by (see Fig 5.2). It was found to be amost 1wt.%
PPy, which is smilar to that obtained for the blends discussed so far. The increase in amount
of PPy yidds a network formation of PPy around CdS particles, leading to a high conductivity.
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Fig. 5.1 Conductivity variation with respect to PPy composition in the PPy/CdS ex-situ
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Fig. 5.2 Log-log plot of conductivity against the weight fraction of PPy in the PPy/CdS
gx-situ composites with PEO-CuCl;




(b)I-V characteristics of the PPy/CdS ex-situ composites:

Thel-V curves for the PPy/CdS dispersed system are found to be non-linear in nature
with the degree of non-linearity decreasing with the higher compostion of PPy Fig.5.3. The |
V curves were then andyzed by making a plot of log | againg V* It was found that the plots
exhibit a linear dependence as illudrated by the Fig. 5.4, implying the presence of a barrier at
the interface of these materids. The dopes of the plots show an increase with higher PPy
content as indicated by the Fig.5.5. This behaviour can be explained on the bass of the
vaiation involved in the digance between the PPy particles as the compostion changes. The
increase in the PPy content in the PEO-CdS, brings about a decrease in the interparticular
disance ( d ), between the PPy particles. This results in a higher dope with a higher PPy
compostion.



380
z
& 180F
5
&

-33 12 8 28
Voltage(v)
-220L
Fig, 5.3 -V characteristics of the PPy/CdS exesitu composites with PEO-CuCl,
containing 10% FPy

Current {ua)

G0l A

aQ 1 2 > 4 5 &
Square root voltage

1 1 L 1

Fig. 5.4 Log [ against V'* dependence for the PPy/CdS ex-situ composites with PEO
-CuC’l; containing 20, 30, 40 and 50% PPy indicated by curves {a) to (d)

2l



0'4|-

Q
o

<
[

Slope of log 1 vs V2

e
T

1 ']
[+] 0 20 30 44 50
% Composition of PPy (CuClz)

Fig. 5.5 Variation of slopes of log I/ V= with the PPy composition for PPy/CdS ex-situ
compaosites with PEQO-CuCly

Conductivity { S/em )
_Dll
(5]
T

&
T

1
]

o
i
|

o 01 o2 03 04 05 06

Volume fractien of CdS,

Fig. 5.6 Dependence of conductivity on the volume fraction of CdS for the PPy/CdS in
-situ composite (I) with PEO-CuCl,

212

Hence a barrier exigts a the PPy/CdS interface and the charge transport takes place by Poole-



Frenkd mechanism.

5.3.2 Chargetransport in PPy/CdS in-situ composites with PEO-CuCl,:

The charge transport studies were carried out by using vapour phase polymerized PPy.
A compostiond variation was done in order to investigate the influence of CdS content on the
photoconductive properties of the system. All the studies were carried out in a sandwich cdll
configuration.

(A) PPy/CdSin-situ composite (1):
As discussed in the section 5.2, the present composite was obtained by disperson of
CdSin the VPP PPy.

(a) Compositional dependence of conductivity:

The dependence of conductivity for the PPy/CdS composite system on the compostion
of CdS is exhibited in the Fig.5.6 aslog s againg the volume fraction of CdS. It is observed
that the conductivity decreases as the volume fraction of CdS increases. It decreases abruptly
from 9x10* Scm to 5x10'Slem as the volume fraction of CdS increases to Q17 after which
the conductivity remains amost congant. This compostion of CdS where the conductivity of
the sysem saturates corresponds to the criticd compostion of the filler in a composte at
which the particles of CdS form a contact with each other resulting in a continuous phase.
Thus the percolation threshold is achieved a 40% CdS compodtion in the present case. This
behaviour can be understood as follows. Discontinuities are created in the conducting PPy
network due to the incorporation of CdS. Increase of CdS leads to a successive replacement of
the exising PPy network by CdS. The conductivity at the criticd compostion corresponds to
that of pure CdS, which remains congant in spite of the change in the composition on account
of the continuous network formed.

(b) I-V Characterisicsfor PPy/CdSin-situ composite (1):

Thel-V characterigtics are found to be non-linear in nature. Furthermore, the degree of

nor+linearity is seen increasang with increesng CdS content as obsarved in the Fig. 5.7 (a),
(b), (c), (d), (¢) and (f) corresponding to 20, 30, 40, 50, 60 and 80% CdS. The system thus
conssts of the ntype CdS phase dispersed in the interpenetrating, ptype PPy phase. However
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a congderable change in the |-V characteristics was observed with the increase in CdS. The



curves (d) and (b) appear non-linear in nature which increesngly become rectifying a higher
concentrations as indicated by curves (c), (d) and (e). Variation of CdS content was expected
to effectively control the thickness of PPy between the CdS particles. No chemica reaction of
the vapour phase polymerized PPy with CdS was envisaged. The CuCl that is obtained as a by-
product of the VPP process reacts with CdS only at high temperatures above 90°C . An
experiment to verify this was done by pouring a 20% agqueous solution of CuCl over 80% CdS
composite. This was then filtered and paletized. The resstance was found to be 14MW and is
comparable to the pure CdS ensuring no reaction between the two.

Further, the FV curves for the composites containing 20 and 30% CdS were andyzed by
ploting on a log-log scae. However, the dopes of the plots were less than two, hence the
SCLC mechanisn was ruled out. A plot of log | againg V" was made as exhibited by the
Fig.5.8 (a) and (b). The plots are linear showing a dependence on RichardsonSchottky
equation. This behaviour can be understood as follows. The 20 and 30% CdS composites are
well below the percolation threshold wherein PPy is present as a continuous network. This
reults in short-circuiting of the PPy/CdS bariers. The conduction hence takes place via
interchain and intrachain hopping process dong the PPy chains. All these compostes ae
tested in a sandwich cell configuration usng Ag and ITO as the dectrodes as mentioned in the
experimental. Ag is ohmic to PPy while ITO acts as a blocking contact . Hence non-linear
characteristics obtained for 20 and 30% CdS compositions are due to the space charge created
a the PPy/ITO interface, caused by the blocking nature of ITO (ITO acting as a low work-
functionmetd, F » 4.7 V).

The microstructure of the composte becomes exactly reverse when a higher
concentration of 40% CdS is dispersed in the vapour phase deposited PPy. Formation of CdS
network, gives rise to barriers at the PPy/CdS interfaces. Considering the energy band diagram
of the materids Fig.5.9), an energy barrier of 1.5 eéV can be determined due to the mismatch
of the energy levels causing a the barrier a the interface of PPy and GJS. A barrier of 0.8 €V is
reported by Skothiem 8. The -V curves for 40, 50, 60 and 80% CdS tend to be more rectifying
and are smilar to those obtained for pn junctions [Fig 5.7 (c), (d), and (€)]. The curves were
then andyzed for the SCLC conduction mechanism by plotting on a log-log scale as shown in
the Fig.5.10 (a), (b) and (c) for the composites containing 40, 50 and 60% CdS. It can be
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observed that the magnitude of the dopes of these plots turned 2 a higher voltages. The



current in SCLC isgiven by,

I:%mq v/ <2“+1)] Eq.5.1

where m is the mohility, d the film thickness, q is a parameter which takes into account the
trgpoping center (impurity centers) concentration and their didribution and n is an integer
having values 0, 1, 2 etc.
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This clearly denotes that the power law with exponent 2 is obeyed for the compostes



containing CdS beyond the percolation threshold. The changeover of the junctions from
PPy/ITO to PPy/CdS is clearly brought out by the varying nature of the |-V characteristics.
The conduction tekes place according to the SCLC mechanism as the compostion of CdS
increases. Similar type of diode characteristics have been obtained by Skotheim and Inganas ©.
The results have been explained on the basis of a Schottky barrier formation at the PPy/CdS
interface. Studies on poly(methyl thiophene) /CdS in solid date dso show a rectifying
heterojunction formation as reported by Frank and Glenis®.

The above studies were carried out for PPy/CdS barriers in a composte form. In order to
investigate the charge transport at the interface of PPy/CdS done, single junctions were
congructed across the interface of eectrochemically deposted PPy and vacuum deposited
Cds.

Thel-V characterigtics of the device AWPPy/CdS/Au in a sandwich mode were strongly
rectifying in nature as indicated by the Fig 5.11 (a). These curves were then andyzed for the
conduction behavior. SCLC seemed to be the most appropriate one amongst al the various
mechanism avallable for conduction. A plot of 1-V was made on a loglog scae as shown in
the Fig 5.12. It is evident from the log-log curves that the rdation, | p V" isindeed followed.
The vaue of n equas unity depicting an Ohmic behavior a lower voltage while & higher
voltages n > 3, indicating a space charge limited current. Zuleeg *° has reported SCLC in
IVCdS/Au sandwiches in which indium made the ohmic contact. The plot obeyed | pV? law
with | pV? in the intermediate region suggesting an SCLC behaviour. These changes in the
vdue of n can be interpreted as filling of impurity centers giving rise to linear, square and
superlinear type of FV characteristics. The 4, the voltage a which mgority of the trgps get
filled, was determined from the plot and was found to be 2.065 V. Vyp. was dso determined in

agmilar manner under reverse bias conditions and was found tobe 2.0 V.
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PPy being synthesized by eectrochemica route is highly doped 6§ 3 1S/cm) and has a ptype



character. Gold makes an ohmic contact with PPy as discussed in Chapter 3. Meta /CdS
contects have been wdl sudied in the past and Au is reported to form a blocking contect to
CdS . But it is known that with a modest voltage across the thin barrier, a tunnding of
electrons takes place from the Au eectrode. Hence a Schottky barrier is observed a low
voltage while the contact becomes injecting as the tunnding of dectrons takes place. The
device as a whole then becomes forward bias with respect to CdS. The p-nature of PPy in the

present multilayered structure increases the possbility of a p-n junction formation as reflected
by the rectifying I-V characteridtics.
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The junction characteristics were dso sudied by varying the thickness of CdS layer. Figs.5.13
(b) ad (c) denote the FV characterigtics for the sandwich cdls with increesing CdS thickness.
An SCLC mechanism is observed in dl the cases. A remarkable variation can be observed in
the VrrL vaues, which are seen to be increasng with the increasing thickness of the CdS layer.
The results are presented in the Table 5.1

Table5.1
VTR
Sample-
No. Forward bias Reverse bias
a 2.06 2.45
b 2.40 2.85
C 2.62 3.00

When a thicker layer of CdS is added, the barier width of the AWCdS Schottky junction
increases thus increasing the voltage required for the eectrons to overcome the barrier. Also,
the number of trapping centers rise, as CdS layer grows thicker. The voltage required to
achieve the trap filled limit increases. Under reverse bias conditions a rectification is observed
snce electrons are minority carriers and a depletion region is cregted a the PPy/CdS interface.
Photosengtivity a the PPy/CdS heterojunctions was dso dudied. The |-V
characterisics under illumination are presented dong with the 1-V curves in dark (see Fig
5.11(8). CdS has a relatively wide energy band gap and acts as a window materia in most of
the solar devices [12,13]. Compadively, PPy is a less photoactive materid. The
recombination probabilities are high in PPy due to the presence of midgap dtates. Hence the
photoresponse observed is due to the excitations occurring in CdS. The sample was
illuminated through the CdS face rather than through PPy to avoid light absorption by the
polymer layer causng less PPy/CdS inteface. The mechanism of photoexcitaion and
conduction is dmilar to conventiond p-n junctions Absorption of energy during illumination
generates excited eectron-hole pars in CdS. These get separated under the action of fied in
the space charge region a the PPy/CdS interface snce most of the depletion layer is
concentrated in CdS. CdS transfers the excited dectrons to PPy resulting in a photocurrent.
The 1-V curves under illumination were andyzed for the SCLC mechaniam. It was found that
the VreL under illumination was reached a a lower voltage than under dark as observed in the
Fig. 513 (b) and (c). The VrrL was seen shifting from 206V in dark to 1.77V under



illumination in the case of curve (@ while it shifts from 2.4V b 1.88V in the case of curve (c).
The reason may be that the photoexcited dectrons are trapped by the impurity centers in
addition to the injection of charge from the cathode. This brings out the filling of traps a a

lower voltage under illumination asiis evident by the shift of Vrr to alower vaue.

