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ABSTRACT

Theédectrical propertiesof organic mixture anthraquinone-0.6% alizarin were
investigated by the complex impedance spectroscopy technique. A transi-
tion from semiconducting to conducting state is observed. The dielectric
relaxation is found to be of non-Debye type. Evidences of temperature-

KEYWORDS

Organic semiconductor;
I mpedance;
Electrical conductivity;
Dielectricrelaxation.

dependent electrical relaxation phenomenaand negative temperature coeffi-
cient of resistance (NTCR) character of the sample are observed. The ac
conductivity obeys the power law. AC conductivity analysis indicated the
possibility of hopping mechanism for electrical transport processes in the
system. The activation energy, density of statesat Fermi level and minimum
hopping distance are estimated from ac conductivity data.

© 2009 Trade Sciencelnc. - INDIA

INTRODUCTION

Organic materia sexhibiting semiconducting prop-
ertiesaretechnologically important asan dternaiveto
inorganic semiconductors, e.g. Si, GaAs, etc.lt. Or-
ganic semiconductors (OSCs) aresuccessfully usedin
transistorg?®, el ectroluminescence, light emitting di-
odes™, laserg®, active pixelscolour display'™, etc. In
OSCsfreeéectron-hole pairsare generated from ther-
mal and/or photon excitationwhich alow carrier trans-
port. OSCs show the characteristic feature of being
rich of n-orbitals. Theseorbitasgiveriseto statesde-
localized over thesingle macromolecule. Thedectron
transport propertiesin organic compoundsare mainly
dueto theweak interaction among z-orbitals of differ-
ent macromolecules. Inrecent years, thecharge carrier

transport properties and chargeinjection mechanisms
in OSCshavereceived considerable attention asthey
follow different aspectsof conduction mechanism. Also,
they have capability to support e ectronic conduction.
Thisisbecausetransport of thechargecarriersat dc or
at very low frequenciesrequiresakind of percolation
network of trangtion, inwhichtheweakest links (intra-
chain connection) determine magnitude of the conduc-
tivity®®. At higher frequencies, the charge carriersbe-
comelocalizedinsmal regionsof low energy barrier®.
Therefore, complex impedance spectroscopy technique
iscons dered to be an appropriate and effectivetool to
understand the chargetransport, dielectric relaxation
and conduction mechanismsin OSCg*. The charge
transport in OSCs can be dueto the charge displace-
ment, dipole reorientation (charge hopping) and space
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chargeformation™!. Chargetransport process causes
anumber of different polari zation mechanismsthat re-
sultsfrequency dispersion or inthe materialsunder an
acfidd®. Extensveliteraturesurvey indicated that only
afew experimentd resultson el ectrica impedancestudy
of OSCshavebeen reported so far>*18, |nthiswork,
ac electrica responseof organic mixtureanthraguinine-
0.6% alizarin (abbreviated hereafter AQAL) hasbeen
reported. The conduction mechanismand dielectricre-
laxation havea so been evaluated.

EXPERIMENTAL

The AR grade anthraquinone and 0.6% alizarin
(NBSBiologicas, England) by weight weremixed and
pressed into acircular disc shaped pellets (diameter
9.98 mm and thickness 1.22 mm) under auniaxid stress
of 5 MPa. The pelletswere then heated at 150°C for
2hrs. Thed ectrica measurementswerecarried out on
asymmetrical cdl of typeAg| AQAL| Ag, whereAgis
aconductive paint coated on either side of the pellet.
Electricd impedance (2), phaseangle (0) andlosstan-
gent (tand) were measured as afunction of frequency
(0.1 kHz-1 MHz) at different temperatures (30°C-
110°C) using acomputer-controlled LCR Hi-Tester
(HIOKI 3532-50, Japan) with amicroprocessor based
low temperaturefurnace (DPI-1100), Sartech Intl. In-
dia

RESULTSAND DISCUSSION

Figures 1 and 2 respectively, show thefrequency
dependenceof didectric constant (¢) and dielectricloss
(tand) at several temperatures. Plotsillustratethein-
versedependencedf € on frequency. Also, thelossspec-
trum showsapeak at al thetemperatures. Theroom
temperature value of € and tand at 1 kHz werefound
respectively to be 214 and 0.63. Further, both the pat-
tern presentsthedispersoninthelower frequency. This
isdueto thefact that dipoles can no longer follow the
fidldat high frequencies. Further, itisobserved that the
values of both ¢ and tand increases up to 50°C and
then they decreases (inset figures 1 and 2) i.e. system
showsphasetrangtion, T_from semiconductingto con-
ducting state*?%, Thegradud fall inthevaueshboth ¢
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Figure1: Frequency dependenceof dielectric constant of

anthraquinone-0.6% alizarin at different temperatures.

