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ABSTRACT

The electrical conductivity, current-voltage (I-V) and current—time (I — T)
characteristics of pure PVA and different Wt % of LiCl -doped polyvinyl
alcohol (PVA) filmshave been studied under different conditions. The elec-
trical conductivity increased with increasing dopant concentration up to 60
% of weight and then showed a decrease beyond this concentration. The
increase in conductivity is attributed to formation of charge transfer com-
plexes while the decrease beyond 60 wt. % may be due to segregation. The
variation of electrical conductivity with temperature showed two regions of
activation energiesfor undoped filmsand three regionsfor doped films. 1-V
characteristicsindicated that Schottky emission isthe dominant chargetrans-
port mechanismin both undoped and LiCl -doped films. The effect of gamma
irradiation at different radiation doses (20 and 50 kGy) on pure polyvinyl
alcohol filmsand PVA loaded with different Wt % of LiCl wasinvestigated.
Measurements of |-V characteristics have been carried out at temperature
range of 30-140°C. Therefore, the charge carrier’s concentration in each of
the conduction bands, the trapping parameter 6, the trap density N, is deter-
mined as afunction of different Wt % of LiCl is determined, leading to the
electron mobility p,, effective electron drift mobility p, aswell aselectrical
transport properties and trapping energy calculation. The change that oc-
curred in the dielectric constant values at different temperatures after irra-
diation can be attributed mainly to the changesin theintra- and intermol ecu-
larinteractions. © 2011 Trade Sciencelnc. - INDIA
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INTRODUCTION

For many years, theelectrica conductivity process
has been the subject of extensveinvestigationsindis-
ordered solids. For polymeric materials, theelectrical
transport playsan important rolein different device
applications such ashigh performance capacitor, el ec-

trica cableinsulation, electronic packing and compo-
nents. From the fundamental point of view, dielectric
propertieshave been widdy used toredize the dynami-
ca processin complicated system™. It has been suc-
cessfully usadin obtaining generd information about the
localized defect statesintheforbidden gap. Thecharge
injected into theinsulator inresponseto an applied volt-
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age using aconstant voltage sourceistrapped at these
localized defects. The presence of thesetrapping sites
intheforbidden gap strongly affectsthe current—volt-
age (J-V) characteristic of the material. The form of J—
V characteristicsdependson thetypeof distribution of
traps. The magnitude of the current flow ismuch re-
duced due to trapping effect?. The appearance of
SCLCregimeisinhibited until asufficiently largefiddis
applied wherethetrangition from Ohmicregimeto an
SCL C regimedepends markedly on thedistribution of
thetrgppingleve. Recently, severa authord® have stud-
ied the -V characteristics in polymer diodes where
the SCL C (space chargelimited current) theory could
be successfully applied. They found that the barrier
height for the formed metallic polypyrrole films Si
Schottky diode (0.84 eV) islarger than that for the
conventional Schottky diodes.

Thecommercid and scientificinterestin studying
polymer systemswith desirableapplicationshasled to
sgnificantinformationinthefield of eectrica insula-
torg*+8. Frequently, dectrica mechanisms(SCLC) have
someeectrica insulators, which aremanufactured from
polymer materiass. For safety-related equipments, de-
tailed qudificationsto prevent accidentsduring service
aregiven. Also, Polymericion conductorswith me-
chanicd flexibility are key materid sfor developing dl
solid e ectrochemical devicessuch asrechargeablebat-
teries, capacitorsand sensorg®*2, Polyvinyl a cohol,
whichisasemi crystalline polymer34 playsanim-
portant rolein the applicationsdueto itsOH group and
hydrogen bondg*®. Hydrogen—bonded polymer such
asin PVA polymer used in gas sorption, diffusionl*617
and can sdlectively adsorb meta iong*®. Inthisrespect,
authors have been engaged in the study onlifemodels
for insulating material s subjected to e ectrical and ther-
mal stresses'?, theinfluence of doserate, irradiation
surroundings?”, period of exposure?!, and type of
materia §%2. Polyvinyl dcohol (PVA) wasused to study
theeffect of LiCl onthevariation of jet diameter with
axial coordinateafter the onset of whipping instability
during electro spinning and it was found that the addi-
tion of LiCl significantly accel erated jet thinning and
solidification(?¥. Thisproducesintermolecular cross-
linking induced by irradiation blendswith super mo-
lecular structure and improved properties. Thetreat-
ment of such compositionswith energy radiation leads
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to additional and unpredictable changesinther struc-
tureand properties. Irradiation withy ray hasasignifi-
cant effect on polymer properties and some physical

propertiesareusualy modified. Themetal ion doped
polymersrepresent anew class of organic materials.