Hence it is clear that the charge transport in PPy/CdS in-situ composites (1) below the
percolation threshold, i.e. for 40,50, 60 and 80% occurs by SCLC type of conduction
mechanisn due to the creation of PPy/CdS bariers. Photoconductivity of the present
composte was also sudied. -V characteristics under illumination were recorded and are
represented in the respective figures dong with the 1-V curves recorded in dark. The
photosengtivity exhibited by the compostes containing 20, and 30% CdS is due to meta-
semiconductor  Schottky barrier formation. The illumination of these junctions creates some
photocarriers, which undergo separation in the space charge region created a the ITO/PPy
interface-giving rise to a smdl photocurrent. The photosenstivity was determined by teking
the I /Ip and was found to increase with decreasng PPy concentration as indicated by the
Fig.5.14. The I-V curve under illumination for 40, 50,60 and 80% CdS depicts an SCLC
behaviour smilar to that observed in dark. However, in the case of 40% PPy/CdS composte,
the V1 IS seen shifting to a lower vdue of 0.92 V from 1.8V (see Fig.5.10). This is an
example of filling of the trgpos by the photoexcited carries at a low voltage. The photocurrent
exhibited in the reverse direction increases with increesing CdS content while the photocurrent
in the forward direction decreases as the p-n junction character increases with the increase in
CdS. The overdl sengtivity islow.

However, the charge transport for the PPy/CdS ex-Stu compostes is of Schottky type
while the in-sSitu composites exhibit SCLC type of conduction behaviour. It is known that PPy
behaves as a p-type materid depending on its degree of oxidation, which is dso reflected in
the conductivity. The formation of a p-n junction between PPy and CdS is expected in the
present case. The conductivity of chemicaly syntheszed PPy in the formation of the ex-Stu
composites is of the order of 10 Scm, which is quite low as compared to the vapour phase
polymerized PPy in the in-situ case. PPy/CdS junctions were investigated with respect to the
degree of oxidation by Hagemeister and White 1*. The authors have observed that the electrical
properties of solid-date photovoltaic devices with redox conductive or eectronicdly
conductive polymer film depend strongly on the extent of polymer oxidation. It was found that
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PPy in the partialy oxidized and charged state, PPy”*, yielded norma rectifying behaviour,



while in the fully reduced and neutrd dHate it behaves as a thick insulating layer. From the
conductivity data it can be inferred that the chemicadly synthesized PPy is in a patidly doped
form having a less ‘p’-character in comparison to the latter. Probability of formation of p-n

junction is thus reduced in the former case
(B) PPy/CdSinsitu composite (I1):

These composites were prepared by the partial vapour phase depostion of PPy in the
PEO-CuCl, matrix containing CdS. The compostion of CuCh in PEO was increased from
32:1, 161, 8:1 to 4:1 monomer/mole ratio.

(a) Compositional variation of conductivity:

The conductivity exhibited a decrease in the conductivity with respect to the CdS
composition in case of the 3221 PEO-CuCl, composition. It is observed that the conductivity
decreases in the case of compostes containing higher amounts of CdS. This is understood as
the fille-CdS is a semiconducting materid. The system can be schematicdly described as CdS
particles being dispersed in the PEO-CuCl, matrix. Beyond a criticd concentration the CdS,
the particles contact each other disturbing the connectivity of the PPy chains that decreases the

conductivity. Similar results are observed for the compostes containing increased CuCh. The
Fig.5.15 illugtrates a consolidated plot of the conductivity of PPy/CdS compodtes containing
varying amounts of CuCh. A decrease in the conductivity with higher CdS is observed in Al
the cases. An interesting feature to be noticed is that the change in conductivity is higher for
the composites containing higher CuChk. For ingtance, the curve (d) indicates a rise in the
conductivity by three orders of magnitude i.e from 10’Slcm to 10“Scm, which is somewhat
gmilar as observed in curve (c), whereas curve (b) and (&) exhibit an increase by 4 and 6.5
orders respectively. An abrupt change in the conductivity a dmost 50% CdS compostion is
observed for the composite containing 321 and 16:1 PEO-CuCl, while in the compodte
containing 4:1, the percolation threshold is seen to have reached a 35% CdS content. This
behaviour may be due to the vaying CuCh content affecting the PPy formdion in the
composite.  Accordingly, more PPy is formed in the composte contaning more CuCly
(initiator /dopant). Thisin turn influences the ultimate conductivity of the composite.
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(b) 1-V characteristics for PPy/CdS in-situ composites with PEO-CuCl»:

In the case of the PPy/CdS in-dtu composte containing 3221 monomer/mole PEO-
CuCl, the I-V characterigtics are nonlinear and tend to be rectifying in nature as the CdS
content increases as indicated by the Fig 5.16. Curves (a) (b) (c) and (d) correspond to 20, 30,
40 and 50%. These were then analyzed for the SCLC mechanism by plotting on a log-log
scade, however the dope of the plots is found to be between 1<n<2. The |-V curves were then
analyzed for Schottky or Poole-Frenkd behaviour by making a plot of log | againgt Ov which
is presented in the Fig. 5.17 (a), (b) and (c). The dopes of the log I-Ov plots are plotted against
the CdS composition as depicted in the Fig.5.18.

Smila non-linear 1-V characteristics are observed in the case of the compostes with
16:1 PEO-CuCly, containing 20, 30, 40 and 50% CdS content as depicted in the Fig 5.19. It is
clearly observed that the degree of nonlinearity decreases with the compostion of CdS. The
plots were then andyzed for log I-Ov andysis, that could be ddineated into two Straight lines
in the case of 20 and 30% CdS composites while a single dope could be determined for 40 and
50% CdS addition [Fig.5.20 (a), (b) and (c)]. The variatons in the dope of the plots are
presented graphicaly asFig 5.21.

The |-V characteridics of the composite sysem containing 8:1 PEO-CuCl, are highly
non-linear exhibiting rectifying characterigics Fig.5.22 (a), (b), (¢) and (d) depict the IV
curves for 20, 30, 40 and 50% CdS content. These were plotted on a log-log curve as shown in
the Fig.5.23 (a) and (b) for the composites containing 20 and 50% CdS, yidding draight lines
with dopes varying as the |-V characteristics are hence seen to follow an SCLC mechanism.
Smilar nortlinear/asymmetric |-V characteridtics that dso show some extent of rectification
are observed for the compostes containing 4:1 monomer/mole PEO-CuCl,. Fig 5.24 (a) to (c)
represents the FV curves for PPy/PEO-CuCl, with 20, 40 and 50% CdS content respectively.
These |-V chaacterigics, smilar exhibit srong rectification, accompanied by a marked
difference in the magnitude of current and the degree of rectification. The plots were then
andyzed to find out the exact conduction mechanism. Fig. 5.25 indicates the FV curve in dark
and under illumination for 20% CdS content plotted on a log-log scde. The curves were found
to be linear with the dope n >>3. Since the dope shows a vaiaion from linear to superlinear

nature, SCL C mechanism of conduction was found to be most appropriate in the present case.
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However, the |-V cuves dso resamble diode characterigics. The forward current



characterigtics for a diode can be given as,
FEo (e VK 1) Eq.5.2

where J isthe therma current, kT/q is the therma potentia and V is the gpplied field.

Hence, log (1) was plotted with respect to the voltage as represented in the Fig.5.26. It is
observed that the dependence is followed only at lower voltages whereas at higher voltages the
plot deviates. From the above results it can be sad tha the I-V curves do not follow diode
Characterigtics.
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These various results suggest a Schottky barrier formation in the case of PPy/CdS in-Stu
composites containing lower CuCh, i.e. 3221 and 16:1 whereas the compostes containing
higher CuChL content i.e. 81 and 4:1 exhibit SCLC type of conduction mechanism. Thus it is
observed that the conduction mechanism of the composite varies with respect to the CuCls
content. This appears controversa so long as the type of the dopant is same in dl the cases
that leads to an equa extent of doping of PPy. It is only the amount of the PPy formed that
vaies with the initistor concentration. Neverthdless the formation of PPy/CdS junctions is
expected to be the same in dl the cases under these conditions. Hence it is clear that the nature
of conduction for the PPy/CdS in-situ composites depends considerably on the compostion
especidly the concentration of CuCh. Furthermore, possbility of a reaction between CdS and
CuCl, cannot be ruled out. A change in conduction mechanism may be brought about by a
change in the type of junction formation. Moreover, CuCh being a drong oxidizing agent
operates a room temperature. During the disperson of CdS, the CuCl, present may react with
CdS according to reaction.

XCuCh + CdS —» Cu S+ xCdCl, Eq.5.3

This may result in coating of each particle of CdS with a thin layer of CwS. Moreover, CdS
being encapsulated creastes a controlled layer of CwS. Sweling of the PEO covering CdS
during disperson fadlitates the difftuson of CuCh to come in contact with CdS causng a
converson of CdS to Cw,S. Smilar disperson of CdS/CuS in polymers were carried out by
Yamamoto. Higher photoefficiency was found in these composites than CdS/CuS aone .
Modification of CdS in dispersed films was carried out by incorporating conductive PPy

domains that gave good mechanical strength aswell as high photocurrent *°.

The conventiond p-type materid used with CdS to form a photovoltaic cdl is CwS Y.
The CdS/Cw,S junction is well studied in the past. CwS grown on the surface of CdS acts as a
hole injecting contact and is reported to be a ptype materid with a resigtivity of 2 x 102 Wem
which is wel in the conducting range. It is an indirect ggp materid with a short diffuson
length (<50 nm) that dlows an optimum thickness of only about 100nm. The energy band
diagram of the CdS/Cu,S cell can be given as Fig 5.27 8;



Fig. 5.27 Energy band diagram for CdS/CusS p-n junction

The dectron affinity of CdS is 030V greater than tha of CwS. The Clevite mode



CdS/ICw,S solar cdls, assigns a vadue of 1.2eV for the band gap of CwS as any direct work
function data is absent for CupS *°.