Inset: Variation of e with temperatureat 1kHzand IMHz
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Figure2: Frequency dependenceof tand of anthr aquinone-
0.6% alizarin at different temperatures. Inset: Variation
of tand with temperatureat 1IkHzand IMHz

0.1

and tand with temperature may possibly bedueto the
electrica conductivity of themateria sthat modifiesthe
value of the capacitance asthetemperatureincreases.
Besides, itisknown that there are pronounced effect of
frequency aswell astemperature onthedectrica con-
duction and dielectric relaxationsof amateria. Also,
thelosstangentinasystemisdefinedastand =¢" / ¢’
wheree' isreal and €” isimaginary part of dielectric
constant. Itisevident from figure 2 that at |oss spec-
trum consistsof two components: theconductivity re-
sponse of free charges (i.e. €” = o/we) and the fre-
guency dependent polari zationlossresponse of dipoles
(relaxation part). Therefore, thecompletedieectricre-
sponsein such case, can beexpressed as:
e=¢-i(e"+o/0e,)

Figures 3and 4 respectively, show respectively the

Au Tudian Yourual



MSAIJ, 5(1) January 2009

K.Prasad et al. 31

Z'(MQ)
[

B R T T T, R T R
Frequency (kHZ)

Figure3: Freguency dependenceof real part of impedance

of anthraquinone-0.6% alizarin at different temperatures.

Inset: Temperaturedependenceof real part of impedance

at lkHzand IMHz
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Figure4: Frequency dependenceof imaginary part of im-
pedanceof anthraquinone-0.6% alizarin at different tem-
peratures. | nset: Temper aturedependence of imaginary
part of impedanceat 1kHzand IMHz
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Figure5: Complex impedance plots of anthraquinone-
0.6% alizarin at different temperatures. Inset 1: Varia-
tion of R, and C, with temperature. Inset 2: Appropriate
equivalent electrical circuit
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variaionof thered (Z') andimaginary (Z'") part of im-
pedance with frequency at different temperature. Itis
observed that themagnitudeof Z' decreasesonincreas-
ing frequency. Inset of figures3 and 4 respectively, dis-
play that thevalue of Z’ decreaseswith temperature up
to 50°C and afterwardsit increases. Thisindicatesa
trangtion form the semiconducting stateto the conduct-
ing state. Thisresultisin consistent with thedielectric
studies. Thevadueof Z' decreaseswith riseintempera-
tureshow negetivetemperature coefficient of res stance
(NTCR) type behavior of AQAL. In other words,
curvesdisplay anincreasein ac conductivity withthe
increasein temperature (up to 50°C) and frequency.
Thisresult may berelated to therd ease of spacecharge
asaresult of reductioninthebarrier propertiesof ma-
terid with theriseintemperatureand may bearespon-
siblefactor for the enhancement of ac conductivity of
materid withtemperaureat higher frequencies Theloss
spectrum (Figure4) is characterized by someimpor-
tant featuresin the pattern, suchas(i) adecreasein Z"
without any peak intheinvestigated frequency rangeat
high temperatures (> 60°C), (ii) appearance of small
peak (Z" ) intheloss spectrum (up to 60°C), (iii)
typica asymmetric pesk broadeningwiththeriseintem-
peratureand (iv) thevaluesof 2" decreaseand shift
to higher frequencieswith theincreasing temperature.
The asymmetric broadening of peaksinfrequency ex-
plicit plotsof Z" suggeststhat thereisaspread of re-
|axation timesi.e. the existence of atemperature de-
pendent electrical rel axation phenomenoninthemate-
ria®3. The spreading isindicated by thewidth of the
curves. Themerger of Z' (Figure3) aswell asZ"" (Fig-
ure4) va uesin thehigh frequency region may possibly
bean indication of the accumulation of spacechargein
thematerid.