Inorganic additivesliketransition metal saltshavea
considerabl e effect on many of properties; such asthe
electrica propertiesof the polymers. Thepresent work
focused mainly ontheéeectrica propertiesof PVAfilled
withtranstion meta chloride(LiCl) at different filling
ratiosand itsconduction mechanism. Theobject of this
paper isto shed morelight on the conduction phenom-
enafor irradiated pure PVA and different Wt % of LiCl

-doped polyvinyl alcohal (PVA) film. Thestudy aimed
to measurethee ectrica current density asafunction of
an applied voltage at different temperatures. A number
of important parameters, namely free carrier density,
trap density, effective density of state, Fermi leve, etc.
were determined. In addition, the dependence of the
potential barrier andthelocalized trap levelson their-
radiation dosewill bediscussed.

EXPERIMENTAL

Materialsand samplespreparation

The sampleswere prepared by casting method us-
ing PVA of uW 17000 ginthegrainform (provided by
Avonda elaboratories Beaumount cl ose Banbury Oxon,
England) and LiCl wasobtained from adding dilute HCI
to LiCo,, thenthesolution formed wasdriedinelectric
oven at 40°C for four daysuntil thewater were com-
pletely evaporated . Then, aproper mass fraction of
thePVA and LiCl separately dissolvedindistilled wa-
ter, added together under agood stirring at 40°C for 4
hoursto ensurethat the sol ution ishomogeneous?. Af-
ter castingthemixturein apetry dish, it wasexposed to
®Coirradiator at aconstant dose rate for two doses,
20 kGy and 50 kGy at room temperature. Then the
disheswere placed inthe el ectric oven at 40°C until
water was evaporated. Finaly, filmswere prepared
using blow co-extrusion techniqueswith blow ratio 7.
Thethicknessof the blow co-extruded film amount is
about of thickness0.5 mm and diameter 5mm. These
filmswere sandwiching by silver paint (el ectrodes) hav-
ing thefollowing LiCl massfraction 0, 20, 40, 60, 80
wt % and doses 20kGy and 50k Gy.
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Figurel: Variation of theelectrical conductivity for pure
PVA and PVA |oaded different Wt % of LiCl with reciprocal
of temperatureat 1vand at 20kGy yradiation

M easur ements

Thel-V characteristicsmeasurementsof pure PVA
and different Wt % of LiCl -doped polyvinyl acohol
(PVA) filmshas been preformed at temperaturerang
30-140C using aHigh Resistance M eter Electrometer
(Keithly, type6514). Thisdectrometer hasan in-built
capability of output in depend voltagesourceof V. The
same equi pment (power supply) wasused to gpply the
voltage acrossthe sample and to measure the current
through thefilm. To ensure the proper connection to
thesample, anindigenoudy designed samplehol der with
slver eectrode hasbeen used. Inthisarrangement the
filmissanawiched betweentwo circular € ectrodesfrom
silver. For e ectrica measurements, the sampleswere
sandwiched between two copper electrodes coated
with gold to perform good contact, avoiding air gaps
between the el ectrodes and the samples. A specially
designed cell was used for mounting the samplesinto
an oven. Thetemperature of the sampleswas moni-
tored usngaK -typethermocoupl eatached withadigi-
tal thermometer type Tri-Sense, Cole-Parmer, USA,
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Figure2: Variation of theelectrical conductivity for pure
PVA and PVA |loaded different Wt % of LiCl with reciprocal
of temperatureat 1vand at 50kGy yradiation

with temperatureresolution of 0.1 1C.