The |-V characterigics in PPy/CdS composite containing PEO-CuCl, in the ratio 41,
resemble that obtained for CdS/CuS p-n junctions %°. Partain et a has reported an SCLC type
of conduction mechanism br CdS/CuS. In the present case, Au makes an ohmic contact with
Cw,S while ITO is ohmic to CdS. The VrrL was determined from the plot and was found to be
0425 V in dark that changes to 0.261 V under illumination. The IV curves for 40% and 50%
CdS were andyzed in a smilar manner and found to follow the SCLC mechanism as depicted
inthe Fig.5.28 (a) and (b). Vtr. was determined for the composites in forward as well as the

reverse bias and are presented in the Table.5.2.
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Fig. 5.28 Log-log plot of the I-V characteristics for PPy/CdS in-situ compaosite {11} with
4:1 M/m PEO-CuCl; containing 40 and 50 % CdS
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Table5.2

VTEL
% Composition Forward bias Reverse bias
of CdS Dak | Ligt Dark Ligt
20 0.42 0.26 1.76 1.28
30 0.41 0.30 1.15 0.70
50 0.88 0.10 111 0.95

The Vre. was found to vary with the CdS compostion. A variation in CdS compostion is
actudly a variation in the interparticulate distance, S. A relaion between the two can be given
as,
Vy = A¢S?q
Sp (f)*™
Hence V, = A¢f 23/q Eq. 5.4

where Acisacongant

g is the parameter which takes into account the trapping center (impurity centers)
concentration and their distribution.
Hence a plot of Vrg. againg the volume fraction of CdS was made. The variations of Vg in
the forward and reverse direction in dark are illustrated by the Fig 5.29 (a) and (b). An
increese in the Vg with the volume fraction of CdS is observed. On the other hand an exactly
reverse relaion is obeyed as indicated by the Fig 529 (b). In fact the SCLC in CdS/CuyS
originates due to the formation of high-resstance region of Cu compensated CdS at the
interface to CwS. The insulaing region acts as a gate contralling the carrier flow. Hence a
space charge is created at the interface of the Cu compensated region and the CuS. When the
CdS content is increased, the ratio of CuS to CdS decreases. Hence under reverse bias
conditions, the number of trgps reduce due to a reduction in the CuS thickness. It is found thet
a direct relationship exists between the thickness of the semiconductor layer and the trgps or
the defects involved. This leads to an early filling of the trgps and consequently a lower VgL

than the forward bias. According to this convention, the subsequent decrease in CuS results in
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a lower VgL as brought out in the Fig.5.29 (b). A smilar decrease in the Vg is observed in



the case of the PPy/CdS in-gtu compodte containing 8:1 m/M PEO-CuCl, (a) in dark and (b)
light, is indicated by the Fig.5.30. As the CuCl, content is low, a limited amount of CwS is
formed. Hence the reative concentration of CuS to CdS remains dmost congtant, causng no
ggnificant variaion in the Vrr. under reverse bias conditions.

Congdering again the case of the PPy/CdS in-Stu composites containing 16:1 and 32:1
PEO-CuCly, the formation of CwS is hampered on account of low CuCl content. Also the
formation of PPy would be less than aufficient to yidd an interpenetraing nework as
discussed in the Chapter 3. This reduces the probability of junction formation a the CdS/PPy
interface. As a result mgority of the junctions are formed at the PPy/PEO-CuCl, interface that
yields Schottky barrier formation.
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Fig. 530 Compositional dependence of conductivity (o) for the PPy/CdS in-situ
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Fig. 5.31 Vanations in Wy in (a) dark and (b) light for the PPy/CdS in-situ composite
{11} with &;1 Mim PEC-CuCl;
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As regards photoconductivity, the composites containing lower CuCh do not exhibit any
notable photocurrent. This is by the virtue of the PPy/PEO-CuCl, junctions. Conversdly, the
composites conggting of CwS/CdS junctions i.e 4:1 and 81 PEO-CuCl, with CdS, exhibit
condderable photoconductivity that varies with the CdS content. The photosengtivity is seen
varying with the CdS. The Vg in the case of composte containing 4:1 PEO-CuCl, with 20%
CdS was found to be 0.425 V in dark that changes to 0.261 V under illuminaion. However, a
large shift is also observed under reverse bias conditions. The \rg. shifts from 1.8V in dark to
13V in light. The mechanism of photoexcitation can be explaned by consdeing that the
illumingtion is from the p-sde. Absorption of light in the semiconductor produces hole-
electron pairs near the p-insulating region interface. Pairs produced in the depletion region or
within a diffuson length of it will eventudly be separated by the dectric fidd, leading to
curent flow in the externd circuit as cariers drift across the depletion layer. As the
compogition of CdS increases, the shift in Vip. also increases as evident by the 50% CdS
compostion that exhibits a shift from 0.88V to 0.1V under illumination. This is due to the fact
that as the CdS content increases, the thickness of the insulaiing region contaning Cu
compensated CdS also increases causing a decrease in the dark conductivity. As a result the
photocurrent is perceived to rise. Similar variations are observed in the case of the composte
containing 81 PEO-CuCl,, however, the shift in the Vg in this case is low as evident from
the Fig.5.30, where curves (a) and (b) represent the Vrr. in dark and under illumination. These
findings can be explaned on the bass of lower CuS and lesser thickness of the Cu
compensated layer. A low thickness of the insulating region results in a less space charge
formation causing recombination and trapping as the mgor phenomenon.

(C) PPy/CdSin-situ composite using commer cial grade CdS:

Commercially avalable CdS was usad in order to sudy the influence of encapsulaion
on the charge transport behaviour and the photoconductivity. The PEO-CuCl, content was kept
congtant a 4.1 monomer/mole while the CdS was varied. PPy was partialy deposited.

(a) Compositional variation of conductivity:

It was observed that the conductivity increases from 4x10* Slcm to 4x103S/cm after the
addition of 10%CdS. There is not much of change observed in the conductivity till 23%
addition of CdS beyond which the conductivity exhibits a sharp decrease to 9.5x10°Scm a
45% composition of CdS (Fig.5.31). These results can be explained by consdering the direct




reaction of CdS with CuChk. CdS being not encgpsulated does not have any control on the
converson of @IS to CuS. This reaults in the formation of thicker layer of CuS that increases
a higher CdS. The increase in the conducting Cu,S phase in addition to PPy depostion results
in the overdl higher conductivity, which reaches saturation around 40% compostion of CdS.
This behaviour is smilar to the aove case wherein the insulating filler particles contact each
other at criticad concentration that corresponds to an abrupt decrease in the conductivity in the
present system. Hence the percolation threshold can be said to be reached a 23% CdS
composition that contains a network of CdS breaking the PPy continuity and hence a lower



conductivity.












(b) 1-V characteristics for the PPy/CdS composites using commercial grade CdS.:

|-V characterisics were aso recorded for the PPy/CdS composte sysem using
commercid grade CdS as illugraed in the Fig.5.32 typicdly for the compodte contaning
40% CdS. The plots are practicaly linear irrespective of the CdS compostion. Thus a large
vaidion can be observed in the charge transport for these composites depending on the type
of CdS used. These variations may be associated with the sructura difference between the
two. In order to invedtigate this further, a detailed X-ray diffraction andyss was carried out
for the two types of CdS. The Fig.5.33 depicts the XRD pattern for the commercia grade CdS.
CdS is present in two polymorphic forms-a and b. XRD sudies have dso been reported for
the encapsulated CdS 2%, the XRD for which is shown in the Fig.5.34. The 2y and ‘d’ values
corresponding to the pesks for both the grades are tabulated as Table 5.3. The in-Stu
formation of CdS using CdCh has been reported. A crystal size of about 500 A° was obtained
in that case, showing a mixed a and b phase in the WAXD. An amorphous pattern was
obtained for low concentration of CdCh. On the other hand, the commercid CdS shows the
exigence of only a phase. Further, width of the pesks in the x-ray diffraction pattern is
different suggesting large differences in crystalite Sze in the two cases.

No photoconductivity is observed. This is because thicker CwS layer causes low
illumination of the CdSCwS junctions and hence a lower photoefficiency. The commercid
grade CdS being cryddline in nature, alows the formation of CwS preferentidly a the grain
boundaries %>. On the other hand, the composites containing CdS encapsulated with PEO,
exhibits a higher photoconductivity as seen earlier. The photoconductive properties vay
gregtly on the nature ad volume of the polymer used as binding materid. In conventiond
disperson composites binding polymers have been necessary to give mechanicd strength
required for practicd use without reducing the photosendtive properties. The
photoconductivity of CdS encapsulated in various polymers like PMMA, polystyrene and
polyvinyl carbazole was studied againgt their dispersons 2%, It was found that the
photosengtivity was highest in CdS capaulated with PMMA with a high disperson rate of
3.04% wt. Compared to he conventiond CdS/polymer disperson composte, the encapsulated
CdS compostes have improved dispersability and wettability, a more homogeneous sample
can be prepared. Kuczkowski has reported a polyester polymer-CdS composte for
photoelectronic device applications 2*. Photoelectric properties were investigated for the CdS



composite as a function of component weight ratio, eectric field drength and light intengty. It
was observed that the composite containing 60-70% by wt. of CdS had the best properties. The
ratio of photocurrent to dark current was greater than 10° for white illuminaion of
approximately 225 mV/cnf. CdS in the present case was encapsulated with PEO in view of
increesing the compatibility of the composte with the solid polymer dectrolytes used in
various practical applications of conducting polymers 2.

5.4 Conclusions:

The charge transport in the PPy/CdS composite system is affected largely by the
physico-chemicd nature of both the condituents. The method of synthess of PPy gresatly
influences its p-type character whereas the encagpsulation of CdS influences its morphology
and dructure; consequently the photosengtivity. In case of the in-Situ deposted PPy, a
reaction of CdS with CuCl, resulted in the formation of CdS-CuwS junctions. The role of PPy
was only to act as a transporting layer and an interconnection for dl these microjunctions
cregted in the matrix. The CywSCdAS solar cdls are usudly condructed in  thin film form,
which face drawbacks in a large-scale production. For the converson of CdS to CwSin a
dipping process, a thicker film of CdS (=25mm) is required to prevent the diffuson of CwS
down the grain boundaries to the base dectrode. Relatively, thinner films can be used by spray
pyrolyss technique. However, the thin films being poly cryddline in nature, introduce internd
surface in the form of grain boundaries which can decrease current generaion efficiency,
output voltage and the stability of the cells 2°. Another difficulty reported is the necessity for
cdl saries is the interconnection within modules, which should appear to be the mogt
expensve step in CdS/Cu,S module production. An integrated series connected array can be
achieved but losses due to shunting paths and the series resistance could not be avoided 2. In
the present case, each CdS-CuS particle acts as a pn junction and many more such particles
ae disgpased in the PEO matrix conggsing of the interpenetrating PPy network. This
resembles a microsystem, wherein the nano-particulate CdS/Cu,S junctions are interconnected
in sies and pardld by PPy in a thin film form. Thus junctions were created in-Stu where by

they got interconnected as well as encgpsulated. The net diode characteristics are hence a



collective effect of dl the embedded junctions. This unique method not only imparts
processability to the composite but also makesit environmentally stable.

Hence a composite of CdS/CyS photovoltac junctions was achieved a criticd
concentration of CwS and CdS. Charge transport was found to occur by SCLC mechanism,
which was influenced by the compodtiond parameters. However, high converson efficiencies

28 a5 againg low for the single layered

were not achieved as reported for composite systems
Structures due to high recombination and trgpping.