Figure 5 showsthe compl ex impedance spectrum
of AQAL measured at different temperature. Itisob-
served that the complex impedance dataisrepresented
by depressed semicircle(i.e. centersof semicirclelie
bel ow theabsci ssaaxis) in semiconductingregion (solid
symbols). TheDebye’s expression is modified in such
situation by introducing afactor n. Thismodification
leadsto the Cole-Cole empirical behaviour described
by thefollowing equation*4:

Z (0)=Z'+iZ2" =R/[1+(io/ wy)*™"] (1)
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where n represents the magnitude of the departure of
theeectrical responsefrom anided conditionand can
be determined from thelocation of the center of the
Cole-Colecircles. Thisequation showsthat the center
of the semicircleobtained by dataplottinginthe com-
plex planeislocated below thered axisindicatesthe
polydispersive non-Debyetype diel ectric rel axation.
When n goesto zero{i.e. (1-n)—1}, Eqn.(1) reduces
totheclassica Debye’s formalism where center of the
semicircleshouldlieonthered Z'- axis. Least squares
fitting to the complex impedance datagivetheva ue of
n>0 at all thetemperatures, suggesting thedielectric
relaxation to be of non-Debyetype. Thismay happens
duetothepresenceof distributed eementsin themate-
rid-electrode system*! that resultsinthedeviation from
thepuresemicirclein complex impedanceplots. This
indicatesthat Ag IAQAL| Agstructurebehavesasnon-
ideal at these temperatures. Further, from 60°C on-
wards, the dope of the curvesincreasesand bend to-
wards Z"-axisindicating decreasein conductivity with
theriseintemperature. Theresistanceof bulk (R) can
directly be obtained fromtheintercept onthe Z'- axis.
Thebulk capacitances (C,) can beca culated using the
relaion:

ot =R C =1 2
where o istheangular frequency at the maximaof the
semicircleand t, isthebulk relaxationtime. Itisseen
frominset 1 of figureSthat thevalue of R, decreases
increaseintemperatureindicating NTCR character of
AQAL whileC, richesamaxima Theimpedancedata
at low temperature are represented by a semicircle
which do not startswith origin (~1k<2).

Thecircuit equivalent to this can be gpproximated
by aparallel arrangement of R, and C, with aseries
resistance (inset 2figure5). Also, itisobserved that the
vaueof o increaseswhilet, decreaseswiththerisein
temperature (inset Figure 6). Thebulk dc conductivity
wascdculated usingthereation:
c,.=1/SR, €)
wherel isthethicknessand Sisthe surfaceareaof the
specimen. Theactivation energy isestimated fromthe
variation of 6, asafunctionof 10%T (Figure6). The
conductivity of an organic semiconductor isexpressed
aéZl]:

6, =0, exp(-E/2k.T) 4
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Figure6: Temper aturedependenceof bulk dc conductivity
of anthraquinone-0.6% alizarin. Inset: Variation of o
andt, with temper aturelnset: Variation of g with temper a-
tureat 1IkHzand IMHz
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Figure7: Normalized Z", ¢” and M " with frequency for
anthraquinone-0.6% alizarin at 50°C

where s isaconstant, E, isthedifferencein energy
between the highest point in the valance band and the
lowest point of conductionband, k;, isthe Boltzmann
constant and T isthe absol ute temperature. A leaner
least squaresfitting of the experimental datato Eq.(4)
giventhevaueof Eg =0.57eV.