Dielectric measurements were performed by im-
pedance spectroscopy using aHioki LCR meter, 3531
Z Hi-Tester, Japan, operating at afrequency range (42
Hz—5 MHz); with impedance accuracy ranges from
0.15% up to 4%. The bridge was connected viaastan-
dard interface (RS-232C interface, Hioki, Japan) toa
Pentium persona computer for instrument control and
dataprocessing. Silver electrodes 10 mm in diameter
were used on both sides of the samples. The capaci-
tance (C) and theloss tangent (tan ) were obtained
directly fromthebridgefromwhich the permittivity (¢')
and dielectric loss (¢") were calculated. For the de-
noted samplese’ and ” weremeasured over afrequency
rangefrom 1kHz to 5 MHz at room temperature.

RESULTSAND DISCUSSION

DC electrical conductivity

Figure 1 showstherelation between theel ectrical
conductivity o (Q"'m) andthey-irradiation doseat

— P plericly Science
ﬂuVWMW



114

y radiation-induced changes in the conduction mechanisms in prepared PVA/LICI,

MSAIJ, 7(2) 2011

Full Poper =

1.0

0.0 First region
0.8
a v
£ os
g 0.
g 0.5 —
H 7
z 0.4
4 0.3
0.2
0.1
0.0
18
14
12
gr
g
B
2
4
1.2 Third region
. 1.0
i
£ 0.8
B 08
z
N
0.4 -
o _k‘_x_—/_
1 . 1 " 1 |
C 1 1 1 1
20 40 60 El

wt % LiCl

Figure3: Thevariation of theactivation ener gy of different
wt% of Lithium chlorideat 20 and 50kGy vy - dose

different temperaturein therange 30-140°Cfor doped
PVA samplesat different concentrations of LiCl (20,
40, 60, and 80 wt %) at 20 kGy. It was clear fromthe
interaction of thisfigurethat thereisadirect proportion
between thedc conductivity with temperatureand metal
ions concentration. However, the sampleloaded with
80-wtpercentage of LiCl showed adecreasein o when
compared with other loaded samples at 356 K. For
the induced changes in ¢ at 20 kGy to occur it de-
pended on metal saltsand y-ray and can attributed to
thecreation of induced charge carriersinthe PVA ma-
trix. Fgure2 plottingthevariationinlog e with /T for
the 20, 40, 60, and 80 wt % LiCl-doped PVA samples
at 50 kGy, showing that theinduced changesinc in-
creasewithwt % and temperature. However, theelec-
trical conductivity for pure PVA samplesislessthan
that for the counterpartsin 20, 40, 60, and 80 wt %
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Figure4: Thetemperaturedependenceof € for purePVA and
itsLiCl loaded contentsat 20kGy vy -irradiated
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Figure5: Thetemperaturedependenceof € for purePVA and
itsLiCl loaded contentsat 50kGy y—irradiated

LiCl-doped PVAinregionl, Il and 1. Lithiumionsare
coordinated throughionic bondswith thehydroxyl group
bel onging to thedifferent chainsin PVA®®, Thedc con-
ductivity o (T) vauesof thefilmsin both areasexhibit
thevadidity of gpplyingArrheniusequation.

0.(T)=0, exp(%) @A)

where o, isthetemperature-independent constant, K
isthe Boltzmann constant and AE isthe activation en-
ergy.

In other words, the addition of lithiumincreasesthe
volumerequired forionic carriersto drift inthe poly-
mer. Thisleadsto anincreaseintheionic mobility anda
reduction intheactivation energy. Thisisin complete
accordance with the results observed for 80 wt %. It
has been thought that the non-uniform doping cause’s
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TABLE 1: Valuesof theActivation Ener gy Calculated from
DC Conductivity measurements

Activation Energy (eV)

Samples At 20kGy At 50kGy

PVA 0.458035 1.533807 0.451555 3.503351 0.903772

PVA+20 wt%LiCl 0.138362 0.523872 0.268377 0.211044 0.077846 0.546399
PVA+40 wt%LiCl 0.737048 0.428774 0.342751 0.236907 0.567733 0.332775
PVA+60 wt% LiCl 0.057899 0.260908 1.217277 0.240833 0.435308 3.793409