The use of commercid grade CdS was found to influence the growth of CwS on the
CdS paticle. This not only influenced the charge trangport properties but aso a loss in
photoconductivity. An uncontrolled growth of CuS, results in the formation of a shorting of
the junctions and a high conductivity. The variations in the encgpsulated CdS content caused
changes in the PPy interpenetrating network and hence the conductivity. On the other hand,
vaiaions in the CuCl, content caused variaions in the CuS layer. This affected the charge
trangport across the junction as wel as the photoconductivity. Hence, the microengineering of
these p-n junctions can be brought about by variations in the compogtion, which makes it
possble to create compostes with high current and high photoconductivity. Even the ex-Stu
composite, which have no possbilities of dde reactions, showed the exigence of
heterojunctions between PPy and CdS. A marked difference was observed in the charge
transport of the compostes containing vapour phase PPy and that syntheszed by chemica
route. Variation of doping leve influences the p-nature of the PPy and hence the junction
formed a the PPy/CdS interface. A high doping concentration in the case of vapour phase
polymerized PPy, reaults in the formation of p-n junctions wherein the charge transport occurs
by space charge limited conduction mechanism. On the other hand, in the case of chemicdly
prepared PPy, a Schottky barrier isformed at the interface of the materids.
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Chapter 6 - PANI/PEO-CuClI, based blends and PANI/PVAc-CuCl, based
blends and composite

6.1 Introduction:

Among the conducting polymers, polyaniline is an extremdy interesting meterid
because of its dability in ar and its different oxidation sates, which are controllable by
redox processes 1. Ingpite of extensive in polyaniline and its blendsicomposites with other
bulk polymers has attracted much interest because these provide ease of processhility, good
mechanicd  properties and enhanced  sahbility’. Composites of  polyaniline  and
polycarbonates composites have been reported by Isa et d °. Electricaly conductive polymer
blends have been prepared in Stu by chemica or eectrochemica oxidation of aniline in
filmsof thermoplastics PVC, polyolefin's, PMMA, poly (acrylic acid) ’.

Blends were dso prepared by the chemicd oxidation of aniline monomer sorbed in
films of Nylon-6 immersed in an oxidant solution containing a functiondized acid 8. Using
micro porous polycarbonate as the host polymer, Granstorm, Inganas ° and Martin *°
gyntheszed a conducting polymer compodte with nove dructures by chemicd or
electrochemical oxidation of monomers. In another case, the PANI-PP films synthesized by
chemicd oxidaion polymerization exhibit mechanica properties smilar to the micro porous
PP,

The fird mgor commercid gpplication of polyaniline is used in areas of betteries
wherein it was used as an anode in combinaion with LiBF, in propylene carbonate 2.
Ancther interesting agpplication of PANI is evolved in the fidd of eectrochromic devices
wherein the displays are fabricated utilizing a solid polymer dectrolyte of PEO with LiCIO4
1314 " All solid state dectrochromic devices utilizing dkai meta sdts or protonic acids with
PEO are reported '° that have severd key advantages such as flexihility, processibility, ease
of handling, etc °. Hence it is proposed in the present work to synthesize blends of PANI
with solid polymer dectrolytes such as PEO-CuCl, and PVAc-CuClk, by ex-stu method.
Further, the charge trangport processes in these blends was investigated and the effects of
various parameters like the doping levd of PANI and the compostion of the blend on the
conduction behaviour was dso studied.

Chemicdly synthesized polyaniline has been used for preparing blends in the present
sudies. Two grades of PANI were used: low dopant level PANI-(L) and a highly doped



PANI-(H) for synthess of blends with PEO-CuClk. The disperson by mechanica agitation
was found to be quite convenient in making various compostion of the blend. PANI blends
were adso prepared in the same manner usng polyvinyl acetate (PVAC)-CuCl. Further, an
organic photoconducting materia-CuPc was dispersed in the same to form a composite. The
formation of the bariers in the blends and compodte was gdudied manly by -V
characterization. Barrier modulation by various factors such as change in compostion,
doping, etc. was carried out and correlated with properties such as chemica senstivity and
light sengtivity.

The charge transport & the interface was studied in asingle junction formed using
these materias in film form. The various results obtained were then compared with those
obtained for the multiple junctions expected to be present in the case of blends and

composites.

6.2 Experimental:
(a) Synthesis of PANI:

PANI was fird syntheszed by chemicd polymerization route usng ammonium
persulphate as the initiator. 53gms of ammonium persulphate were dissolved in 100ml
didtilled water. A solution of 5.5ml conc. HCl was added in 150 ml didtilled water to which
was added 10ml aniline and dtirred. The above solution of ammonium persulphate was added
to this by congant girring. The solution was digested for 24 hours and then filtered. The

resulting precipitate was washed with didilled water. The powder after drying appeared
brownish green in colour and designated as PANI-(L).

In another case, the HCI quantity was increased to 11ml and the synthesis of PANI
was carried out in the same way as before. The PANI powder obtained by using these

concentrations was dark green in colour and notified as PANI-(H).

(b) Synthesis of PANI/PEO-CuCI, blend:

A dry mixture of 3.6 gms of PEO and 0.4 gms (i.e. 10%) CuCl, was prepared by thoroughly
grinding in a pegdle-mortar. Polyaniline was synthesized in two forms. PANI-(L) less doped
and PANI-(H) highly doped as described above. The powders were crushed and added to
0.25 gms of PEO-CuCl, was dissolved in 5 ml methanol in a concentration range of 10% to




50% wiw. The solution was continuoudy girred to give a thick paste, which was then
applied on interdigited el ectrodes so as to make surface cdlls.

(c) Synthesis of PANI/PVAc-CuCl, blend:

PANI-(H) was used for the synthesis of PANI/PVAc-CuCl, blends. A solution was
prepared by dissolving 3.6 gms of PVAc was in methanol to which 10% CuCl was added.
PANI-(H) was then added in various concentration range 10-50% wi/w to the PVAc-CuCl,
and the mixed thoroughly in little methanol to form a thick paste. This was then later applied
on interdigited gold eectrodes.

(d) Synthesis of PANI/CuPc composite with PVAc and PVAc-CuCly:

CuPc was dispersed in PVYAc and PVAC-CuClp, in methanal in various compaositions
ranging from 25, 10 to 45% weight by weight. 10% PANI-(H) was then dispersed in PVAC
and PVAc-CuCl,. The resulting durry was then gpplied on interdigited eectrodes.

(e) Fabrication PANI/ PEO-CuCl, single junction:

PANI was syntheszed by dectrochemicd polymerization technique from an agueous
eectrolytic bath containing 0.2M HCl and 0.1M aniline. Gold-coated glass electrodes were
used as subdrates for the deposition of PANI films. The polymerization was carried out at

0.9V using chronocamperometric technique for 2 minutes.

In order to prepare multilayered structure, an ITO dectrode was dip-coated with a
methanolic  solution of PEO-CuCl, containing PEO and CuCh in the rdaio 41
monomer/mole. The coating was ar dried and then sandwiched over the glass subdrate
carying the dectrochemically deposted PANI. Electrica connections were made using air-
drying silver paste from the edges.

6.3 Results and discussion:

The PANI obtained was characterized by conductivity and IR spectroscopy. The charge
trangport in the blends and composite was sudied with respect to the compostion and
vaious properties such as chemicd sengtivity, light sengtivity was adso dudied. The



discussion is divided into two parts deding with PANI/PEO-CuCl, and PANI/PVAc-CuCl
respectively.
6.3.1 Characterization of PANI:

The PANI-(L) and PANI-(H) obtaned by chemicad polymerization route was
characterized with respect to conductivity. The conductivity of PANI-(L) was measured to
be 8 x 10° Sem, which is in the semi conducting range. On the other hand the PANI-(H)
exhibits a higher conductivity of 9x10'Scm. The difference between the two grades arises
mainly due to the varying amount of dopant employed during the polymerization process.
The various species present were investigated by the IR spectroscopy. Fig 6.1 represents the
IR spectrum for the different grades of PANI 7. The frequency and the probable assgnments
of the various pesks are tabulated accordingly. It is observed that the absorption at 1582 cmi?
for the quinoidd form is prominent in the case of PANI-(H) whereas PANI-(L) exhibits a
wesk intensity. Another pesk appears at 1506 cmit in the case of PANI-(H) that corresponds
to the benzoid structure. It has been reported that the intensity of the 1570-1590 cm band
relative to the 1500 cm* is a measure of the degree of oxidation of the polymer film 8. In the
present case, the PANI-(L) does not show any absorption at 1500 cmi® while the rdative
ratio for PANI-(H) is 2:1 for the two pesks. This indicates that the PANI-(L) possesses only
quinoid sructure while both the structures are present in the case of PANI-(H). Hence it
aopears that it is only partly doped with CI ions '° while PANI-(H) consss manly of
emerddine <t i.e highly doped date which is highly conducting in nature. The pesk a

1375 cm'* corresponds to the semiquinoid ring mode 2°.
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6.3.2 PANI/PEO-CuCl, based blends:



Blends usng two different grades of PANI were prepared and invedtigated for the

conduction mechanism as presented below.

(a)Compositional variation of conductivity:

The conductivity variation of the blend containing PANI-(L) againgt the composition
is illustrated by the Fig.6.2 (a). It is observed thet the plot is of typica percolative nature.
The conductivity shows a rise of dmost 1.5 orders of magnitude till 20% addition of PANI
and is stable thereafter. In order to fit the experimental datain the equation 6.1,

suf-ig)
o S :AG -jc)f

\ logs =logA+flogfj -j ¢)

A plot of conductivity againg the volume fraction of PANI was made on log-log scde. It is
observed in the Fig.6.2 (b) that the plot is a sraight line exhibiting a percolation threshold at
8 % of PANI content with f = 8.01. This type of behaviour is encountered in the case of ex-
dtu blends wherein a conducting phase is in contact of insulaing/semiconducting meatrix.
The conducting particles make a contact with each other a a critical concentration of PANI.
This leads to the formation of PANI network in the blend exhibiting conductivity that is
amost equal to that of the pure polymer i.e. 1.5x10°Scm.

In the case of blend prepared using PANI-(H), it is observed that the there is a risein
the conductivity with respect to the compostion of PANI-(H) added Fig. 6.3 (a). A plot of
conductivity againg the volume fraction of PANI is depicted in the Fig. 6.3 (b) that reveds a
percolation threshold a 6 % PANI content. The vaue of 'f' was noted to be low i.e. 3.6 as
compared to that of PANI-(L) blend. A comparison of the percolation thresholds of the two
blends suggests a lowering of the percolation threshold as well as the value of ‘f on higher
doping of PANI. This behaviour can be understood as follows. Doping introduces impurity
centers in the energy band gagp of PANI that increese with the magnitude of doping.
Consequently, the barrier a the PANI-(H)/PEO-CuCl, is lowered than in the former case
facilitating transport of dectrons a2 a lower PANI-(H) content exhibiting a lower percolation



threshold. The difference between the magnitude of the barrier height of the two blends aso
influences the value of 'f' Since the change in ultimate conductivity depends on the same.

Table 6.1

TPANI-(L) PANI-(H) | Assignments
(Peak (em”) | Peak (em”)

15829 (w) 1582.3(m) | Quiniod N=Q=N structure
| 1506.1(vs) Benzeniod N-B-N structure
1456.2(vs) 1461 .9(vs) Benzene ring structure
[ 1375.2(3) 1376.7(s) C-N structure
1302.9(m) 1298, 5(s) C-M slructure
| 1208.2(ms) | C=N structure
1173.2{ms) Vibrational mode of
| o N=C=N
1041.3(m)
1030.4(m) _
906 6(m) -
| 861.1(m)
834.4(m) C-H out of the plane
- 738.9(ms)
725, 1{m) P
695 ,5(5)
595 8(w)
J08.1{w)
| 486.8(s)
456.8(w)
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(b)I-V characteristics for the PANI/PEO-CuCl, blends:



The FV curves for PANI-(L)/PEO-CuCl, blend are non linear in nature as observed in
the Fig. 6.4. The degree of nontlinearity decreases with PANI addition. The |-V curves were
then further andlyzed for the exact charge trangport mechanism by plotting the IV curves on
a log-log scade. Sopes of the plots were observed to be between 1 and 2 and thus the system
canot be sad to follow the SCLC mechanism. The I-V curves were then analyzed for
Schottky or Poole—Frenkel effect. Plot of log | vs W2 plot made and was noted to follow a
linear graph. The dopes of these graphs changed with PANI composition as indicated by the
Fig.6.5. These are observed to rise as the PANI compostion increases till 10% and then
decrease beyond the percolation threshold. Considering once again the equation 1.7, the
factors determining the dope can be given as

S a b/kT d¥? Eq.6.2
where b isthe Poole Frenkel parameter.
Thus as the PANI increases, the intergranular distance ‘d’ a the conducting PANI dStes
decreases leading to an increase in the sope of log | vs VW curve The dispersion of PANI in
the PEO-CuCl, matrix creates potentid barriers a the interface of the materids. The energy
band diagram is as shown in the Fig.6.6. The conducting PANI in the semi-conducting PEO-
CuCl, matrix forms a Schottky barier a each of the intergranular regions due to
dissmilarities in the work function. In order to confirm this sngle junction of PANI/PEO-
CuCl, was fdbricated using dectrochemicaly deposted PANI and dip-coated PEO-CuCl,.

The charge transport studies across these were carried out as described in the following.
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The 1-V curves are represented in the Fig.6.7 (a). The non-linear nature of the plot
clearly suggests a non-ohmic conduction process mostly Schottky type. It was confirmed by
meking a log | againgt V2 plot that followed a linear dependence indicating the presence of
a Schottky barrier. Since PANI has a work-function of 4.4 eV ?' and PEO has a work-
function of 40 eV 22 it can be understood that a barrier of about 0.4 eV exists at their
interface as described in the diagram (Fig.6.6).

The |-V characteridics for the cdl usang ITO ae shown in the Fig.6.7 (b). Strong
rectification is observed sine ITO acts as a blocking contact for the AWPANI/PEO/ITO
configuration. These were then andyzed by meking a log | vs VY2 plot obeying the
dependence and giving an evidence of the barier a the interface. A samdl photocurrent is
obsarved under illumination, in the reverse bias mode. The dectron/hole pars generated by

photon absorption in PANI get separated in the depletion region and overcome the
PANI/PEO barrier exhibiting a photocurrent.
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(ii) PANI/PEO-CuCl,;




The I-V characterigtics of the PANI/PEO-CuCl, junction were invedigated usng Au
and ITO as top eectrodes. Usng Au, a nortlinear 1-V curve is obtaned with a smdl
photocurrent in the forward bias as denoted by the Fig.6.8 (a). The plot was andyzed for OV
dependence. It was found that the plot was a straight-line graph depicting a Schottky barrier
presence at the PANI/PEO-CuCl, interface. The photoexcited eectrons in PANI are trapped
by the impurity daes in PEO and hence reduce the recombination giving a smal
photocurrent.

The |-V characteristics are nontlinear with ITO top dectrode [see Fig.6.8 (b)].
However, no rectification in the 1-V curves is observed for the PANI/PEO-CuCl, cdl as
compared to the PANI/PEO cdl udsing ITO. This may be explaned on the basis of the
impurity levels created in the PEO energy gep resulting in the lowering of the barrier a the
PEO/ITO interface.
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The above studies make it clear that a Schottky junction is present at the PANI/PEO-CuCl,



interface. Moreover in a blend sysem discrete junctions are formed in the solid polymer

matrix that givesrise to collective junction effects.

The effect of higher doping on the charge trangport was studied usng PANI-(H).
The 1-V curves for PANI-(H)/PEO-CuCl blends are nortlinear in nature [Fig.6.9 (a) and
(b)]. But the degree of nonlinearity is observed to be less than that of PANI-(L)/PEO-CuCl,
blend system. These were analyzed by making a plot of log | against V¥? dependence. The
plots were draight lines verifying the Schottky effect. The dopes were determined and
plotted against the compostion of PANI-(H) in PEO-CuCl, as seen in the Fig.6.10. It is
observed from the figure that the dopes exhibit a decrease from 0.24 to dmost 0.21 a 10%
PANI concentration and remains constant thereafter.



024

23

o022

021

1/
Slope of log I/ YV o

1 |
o 10 20

020

% Composition on Pani-{H)

Fig.6.10 Dependence of slopes of log I/ V' on the composition of PANI{H)

280



A comparison of the I-V characterigtics indicate a decrease in the nontlinearity with a
change in the grade of PANI from PANI-(L) to PANI-(H) and is distinctly reflected in the
dopes of the logl vs VW2 plots This can be understood on the basis of the changes induced in
the energy band diagram a the PANI/PEO-CuCl, interface. Doping introduces trapping
levels in the PANI. The concentration of the impurities depends on the degree of doping.
Hence more impurities are created in the energy gap of PANI-(H), that reduce the Schottky
barrier height a the PANI/PEO-CuCl, interface 23, This causes the FV characteristics to be
less non-linear in nature,

Hence the charge transport in the PANI/PEO-CuCl, blends takes place according to
the Schottky type of conduction mechanism. The reduction in the barier height a the
interface of the materids causes linearity inthe |-V curves.

(c)Temperature dependence of conductivity PANI/PEO-CuCl, blends:

The conductivity showed an increase with temperature for the PANI-(L)/PEO-CuCl
blend. The conductivity was plotted against 1/T%?° to verify the VRH modd but no linearity
was observed which indicated that the Mott's law is not obeyed. Moreover, a sharp trangtion
in conductivity is seen a the T, of PEO ¢ 65°C) 2*. A plot of log s vs 1T was made as
shown in the Fig.6.11 (a). The plots are dominated entirdy by the sharp rise in conductivity
within a smal range of temperature. The temperature variation of conductivity for the case
of PANI-(H), is smilar to that obtained for PANI-(L)/PEO-CuCl,. The log s plotted againgt
reciprocal temperature for PANI-(H) aso exhibits a trangtion around the T, of PEO as
indicated by the Fig.6.11 (b). A close look reveds that he ‘kneg -the magnitude of increase
in conductivity is not gmilar for adl the PANI compostions in both the blends Variation of
PANI may bring about a change in the viscodty of the sysem. These differences in the
trangtion can be directly related to the variation in viscosty of the system that arises due to
PANI addition.

The conductivity and viscosity are rdlated applying the Stokes law 2°:

ZgE=sphrmE



The viscous force ‘f’ acting on theionisgiven by s p h r mE where ‘r' is the ionic radius, h
is the locd viscosty and m the ion mobility. At equilibium J = z q E where ‘Z is the
number of charges on theion and E isthe dectric fidd.

Puttingm=s/gn
s=zngf/6phr
ors =1h
osh=zn¢6pr —omee- Eq6.4
When n is congtant, the above equation is Wadren'srule,
The above equation can aso be written as:
s (T)h (T) =Noexp— (EKT) ¢f/6p r
which means that the plots of log [s (T) h (T) ] againgt the reciprocal of the absolute
temperature should yield straight lines.
In short, sudies corrdate the mobilities of ions and the fludity (which is defined as
1/h) of the medium in which they move and is summarised as Wadren'srule,
L+«h=congant  --------- Eq 6.5
L isthe equivdent molar conductivity and h isthe shear viscosty. Thiswas especidly
evident in the increese of conductance with temperature in a given solvent which pardlées
the decrease of its viscosty.

Thus the trangtion in the present case occurs due to the increased mobility of the ions
in mdting of the PEO-CuCl, complex. The viscodty of the blend is no doubt greater than
that of the complex on digperson of PANI, thus reducing the mobility of the ions. As the
PANI compostion is increased, the viscodity of the blend goes on increasng making the
ions tightly bound in the matrix. Consequently, the trangtion due to ionic mohbility is
lowered sgnificantly. Moreover, the conductivity changes from ionic to dectronic in nature
as PANI composition increases. The viscodty a any temperature for a given volume fraction
of filler can be summarized in the form of Eingein’s equation for dilute solutions,

h =hy(1+25j) SRCCEEEEREREE Eq 6.6

However for awider range of concentration, the Mooney 2° equation can be given as,



Inho/h = (1-f off m)/kef2
Hence Ins /so =(1-foff m)/fkez
where
h = viscosity of the solution
h o= viscosity of the suspending liquid
ke = Eingein's congtant
f 2 = volume fraction of thefiller
f m = maximum possiblefiller fraction = 0.9
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A plot of log s/s, againgt (1-f 2/f m) / ke 2 was made by teking the conductivity vaues at the
beginning and the end of trangtion occurring in the temperature — conductivity plots. It is



observed from the Fig.6.12 that the magnitude of trangtion depends highly on the volume
fraction of the filler materid — PANI. The plot of Mooney eguetion is a straight line graph
for the PANI-(L) as well as PANI-(H) blends. However the dopes of the plot are different:
being higher in the former case (0.656) than the later (0.273), which is by virtue of the
charge transport across the PANI/PEO-CuCl, barier. Thus it is dear that the volume
fraction of PANI influences the viscosity and hence the conductivity, close to the Ty, of PEO.
The higher the PANI content more is the viscodty and hence less is the change in
conductivity e trangtion.

Thus the Mooney’s equation is obeyed irrespective of the type of PANI used. It is only
the fluidity of the matrix and the concentration of the filler that plays an important role in
varying the conductivity of the blend.
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(d) Chargetransport in PANI/PEO-CuCl, blends:



The presence of a barrier a the PANI/PEO-CuCl, interface due to difference in work
function was obsarved in the case of multiple junctions as well we single junctions. The
barrier height a the PANI/PEO-CuCl, interface was noted to change with the extent of
doping of the PANI used as evidenced by the linear naure of the I-V characterigtics.
Dopants agegte impurity states in the band gap of PANI leading to more band bending at the
PANI/PEO interface and thus a reduction in the Schottky barrier height. This aso affects the
chemicd sengtivity of the blend in turn. The sengtivity is observed to be high in the case of
PANI with low dopant concentration than with the higher one. The lowering of the barrier
reduces the change induced due to transfer of eectrons. Hence there has to be an optimum
height of the barrier to achieve higher sengtivity.

(e)Property Measurement - Chemical Sensing:

As mentioned in the Ch 1, this is one of the mgor gpplication areas of conducting
polymers 27?8, The present system shows the presence of Schottky barriers and is an
appropriate materia for application in the chemicd sensors. The interdigited eectrodes were
exposed to methanol vapours and are described with varying blend composition.