PVA+80 wt% LiCl 0.101805 1.083193 0.888374 0.753537 0.281117 0.391613

TABLE 2: Valuesof p(cm?Vs?) and n (cm) for pure, 20, 40,
60,80wt% LiCl doped PVA samplesat 20kGy and 50kGy y—
doselrradiation

20kGy 50kGy

Samples

n n n n
3.72E-07 6.06E+15 4.73693E-08 8.88E+14
1.22914E-05 7.32E+16 1.24091E-05 9.69E+16
7.55682E-06 8.10E+16 4.58182E-05 4.30E+17
1.37534E-05 1.82E+17 0.015757955 2.61E+20
6.32466E-07 1.19E+16 0.0002975 1.67E+19

PVA
PVA + 20wt % LiCl
PVA + 40wt % LiCl
PVA + 60wt % LiCl
PVA + 80wt % LiCl

heterogeneity, which Leadsto the formation of non-
stoichiometric charge-transfer complexes between the
polymer and dopant, thisisaccounted for high content
of Li?, The decreasein the activation energy upon
doping with lithium chloride may beattributed to the
increasein crystdlinity of the polymer dueto theadign-
ment of the entangled chainsintheamorphousregion
because of e ectrostatic interaction between the nega-
tively charged hydroxyl groupsand postivelithiumions.
Figure 3 & 4 showsthevariationin activation energy
AE vauesisincreased especialy at regions|, Il and
[11, wherethese can be attributed to the formation of
molecul ar aggregatesof lithium with the dopant con-
centration, these activation energy values can be ob-
tained from the slopes of the curves for al doses.
TABLE lillustratesthevaluesof the activation ener-
giesbelow (AE,) and above (AE,) glasstransition for
the sampl es, measured asafunction of thedopantswt%
and the absorbed dose.

TheJ-V characteristics showed three regions with
different lopesdepending onthe applied voltage. At
low-voltageregion, theconductionisohmic (JoV) due
to theintrinsic conductivity of themateria, indicating
that thethermally activated carriers controlled the cur-
rent. Such behavior suggests an ohmic regime below

= Fyl] Peper

thethreshold voltage and an SCL C regimefor higher
voltage levels. It can be considered that the general
equationfor current flow is;

J=gnu E 2

where; Jisthe current density, gistheéeectronic charge,
u, istheelectron mobility of thefreecarrierinthe con-
duction band and E isthe el ectric field strength and
equalstoV/d; (whereV istheapplied voltageanddis
thesamplethickness) and n_ istheconcentration of the
freethermdlly activated carriersin the conduction band.

TheJV characterigtic curvesat different tempera
turefor theun-irradiated and irradiated filmsare plot-
tedinfigurel. It wasobserved that the current increased
by increasing theapplied voltagefor dl samplesat each
dose. Thecurrent also increasesgradudly with increas-
ing gammairradiation dose 20 - 50 kGy.

In addition, y-irradiation seems capableto make
somesort of variationintheamorphousregionsreflect-
ing achangeinthestructure of PVA-LiCl system. On
the other hand, theincreasein activation energy at a
higher concentration for 40-wtp percentage at 20 kGy
and for 80 wt% at 50 kGy can be explained asbeing
dueto theformation of molecular aggregatesof lithium
chloride. The charge carriersbecome morelocalized,
which givestheincreasein thetrapped carrier dengity.
These molecul ar aggregates may beformed duetothe
inhomogeneousdistribution of the dopant aswell asthe
nonbonding part of the dopant!®”.

Inthe present study, the band model isusedtojus-
tify themechanism of chargetransport throughthe poly-
meric material assuming thelocalized energy statesto
be uniformly distributed in energy within arange of the
energy gap. However, thelocalized stateswhich are
dueto thelack of order may be considered trapping
levelssmilar tothelocalized statesarising from impuri-
ties, dislocation, et. Thus, it can be concluded that the
current dengity inthe second and thethird regionsobeys
the equation commonly used.