The response characteristics of the polyaniline-based sensors exposed to methanol are
depicted in the Fig.6.13 and 6.14. They show a continuous vaidion in sample resstance
after exposed to 330 ppm methanol and recovery after remova of the sensor from the cdl. It
is clear that there is a sharp decrease in resstance immediately after exposure and minimum
vaue is ataned within 1 min while the recovery is quite dow extending over a period of 15
min. It is interesting to note that the decrease in resgtance is sharp in dl cases, while the
recovery depends on the composition of the sensng materid (compare curvesin Fig. 6.14).
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All the sensors with different concentrations of polyaniline were tested in the manner
described above and from their response characteristics the various parameters such as



response time (t;), decay time (ty) and sengtivity (Smax/So) Were evaluated for each dosage
level of methanol ranging from 0.02% to 0.06% under ambient conditions. Figs.6.15 (a)-(d)
show the vaue of t, ty and S for sensor dements containing 15, 25, 35 and 40% polyaniline
respectively. It is seen that these three parameters exhibit maxima or minima with respect to
the methanol dosage levd and aso depend strongly on the compostion of the sensor
materid. Typicdly S is maximum for methanol dosage of 0.04% (400 ppm) and t; is
minimum for about the same distance while ty exhibits a maximum or complex behaviour
depending on the concentration of the sensor materid.
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Fig.6.15 Variations of response time, decay time and sensitivity on the dosage level of
methanol for the PANI{LYPEO-CuCl; blends containing 15, 25, 35 and 40%
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In order to understand the above results, one has to first look into the interaction between the
chemicd vepour and the polymeric materid as wdl as the processess involved in the sensing



action 2°. As discussed in the Ch.1, the chemica vapour can react with the adsorbed oxygen
on the sensor materid and hence cause a change in conductivity or react with the gate
material in the case of MIS dructures causng a change in the work function or conductivity
of the inalaing layer *°. In the present case, the chemisorption effect is important wherein
the chemical vapour is absorbed with atransfer of electrons at the subsirate.

The conducting polymeric materia in the present case can be considered to be a blend
of findy dispearsed conducting paticdes (polyanilinel in a semiconducting matrix
(polyethylene oxide-CuCl, complex) as shown schemdicdly in the Fig.6.16. In each of the
intergranular regions a Schottky barrier is formed owing to dissmilarities in the materid and

81 Additiondly, since polymers are of a

ther work function or energy band leves
semicrystdline nature, there are a large number of defects, which give rise to impurity levels
in both materids. Polyethylene oxide-CuCl, complex has a very high resdivity and is a
weakly ionic conductor at room temperature. However it has a strong tendency to absorb
methanol, moisture, etc. On the other hand, PANI containing dopant molecules (incorporated
during synthess) is mainly an dectronic conductor with a low resgivity and hence these
domains would not only facilitate the charge transport but would also be expected to respond

fast to externa changes.
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The action of a chemica vapour, methanol in the present case, on such a blend system would
proceed as follows. Firdly, the PEO-CuCl, matrix, which is the mgor component, would



absorb the vapour, which then has to diffuse through the interdomain spaces and reach the
polyaniline moieties where it would interact with the impurity State and trandfer eectronic
charge. The transfer of dectrons leads to a lowering of the potentid barrier a the interface,
giving rise to an increase in conductivity. From the rapid response of these materid to
methanol vapour, it may be surmised that the process is of the fast dectronic type and that

ions are not involved in the charge transport.

The recovery of the sensor after exposure to methanol involves the desorption of vapour
molecules and corresponding changes in reverse order as described above. The desorption
process is normdly expected to follow the diffuson mechanism governed by Fick's second
law, i.e.

where ¢ is the concentration, t is the time, X is the disance dong the thickness of the film
and D is the diffuson congdant. The above equation suggests that the concentration
dependence of vapour molecules in the film will follow

dC Co & X2 9

—C exp ¢ :
dy (4 Dtf2 Pg i

------------ Eq 6.9
or to afirst goproximation at times exceeding 10° s,
Cy N S
S rpt/p)?
------------ Eq 6.10
where the molecules are considered to be sphericd with radius r and the subscripts t&

Co denote the value at time tand after a very long time respectively. Thus one would expect
the change in dectricd resstance, which is directly rdated to the methanol concentration in



the polymer during the recovery process to follow a £2 law. In order to confirm such a time-
dependence, the resstance vaue during recovery was plotted as function of time on log-log
scale as shown in the Fig.6.17. It is interesting to note that the graphs are linear in al cases
only in the initid dage of the recovery process, indicating tha resitivity, r p t" in this
region.

However, the vaue of n changes from 0.7 to 04 with increesng polyaniline
concentration in the film. Further there is an increasing tendency for the graphs to become
non-linear, suggesting the presence of additiond processes other than the diffuson of vapour
out of the polymer film. Since these deviaions are larger for samples containing higher
concentration of polyaniling, the additional process must be associated with the interaction
of vapour molecules with polyaniline moities.

The role of the interfacid barrier between polyaniline domains and the PEO matrix in
the enhancement of sengtivity is brought out in Fig.6.18, which shows the sengtivity factor
for these sensor dements as a function of polyaniline contents in the film materid. It is
interesting to note that the sengtivity increases initidly with increesing polyaniline content
upto about 40% but then decreases for higher content of polyaniline and is in fact quite low
for pure polyaniline. Thus it is seen that there is an optimum concentration  (40-50%) of
polyaniline & which the sengtivity is maximum. This peculiar behaviour can be explained as
follows. At a very low concentration of polyaniling, the barier width is very large and the
charge transport across it is difficult. The barrier width decreases with increasing polyaniline
concentration and charge trangport is facilitated, giving rise to an increese in sengtivity
factor. However, when the polyaniline concentration is increased above 40%, which is near
to the percolation threshold for such composte, interparticulate contacts forms and some of
the barriers are ‘shorted out’. Since pure polyaniline powder by itsdf does not have much
sengtivity, the overdl sengtivity decreases for high concentration of polyaniline owing to a
decrease in the number of active bariers. This clearly indicates that an optimum height and
width of the barrier are necessary for obtaining high senstivity in such composite films.

The PANI-(H)/PEO-CuCl, blend was dso invedigated for chemicd sengtivity.
Response characteristics of exposure to methanol are smilar to for PANI-(L)/PEO-CuCl,
sysem. The sendtivity factor smax/So was cadculated and is plotted against the PANI-(H)
composition. A maxima of a factor 38 is observed a 10% PANI compostion. The decay
time (ty) and the recovery time (t)) were caculated and are represented by the Fig.6.19. The



decay time is dmilar in dl the cases it is dmogst two minutes, which the recovery time
shows a vaiaion with PANI compogtion. A lower t. is seen between 10 - 20% PANI
compogtion where the blend exhibits maximum sengtivity towards methanol. The recovery
process was then analyzed by plotting on a loglog scale. Two processes can be clealy
delineated from these graphs. These exhibit a maximum dope a 20% PANI compostion and

then decreases theresfter. The dopes of these plots are lower than that observed for the
PANI-(L)/PEO-CuCl, blend.
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6.3.3 PANI/PVAc-CuCl, based blends and composite:

Blends of PANI-(H) were prepared by using PVAc and PVAc-CuChk. Further, a
composite of PANI/CuPc was prepared using PVAC.

(A) PANI/PVACc blends:

(a) Compositional dependence of conductivity:

The conductivity againg the concentration of PANI added in the PVAc matrix is as
shown in the Fig.6.20 (curve a). The conductivity is seen to increase with the addition PANI
composition. A rgpid rise in conductivity by amost 10 orders of magnitude is seen a 23%
PANI dispersion in PVAc, which saturates to 9x10™ S/em. The curve represents a classical
percolation behaviour. Hence a plot of conductivity with respect to the weight fraction of
PANI was made on log-log scae as illugtrated by the Fig.6.21. It is clear that the percolation
threshold is achieved a 6 % PANI compostion. The mairix PVAcC is an insulating materid
with a conductivity of 2x10° Slem. The addition of conducting particles of PANI to this
insulating matrix results in the formation of interparticulate gaps. The junction formation a
the interface of the materids is as shown in the Fig.6.22. It is clear from the band diagram
gnce the work function of PANI is 44 eV and PVAc is 4.38 €V, there is practicaly no
barrier a the interface of the materids. Hence it is only the jump distance that decreases as
the PANI content in the blend is increased. Beyond the critical concentration of PANI, the

conduction occurs by percolation process.
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The conductivity versus composition for PANI/PVAc-CuCl, is as shown in the Fig.6.20



(curve b). It is observed that the conductivity of PANI/PVAc-CuCly increases by amost
seven orders on addition of PANI. The conductivity attains a limiting vaue of 1-2 Scm at
around 20-30% PANI. As compared to the PANI/PVACc blend as epresented by (a), the
conductivity of the PVAc-CuCl, matrix itsdf is observed to rise by 2.5 orders of magnitude.
This may occur possibly due to the formation of a complex. It is reported that PVAcC contains
a sndl amount of polyvinyl docohol tha may form an ionic complex with CuCh. The
formation of PVA-CuCl, complex leads to increase in the conductivity of the blend.

(b) 1-V characteristics of PANI/PVAc-CuCl, based blends:

The 'V characteristics for the PANI/PVACc blend for the compositions are found to be
nortlinear in nature for 10 and 20% PANI content as shown in the Fig.6.23 (a) and (b)
respectivdly. Rest of the compostions containing higher PANI compostion exhibit linear |-
V characterigtics as in the Fig.6.23(c) for 30% PANI compostion. The curves were then
andyzed by making a plot of log | agangt log V. The plots were found to delinegte in to two
draight lines as exhibited by the Fig.6.24. The dopes of the plots were found to change from
1 to 2. This type of behaviour is encountered in the case of SCLC type of conduction
mechanism as discussed in the chapter 3 (sec 3.3.2). The change of dope can be rdated to
filling of the traps, corrdlated by the equation. Hence, it can be sad that a space charge
region is created at the interface of PANI/PVAC that gives rise to the SCLC behaviour. If the
contacts to the eectrode are ohmic, then the eectrodes act as an abundant source of charge
carier which can be injected in to the solid. At sufficiently high fields, the solid is unable to
transport dl the injected charge and a build-up of charge begins within the solid. Traps are
generated in the PANI owing to the dopant ions. The PVAc dso contains defect states due to
the disordered structure 3. The conduction proceeds by filling up of these traps depicting an
SCLC behaviour. This causes a change in the conduction behaviour from ohmic a lower
voltages (n=1) to a square law a higher voltages (n=2). However, a higher compostions
such as 30, 40 and 50 %, the conduction mechanism is seen changing to ohmic in nature,
This compostion range of PANI lies well above the percolaion threshold, wherein a
continuous phase of PANI is formed as discussed in the earlier section. This leads to a
shorting of PANI/PVAc barriersyidding linear |-V characterigtics.
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In the case of PANI/PVACc-CuCl, blends, the FV characteristics were found to be nonlinear
in nature, for the lower compostions i.e. 5% and 10% PANI content and linear for the higher
compositions i.e. 30% as depicted in the Fig.6.25 (a), (b) and (c) respectively. These are
similar to that observed for PANI/PVAC blend. These were andyzed by plotting as log Flog
V as shown in the Fig.6.26. It is observed that the plots can be ddineated in to two Straight
lines, the dopes corresponding to 1 and 2. The change in the dope, ‘N’ can be associated
with the SCLC mechanism as discussed in the case of PANI/PVAc blend. The complex
formation of PVAc with CuCh reaults in the introduction of trgps in PVAC that get filled a
higher voltages. The filling up these of traps yidds square law behaviour, as obsarved in the
present case. As observed in the earlier section, the conduction in the blends beyond the
percolation threshold takes place by hopping mechanism, as no PANI/PVAc-CuCl, barriers
are present. This explanation holds good in the case of blends wherein each PANI particle is
presumed to form a junction a the PVAc interface and these junctions when connected in
series and pardld exhibit anet effect asreflected inthe -V characteritics.
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It can be concluded from the above dudies that no barier exiss a the interface of
PANI/PVAc and PANI/PVAcC-CuClk interface. The blend sysem conssts of discrete
junctions connected together giving a multiple junction effect. The charge transport takes
place by SCLC type of conduction mechaniam. These junctions exist only till the percolation
threshold whereafter they form short circuit giving rise to a polyaniline network. The
conduction occurs by hopping process in the blends containing higher PANI.

(c) Temperature variation for PANI/PVAc-CuCl, based blends:

The PANI/PVAc blends exhibited a range of conductivity from semiconducting to a
conducting state. The effect on the conduction mechanism was clearly observed as a marked
differentiction in the I-V characteridics. A smilar variation can be noted in the temperature
dependence dso. Fig.6.27 denotes the log s Vs /T plots for various compositions from O to
40% PANI content. The curves for the low PANI compostions i.e. 510 <20% can be
delinested into two plots, one representing the high temperature region and the other a low
temperature region. A trangition is observed at 82-85°C which is near the T, of hydrolyzed
PVAC (Tm~85°C) 3*. Hence the blends containing low PANI exhibit a considerable change in
the conductivity whereas those containing higher (3 28.7% PANI) exhibit negligible change.
This is due to the increese in viscodty of the blends a higher PANI concentrations (as
discussed in section 6.3.2.C) that causes the domains to remain intact and hence no effect on
the overdl conductivity.
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The DE was cadculated usng the Arrhenius equaion (eg.3.15). Activation energies
caculated are thus tabulated as Table 6.2.

Table6.2:
% Composition Activation energies (DE) in eV
of PANI in
PVAC At low temp At high temp
0 0.0847 0.5067
5 0.0388 1.555
20 0.058 1.795

The activation energy is thus seen to decrease with the increase in PANI concentration. This
is due to lesser trgpping of charge cariers in the PVAC regions between two conducting
domains as the PANI content increases.

The temperature variation in the case of PANI /PVAc-CuCl, blend shows a smilar

behaviour as in the earlier case. The lower compostions exhibit activation energies that are
tabulated as Table 6.3.

Table6.3
% Compostionof | Activation energies (DE) in eV
PANI in PVAC .
At low temp At high temp

0 0.08116 0.3887
5 0.0468 1.301
10 0.0463 1.132
20 0.0612 0.199




It is observed that the activation energies are lower than in the earlier case as the

conductivity of the matrix increases.

(d) Property measurement:

The properties such as light sendtivity and photosengtivity were investigated for these
samples and the results of the same are described in the following sections.
(1) Light Sensitivity:

The |-V chaacterigtics recorded in dark and light for 10% PANI in PVAc ae
represented in the Fig. 6.23(a). The sengtivity factor IL/ID was cdculated to be 3 whereas
composgtions containing higher PANI content exhibit a negligible light senstivity. Thus it

can be observed that the overal sengtivity is low since there are no barriers present at the
interface of the materids. The photocarriers generated under illumination in PANI get
trgpped and a high recombination probability thus exigs. A smdl amount of photoexcited
electrons undergo separation due to PVAc polar field, contribute to a smal photocurrent as
observed.

In the case of PANI/PVAc-CuCl,, the light sengtivity increases to 4.5 (see Fig.6.28)
as compared to a factor of 3 in PANI/PVAc blend. It may be of interest to note that during
the synthesis of PVAc, a smal amount of poly(vinyl dcohol) may be produced as a result of
hydrolysis *°. PVA is known to form complexes with nitrate, sulfate, chloride or bromide salt
of Cu™*®. Furthermore, the complex of PVA-CuCl, is aso reported to be photoconductive
37 Wael-dried films of PVA containing CL7* content as low as 0.015 mole/monomer ratio &
aufficient to produce strong photocurrents in PVA-CuCl, and PVA-CuBr,. When the PVA-
CuCl film is illuminated a the charge transfer band a reaction is believed to occur 8. The
haogen aom abstracts a hydrogen atom from PVA thereby producing a free radicd 3.
When the CU** to PVA raio is high, the hadogen aoms interact more with neighbouring
hdide ions. At this point the reduction reaction involves the production of holes in the
network of hdide ions. A photocurrent is observed when an eectric field is gpplied to the
film. In the present case, the PVA present as impurity yieds a smilar photoconductive
effect. The maximum light sengtivity is shown a 10% PANI composition beyond which it is
amogt inggnificant due to the creetion of the network.
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(2)Chemical Sensing:




The blends have M-I-M dructure Smilar to those dudied ealier. The
chemicd/dectronic configuration if dtered by the action of an externd parameter would
cause a change in the conductivity of the materids. The present PANI/PVACc blends were
a0 subjected to the presence of gases like methanol and NO». The response characteristics

are studied and presented bel ow.

(i)Exposureto Methanol:
The response characterigics of 33 % PANI in PVAc to methanol are illustrated in the

Fig.6.29. It is observed that the conductivity of the blend increases on exposure to methanol.
The sengitivity factor S=s max /s min was determined and is plotted as Fig.6.30.



750

Current (ul)

ssof 4

i
350{:

Time of exposure {min)

Fig.6.29 Response characteristics of PANIPVAc containing 33% PANI on exposure to
methanol

2.4

o
o
|

Sensitivity

I8 -

| 1 | 1
(o] 16:7 26:6 37-5 44-4
% Composition of Pdni in PVAe

Fig.6.30 Effect of PANI concentration on the sensitivity of PANIPVAc blends

305



The overdl sengtivity is seen to be quite low. This can be explaned taking into
congderdion the eectron trandfer occurring in the blend. The action of methanol is smilar
to that described in the PANI/PEO systems, methanol vapours are absorbed by the PVAC
matrix. Methanol contains the donor — OH group which then forms a charge-transfer
complex donating the dectrons to PVAc. These are then transferred to PANI an eectronic
conductor. As more €ectrons are avalable for conduction the conductivity of PANI
increases thus showing a response to the presence of methanol. The magnitude of response
depends on the interdomain distance i.e. disance between the two conducting PANI
paticles. An efficient dectron transfer occurs @ an optimum interparticulate distance that is
seen occurring a 33% PANI compostion at which it gives maximum sendtivity. The
recovery time and the decay time are dso low a this compostion as denoted by the
Fig.6.31. The decay time (td) is around 3 minutes while it recovers in about 6 minutes.
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In the case of PANI/PVAc-CuCl,, the conduction is of mixed type — ionic as wdl as of
electronic type and hence the response to methanol is expected to be different than that of
PANI/PVAc. The response characteristics show an increase in conductivity on exposure to
methanol as in the earlier cases. The variaion of the sengtivity factor with the PANI
compoasition is depicted by the Fig.6.32. It is observed that the sengtivity towards methanol
is highest i.e. 64 a 20 % PANI compostion and decreases to around 2 and remaning
constant theresfter. The decay as wdl as response time show a minimum a  optimum
concentration of 20 % PANI. The optimum concentration is lower in the present case than in
PANI/PVAc blend. This is due to separation of PANI paticles by the semiconducting
PVACc-CuCl,. The acceptor impurity levels of CuCh created in PVAc (PVA-CuCl) trap the
electrons that ae donated by methanol consequently increasing the conductivity of the
PVAc-CuCl, and hence of the blend. This results in an enhanced sengtivity towards
methanol as compared to the PANI/PV Ac blend.

(i)Exposureto Nitrogen dioxide:

The PANI/PVACc blend was aso tested for nitrogen dioxide sensing. Nitrogen dioxide
is a strong eectron-withdrawing group. Its action is expected to be just opposite of methanol
which has a donating group. A decrease in conductivity of the blend on exposure to NO, is
indeed observed as typicaly represented by the response characteristics of the blend
containing 28% PANI (Fig.6.33). The sengtivity factor was determined from the response
dudied for al the compostions and is plotted as Fig.6.34. It is dear that the sengtivity
increases with PANI composition and shows a factor of 250 at 37% PANI loading in PVAC.
The action of NO, would take place by diffuson through the PVAc matrix towards the
PANI. The dectron withdrawing nature of NO, crestes deficiency of dectrons and hence a
tranfer of dectrons from PANI. This results in a low conductivity, which is reflected as a
response to NO; detection. But the transfer of dectrons back to PANI seems to be quite Sow

and rddively irreversble.
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The sendtivity towards NO, for PANI/PVAc-CuCl, is smilar to that of the above
cae. Sendtivity factor shows an increesing trend with the compostion of PANI. The



maximum  sengtivity is 26, which is an order less than the PANI/PVAc blend. The
electronegative Cl ion present in the matrix reduces the affinity of PV Ac towards NO..

(B) PANI/CuPc composite with PVAC:

PANI/CuPc composite was prepared by disperson method in PVAc using 10% PANI
w/w PVAc. PVAc-CuCl, was not used for the purpose, as it is known that CuCh forms a
complex with CuPc consequently increasing the trapping sites in CuPc. The charge transport
and properties associated with the materids were investigated and are presented bel ow.

(a) Compositional variation of conductivity:

The variation of conductivity of the PANI/CuPc composite with PVAc depicted in the
Fig.6.35. It is observed that the conductivity decreases as the CuPc content increases. It
drops down from 8x10° S/cm to 2x10° Scm i.e. by around 45 orders of magnitude till 40
% addition of CuPc. Taking into condderation the energy band diagram as shown in the
Fig.6.36, it can be understood that there exists a very smdl barier of 0.1 eV a the
PANI/CuPc interface snce the work function of CuPc is 4.3eV. The vaiations in
conductivity of the composte can be explaned by conddering the interparticulate distance
between the PANI particles. The jump distance increases as the CuPc content increases and

hence results in lowering the conductivity of the composites.
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(b) 1=V characteristics for PANI/PVAc-CuCl, based composites:

The |-V characterigtics were non-linear in nature for the compostes contaning 5,10
and 20% CuPc while those containing 30 and 40 % CuPc exhibit linear FV characterigtics.
The Fig.6.37 (a) and (b) illugtrates an 1V curve forl0 % and 20 % CuPc in PANI/PVAc. The
plot was then andyzed by making a plot of log | agangt log V. The plots could be demarked
in to two straight lines with corresponding dopes of 1 and 2 as noticed in the Figs.6.38 (a)
and (b). Hence the conduction takes place by SCLC mechanism due to the presence of
trapping centers in PVAc as discussed in section 6.3.2. At higher compostions a CuPc
network is formed throughout the composite Au is ohmic to CuPc *°. Hence the I-V
characterigtics are linear in nature at higher CuPc contents.
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It is thus observed that no significant barriers are present at PANI/CuPc interface. The
charge transport takes place by SCLC type of mechanism in the case of PANI/CuPc



composites with PVAc a lower CuPc contents but it becomes increasingly ohmic at higher

concentrations.

(c) Temperature variation for PANI/PVAc-CuCl, based composites:

The conductivity increases with temperature for dl the compogtion of CuPc. The log
s Vs YT plots for the system are illustrated by the Fig.6.39, that obey the Arrhenius law as
denoted by the straight-line graphs. Thelog s Vs UT plots for higher compostions of CuPc
viz. 28, 37, and 44 % show the presence of two activation energies. one a low temperature
and other a higher temperature. It is observed that there is a decrease in the activation
energy with increase in CuPc concentration as evidenced by the Fig.6.40. This is due to the
continuous network formation of CuPc, diminaing the conduction through filling up of
trapping centersin PVAC.
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(d) Chargetransport for PANI/PVAc-CuCl, based composites:



Itisdear from the various results obtained that the charge trangport in the PANI/CuPc
composites is dominated by the conduction across PANI/CuPc interface, which occurs by
SCL C conduction mechanism.