9 Ve
J= (gj:euoaao[ FE J] ©)

where gisthe dielectric constant of the materials, &,
permittivity, disthefilms’ thickness, 12 istheelectron
mobility in the conduction band, V, ?isthe ohmicto
squareregion transition voltageand disthetrapping
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Figure6: Current relaxation curvesfor different wt % LiCl - doped PVA samples0.01 - 0.1 cmthick at 20kGy y - doses at
10volt and 50°C where(a) isin chargeand (b) isdischargeor rever sepolarity
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Figure7: Current relaxation curvesfor different wt% LiCl- doped PVA samples0.01-0.1 cmthick at 50 kGy y - dosesat 10
volt and 50°C where(a) isin chargeand (b) isDischargeor reversepolarity

parameter.

Thelatter can be considered astheratio between
thefreeelectron numbers(n ) onthe conduction band
and thetotal density (n,+n) wheren isthedensity of
thetrapped e ectrons. The concentration of trapsisde-
finedas

n, =(2SSO qu)XVTFL 4
whereV_ isthevoltageat whichthe current signifi-
cantly increaseswith temperature (third region).

On the other hand, when atrap level exists, the
electron mobility isreduced by 1/6, astrapped el ec-
tronsdo not follow an eectrical field. Thefreecarrier
mobility i, can now be estimated fromeq. (5). It may
bementioned that when atrap level exists, thedectron
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mobility (u,) isreduced by 1/6; and the effective elec-
trondrift mobility (1) inaninsulator with trapsisthere-
fore

H.= 1O (5
Thefreecarrier density intheconductionband (n)
was calculated by eq. (4). Thefreecarrier mobility ()
could be obtained for both theun-irradiated and irradi-
atedfilmsby eg. (5) andisgivenin TABLE 2.
Thedataof J-V characteristic curvesat different
temperaturefor theun-irradiated and irradiated films
show that the carrier concentration ischanged dueto
two main factors, thefirst is the presence of the Li ,
whichitisrespons blefor ionsto beincreased, the sec-
ond istheionization duetoy - irradiation of the poly-
mer, whichitisrupture the chemical bondsand creste
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energetic freedectrons, ions, and radicals, which are
abletomigratethrough the network, leadingto achange
indectrica conductivity . Thevaueof drift mobilityis
very low and decreaseswith theincrease of subsequent
additionof lithium chlorideto PVA, indi cating predomi-
nant ionic conduction.* besides, it can be deduced that
conduction enhancement isgpparently duetothegradud
increase of bulk-generated free carriers, density n .
Moreover, i mobility smaller than 1 cm? Vs, which
isthecasein TABLE 2, indicate that polaron hopping
between localized sitesisinvolved in the process of
carrier transport.

Didectric constant

Thedidectric constant wascalculated from the ca-
pacitancec usingthefollowing formula

&=CY; A ©

where d is the thickness of the film, A isthe cross-
sectional area of the film surface, and ¢ isthefree-
Space permittivity.

Thedid ectric propertiesof pureand LiCl-doped
PVA samples, at 20 kGy and 50kGy y-dose irradia-
tion, asfunction of temperaturewerestudied. Theva-
uesof €' (w) arevery high at low frequency and high
temperature but at high frequency, therearerdatively
constant valueswith frequency. Figure (5) showsthe
variation of dielectric constant &’ with temperature for
pure PVA samplesanditsdifferent wt% of LiCl a 20kGy
v- Irradiated dose. A broad glasstransition tempera-
ture T peak appeared at about 358 - 360 K for pure
and doped samples, whereit isclearer asdopant in-
creasethan pure PVA. Thus, arelaxationisobserved,
at low temperatures, asagradua decreasein €’ anda
broad peak in €” at low frequency have been moni-
tored. Thepolymer chain possessesavariety of inter-
nal motionsand branch segmentsof themain chaindif-
fusefrom one configuration to another with changing
dipolemoments. To each suchinterna diffusion, there
isacharacteristicrelaxationtime.

Infigure6 at 50 kGy y-irradiation dose, we did not
remark this pesk for theglasstransition, whereit dis-
appeared, and may beattributed to structura changes
inthepolymer matrix, probably molecular and crystal-
lographicrearrangement. Infact, gammairradiation can
produce different valence states of thetransition metal

= Fyf] Paper

ionsinthematrix of the chelated compounds. And may
befor that reason, wefind infigure 6 anew peak, at
low range of temperature for the samples at 50kGy;,
which begins to be more clear and pronounced and
takes morewide range on temperature scalewithin-
creasi ng the dopant content up to 60 wt% and a 80wt%
start to decreases. At the sametime, irradiation can
affect theelectronic state of theligand moleculesinthe
polymer matrix?22 and, also we can remark that with
increasing of y-irradiation, the magnitudeof thedielec-
tric constant increases. Also, thee’ is strongly depen-
dent ontemperature and the dopant wt%. Thisdepen-
dence may be dueto the creation of carbonyl groups,
whicharehighly polar, cause, aremarkableincreasein
dielectric constant’??9, Besides crosslinking and deg-
radation, evolution of hydrogen may take placedueto
theirradiation of polymer material. Theinduced radia-
tion effect on pure and doped polymer may decrease
the disorder of thedipolar groups so the permittivity
and thediel ectric parameter increase. The subsequent
addition of transition metal haidesto PVA matrix en-
tallsaconsiderableincreaseof €’ at frequency of 1 kHz
within thetemperaturesrangeused. At relatively higher
concentrations of dopants, theobtained &’ (T) results,
indicate theimportant role of metal halide additions,
which causestructura variationsinthe polymeric net-
work.

Current—timecharacteristics

The current—time curves for pure PVA and LiCl-
doped samplesat 20kGy and 50kGy y-irradiation at
10V and temperature 50°C were measured. Theor-
der of magnitude of thedrift mobility () of chargecar-
riers can be determined from the approximaterel ation,
asfollows:

2
vty =3/, @

wheredisthethicknessof thesample, V istheapplied
voltage, andt __ istherelaxationtimecorrespondingto
the peak current in It curve.

Similar plotswere obtained, and, therefore, the cur-
rent—time curves for 20kGy samples are taken as a rep-
resentative. The observed rel axation phenomenacan
beattributed to two mechanisms. Thefirstistheclean-
up effectt®™ that isconcerned with theeffective decrease
inthedensity of the mobileionswithin the specimen
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duetotheir arrivd at the electrode. The second mecha:
nismistheeffectivedrop of thedectricfiddinthebulk
of the specimen dueto the space—charge effect of ions
drifting to theelectrode. The peaks observedinthere-
versed polarity curves. Figure6 & 7 can beexplained
asfollows. A fraction of theionsthat arrive at an elec-
trodeaccumul atethereasimmobilizedionswithout dis-
charging at the electrode. Theseionscan becomemo-
bile again after thereversal of the polarity.

CONCLUSIONS

Itisworthy to mention that theirradiation of poly-
mersand theaddition of dopant giveriseto Changesin
electrical characteristics such as conductivity and di-
electric constant. Irradiation of Polymersgeneralyin-
creasestheir eectrica conductivity and decreasethe
activation energy.

Thedecreaseintheactivation energy upon doping
with lithium chloridemay beattributed to theincrease
incrystalinity of the polymer duetothedignment of the
entangled chainsin the amorphous region because of
€l ectrogtati cinteraction between the negatively charged
hydroxyl groupsand pogitivelithiumions.

Theincreaseof drift mobility withy-doseindicates
that the conduction isapparently dueto thermally acti-
vated mobility. Thisseemsto becons stent with el ectri-
cd conductivity data.

Theincrease of the dielectric constant with tem-
perature indicates that the dependence is governed
mainly by the changeintheintra- and intermol ecul ar
interactions. Thesubsequent addition of transition meta
halidesto PVA matrix entailsacong derableincrease of
¢’ at frequency of 1 kHz within the temperatures range
used. Thismay berelated to the effect of local environ-
ment on theinherent ability of the dipolesto orient. At
rel atively higher concentrationsof dopants, the obtained
€' (T) resultsindicatetheimportant roleof metal haide
additions, which causestructura variationsinthepoly-
meric network.

Thesignificance of finding these el ectrica param-
etersfor the polymeric materid sarisesfromitsimpor-
tant rolein somedevice applications such as high-per-
formance capacitors, eectrica insulator and € ectronic
packing. Special emphasisisput onthe polymer-irra-
diation interaction process, which not only increases

electronic mobility but also reducesitspotentid-barrier
givingriseto desired propertiesof theirradiated poly-
me.
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