(e) Property Measurement:
1.Light Senditivity:

The dye sendtized PANI/PVAC/CuPc composite exhibited light sengtivity as evident
by the enhanced photocurrent depicted by the |-V characteristics (Fig 6.37). The light
sengtivity factor IL/ID was determined for dl the compostions and is represented by
Fig.6.41. It is observed that 10 % CuPc shows a maximum factor of 16. The phenomenon of
sengtization is discussed in Ch. 1. The charge generation in phthalocyanines induced by

light is given below **.

Externd fidd Structurd
Defects acceptors/donors
CT-date
So Sl exciplex
Pc hn Pc* Pc" - e [E] > Pc™ + e
D For Fo / \
A
shalow trap" shalow trap
1-Fp
N hn, D + -
(recombination) deeptrap deeptrap
—
(recombination)
hn, D

Under illumination, in the absorption region the excited daes contribute to the
number of charge cariers. In the primary step a localised excited Sate a one molecule

(exciton) is formed. It is known that in organic crystds the exciton can diffuse by energy



transfer and can dso recombine (thermaly or by emisson of photon) or dissociate in an
auto-ionizing gep into mobile charge cariers Excton dissociation in phthaocyanines is
believed to occur assgted by dectric field. This fidd can either be edtablished interndly by
dructura  defects  (intringc  photoconduction) by  charged  impurities  (extrindc
photoconduction) or externdly by applied dectric fidd. The gpplied fied leads to a more
efficient dissociation of exictons and collection of charge carriers, which in turn decreases

the probability of recombination reactions. The conductivity thus changes as:

) phot =e geDnmn + meID g
where D, and D, are changes in eectron and hole concentration under illumination

Asdiscussed in Chapter 1, CuPc is used as a photosendtive materid in contact with
different metas like In, Al. In dmost every case, for these photovoltaic cells, a severe loss in
power converdon efficency is noted as the light intendty is increesed. This inefficiency is
due to the change in chemicd and morphologicd date of the materids during vapour
depostion, which criticaly determine their performance. A new approach to the fabrication
of low cogt organic cels is the use of particulate semiconductors. The device employs a
solvent a solvent-coated disperson of photoactive particles in a polymer binder on a
conductive substrate. Thus the use of a polycrystdline powder than a vapour deposited film
presarves the chemicd and morphologica integrity of the semiconductor. Loutfy et a *?
have reported of metd free phthalocyanine dispersed in a polymer binder like polycarbonate,
polyvinyl acetate and polyvinylcarbazole. They have found an improvement in power
converson effidency a high light intengty and a long-term stability was dso observed. The
photovoltaic parameters dso depend on pigment loading, polymer binder, film thickness,
doping, dye sendtization and barrier eectrode materid. This aspect was further studied in
detal by Tsuda *** e d by examining various polymer binders with HoPc. The HaPc
content was maintained at 60% in 40% polymers like PVDF, PVPh, PVK, PVAc, PS, etc.
There was a condderable difference on the photovoltaic characteristics of HyPc using
different binders. The energy converson efficency, h, was the highest for PVDF, followed
by PAN, PVF, PVACc, etc. This indicates that a polar group- eectron atracting or donating is
essentid indicating their participation in the current production. In organic polymers, the



exciton-excited sate created by light absorption should be separated into charge cariers.
This is achieved by agpplying potentia and the locd fidd. It has been reported that the Ste of
exciton dissocidion is a the HoPc paticle surface The binder polymer surrounding the
active dte (the surface of HyPc) may strongly influence the photocarrier generation process.
The charge separations occur asssted by local fidd is PVAc, which has a polar group. Under
illumination, absorption of photons by CuPc generates excitons that get separated at the
CuPc/PVAC active region. The excited dectron further gets transferred to PANI resulting in
an enhanced conductivity. A maxima in photoconductivity is obseved a a low
concentration of 10 % CuPc in the composite. More amount of CuPc reduces the efficiency
due to light absorption in the inactive region and the high ressance of the dye layers
(recombination process). Hence higher dye concentrations do not contribute to the photo

current.

2.Chemical Sensing:

Phthalocyanines have been widely incorporated in chemica sensor as described in
Ch.1. When subjected to the presence of a gas, it absorbs or forms a weak bond to undergo a
change in conductivity, eg. it shows an increase in conductivity when stimulated by acceptor
gasss like oxygen, nitric oxide and nitrogen dioxide while the conductivity decreases with
ammonia which is an dectron donor *°. The PANI/PVAc blend is senstive to the externd
changes as dudied in the earlier section. Incorporation of CuPc was expected to affect the
gas sendtivity of the composte as discussed above. Accordingly the composite was tested
for sendtivity towards methanol and nitrogen dioxide and the results are presented as

follows.

(i) Exposure to Methanal:

As evident from the earlier reports the conductivity of CuPc would be expected to
decrease when subjected to methanol vapours. But the recorded response characteristics do
not agree with the expectations On the contrary, an increase in the magnitude of
conductivity is observed as illustrated by the response characterigtics for 30% CuPc loading
shown by the Fig.6.42. The senstivity factor for different CuPc compostions was caculated



as is represented in the Fig.6.43. It is observed that a maximum of four occurs at 30% CuPc
content.
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This behaviour of the composte is based on the two components, which can play a
role in absorbing or forming a wesk bond with methanol. One is the filler CuPc and the other
the matrix PVAc that is more sendtive to methanol. Referring to the response shown by
PANI/PVAc blend towards methanol, which is quite smilar to these in the present case, it
can be sad that PVAc plays an active role in responding to methanol than CuPc. The latter is
known to be less sendtive to eectron donors. A typica example would be the response to
ammonia by CuPc was a decrease from 85 X 10® to 6.5 X 10® A %°. This change can be
consgdered to be small consdering the observed one. At lower compostions of CuPc, the
action of methanol takes place by transfer of charge from PVAc to PANI. However, increase
in CuPc decreases the PVAC reaivey, which is the methanol absorbing component. Hence
the sengtivity factor remains the same even after addition of CuPc due to the limited charge
transfer across PV Ac/CuPc barrier.

(ii) Exposureto Nitrogen Dioxide :

Nitrogen dioxide is reported to have large effects (6 to 8 orders of magnitude) on the
conductivity of variety of sublimed phthdocyanine films 4. All the phthaocyanine single
crystds aso responded initidly with a large conductivity increase from 10*° Wien? to 10
to 10 Wicen?? a saturation. In the present case, a dispersion of CuPc in the PANI/PVAC was
expected to cause smilar effects. The response characteristics depicted an increase in
conductivity on exposure to NO, as observed in the Fig.6.44. The senstivity factors for the
composgitions sudied are plotted in the Fig.6.45. The plot shows an increasing sengtivity
towards NO, with the increase in CuPc. Highest sengtivity of 7000 is obtained for 40%
CuPc content in the compogte. A close look at the response characteristics suggests that the
sensor is completely reversble best a 23% and better at 28% composition. Less recovery is
observed beyond 28% CuPc content. The decay and recovery times are more or less smilar
for dl the compodtes. The reports of phthaocyanine sngle crystds dso show partid
recovery. On evacuation Ph, Mn and Co- phthdocyanine show little changes in the
conductivity while other phthaocyanine decreased by a factor of 50 to 1000. Heating under
vacuum a 150 °C returned the meta free Ni, Cu and Zn-phthaocyanine conductivity to
within a factor of 5 of the initid leved which Ph, Mn and Co phthdocyanines required
heeting at 250 °C for 12 hr. to active the effect. In the case of sublimed Pc films different
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conductivity dependence on the concentration of NO, were displayed. Evacuation a room



temperature does not completely reverse the NO, exposure nor it is completely by exposure
to donor gases such as ammonia or hydrogen sulfide #8,

The PANI/CuPc composte aso shows a high sengtivity (around 3 orders of
magnitude) and comparatively a better revershility a lower compostions of CuPc. The
action of NO, would be formation of a charge transfer, complex between CuPc-donor and
NO, acceptor “°. As a result holes are produced in the CuPc matrix. NO, isa P electron
acceptor and the accepted eectron would be delocalized over the planar NO, Structure. Since
the hole is aso delocdized over the CuPc dructure the coulombic force between the
opposte charges is weakened and the charge carrier movement is facilitated. This leads to
more conductivity of CuPc. Spectroscopic studies have supported the interaction of CuPc
with NO». In transmisson UV-vis spectrum, exposure to NO, causes the strong absorption at
700 and 625 nm to decline in intendity with the appearance of new absorption a 560 nm.
These changes were sad to be characterigic of formation of phthalocyanine radica cation.
The IR transmisson spectrum is interpreted to indicate that NO, percolates into the
phthaocyanine lattice interditid while the reflective spectrum displays bands corresponding
to NO-™ ion indicating that charge transfer occurs only at the surface.

The response to NO, for the lower compostion is thus by smple diffuson of the gas
in the matrix formation of charge transfer complex and the diffuson of the gas out of the
sample when NO, is cut off. The process is thus reversble. With higher quantities of CuPc,
the charge may get locdized on CuPc and form a dronger charge transfer complex with
NO-. The charges are thus retained in the sample and it does not recover. NO, may dso St in
the lattice structure making the change in conductivity irreversible.

In order to study the influence of introduction of trapping centers in the CuPc towards
methanol sensing, the PANI/CuPc composite was prepared using 4:1 PVAc-CuCl, and tested
for the sengtivity measurements.

The response of the PANI/CuPc composite with PVAc-CuCl,, to NO- is increase in
conductivity, which varies with the composition of CuPc as represented by the Fig.6.46. It is
obsarved that the sengtivity exhibits maxima of 145 a 28 % of CuPc compodtion and
thereafter decreases as againg the rising plot in case of PANI/PVAC/CuPc. The comparison
between the two composites at the same composition that is 44 % CuPc suggests that the
response of the composite towards NO, decreases by adding CuCh to the mairix. This

behaviour can be due to the formation of charge transfer complex as described in the earlier



section. CuPc dready contains impurity centers generated by CuCh. As a result, CuPc loses
affinity towards NO, and hence a reduction in the sensitivity factor.
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A conclusion can be drawn in the present context that CuPc plays the active role in detecting

the presence of NO,. Also an optimum CuPc is required for obtaining a reversible sensor.

6.4 Conclusions:

Charge transport andysis of the PANI/PEO-CuCl, blends brings out the presence of
Schottky barrier a the interface of the materids. The blend shows a remarkable senstivity
towards methanol that was characterized in terms of the response time, the decay time and
the compostion. The dectron trandfer involved during the process of methanol senang
influences the modul&tion of the PANI/PEO-CuCl; barriers.

The charge transport studies in the present case reveded that no bariers exist a the
PANI/PVACc interface. The conduction takes place by SCLC mechanism that occurs by the
filling up of the traps in PANI and PVAc. Introduction of CuCh in PVAC gives rise to
formation of a complex between the impurity PVA and CuClk that is responsble for
photoconductivity of the blend. In case of the composte with PVACc, the charge transport
occurs by SCLC type of mechaniam.

The chemicad sengtivity of the PANI/PVAc blends towards methanol increased by the
addition of CuCl, as it plays an important role in trgpping the dectrons donated by nethanal,
thus increesing the conductivity. On the other hand, the composite exhibits more sengtivity
towards NO-, than methanal by the virtue of the filler-CuPc. Also the sengtivity of the blend
towards NO; increases by the addition of CuPc. Hence CuPc not only enhances the response
but also imparts specificity to the composite.
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