Figure 7 showsthevariation of scaled parameters
z'lz"_..€"le"  andM"IM" ) withfrequency at
50°C, where " istheimaginary part of dielectric con-
stant. It can be seenthat the pesks are not occurring at
thesamefrequency (f,-<f.-<fy-). Themagnitudeof mis-
match between the peaks of these parametersrepre-
sentsachangein the apparent polarization. Theover-
lapping of peaksisan evidenceof long-range conduc-
tivity whereasthe differenceisanindicative of short-
range conductivity (viahopping typeof mechanism)i,
Thevalue of FWHM (full width at half maximum) is
found to be> 1.14 decades. These observationsindi-
catethat thedistributionfunction for relaxationtimesis
nearly temperatureindependent with non-exponentia
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conductivity relaxation. Thisphenomenoniswell de-
fined by anon-Debyetyperelaxation governed by the
relaion:

o(t) = expl~(t/ 1)1 ; (0<B<1) ®)
where (t) standsfor time eva uation of eectricfield
withinsample, theconductivity relaxationtime, 3 is
the Kohlrausch exponent. Thesmaller thevalue of
larger thedeviation of relaxationwith respect to Debye
typerelaxation (p =1).

A non-exponentia typeconductivity relaxation gov-
erned by the Eq.(5) suggeststhe possibility of ion mi-
gration that takes place viahopping accompanied by a
consequentia time-dependent mobility of other charge
carriersof the sametypeinthevicinity occurs.

Theacelectrical conductivity was obtained in ac-
cordancewiththefollowing rel ation:

o, =(/9).G(w) (6)

where G(w) isthe conductance. Thelog-log plot of
electrica conductivity versusfrequency at different tem-
perature (Figure 8) shows strong dependence on fre-
guency aswell astemperature. Also, the plotsshow an
onset in semiconducting state with two different posi-
tiveslopes(region| andll) indicating that o increases
with frequency. Thetotal ac conductivity of the com-
pound cantherefore, bewrittenasc_=c,(0) + 6, (®).

Thesearedueto two different conduction mecha-
nisms, described by o, (prevailinginregionl) and o,
(prevailinginregion ). Also, theonset shiftstowards
higher sdewiththeriseintemperature. Thefrequency
variation of ¢_ foundto obey universal behaviour:

6, =Aw’ 7

With0<s<1andw is angular frequency of ap-
plied acfield, inthefrequency sensitiveregion. Wefind
thevalue of sto decreasewith theincreasing tempera-
turein semiconducting state and then it increases (inset
figure8). Themodd based on classica hopping of eec-
tronsover barrier?® predictsadecreasein theva ue of
theindex swith theincreaseintemperatureand sofound
to becons stent withtheexperimental results. Thus, the
classical hopping of el ectrons may bethe dominating
mechanism in the system. Thisindicatesthat the con-
duction processisathermally activated process.

Figure 9 showsthetemperature dependence of ac
conductivity. Thenatureof variationisalmost linear, in
semiconductingregionandthevalueof E =0.42eV a
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Figure8: Variation of ac conductivity with frequency at
different temperatur esfor anthraquinone-0.6% alizarin.
Inset: Variation of index ‘s’and W with temperature
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Figure9: Temperatur e dependence of ac conductivity of

anthraquinone-0.6% alizarin at 1kHz
1kHz obtained by least squaresfitting of the datain
semiconducting regionusing Eq.(4). Also, adecrease
inthevalueof E, (= 0.052¢eV at 1IMHz) hasbeen ob-
served. Thelow vaueof activation energy may bedue
tothecarrier transport through hopping betweenlocd -
ized statesin disordered manner. Theselocdized states
may bethe clustersof impurity ionsand/or structural
defects.

Using correlated barrier hopping (CBH) model?4,

thebinding energy has been cd culated according tothe
followingequation:

s=1-P t)
where
B=6k,T/W_ 9)

whereW _isthebinding energy, whichisdefined asthe
energy required to remove an e ectron completely from
onestetotheanother site. The characteristic decrease
indope (inset figure 8) with therisein temperatureis
dueto thedecreasein binding energy asillustrated in
inset figure 8. From the val ues of the binding energy
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minimum hopping distanceR . iscal culated®:
R .. =2€¢/me e Wm (10)

wheree_isthe permittivity of free space and eisthe
electroniccharge. Figure10illustratestha R | increases
with theincreasein frequency at all thetemperatures.
Figure 11 showsthevariationof R . withtemperature
at variousfrequencies. It isobserved that the val ues of

R .. decreasesup to transition temperatureand thenit

Rmin ( nm)

3 o i 1000
Frequency (H2)
Figurel0: Frequency dependenceof R . of anthraquinone-

0.6% alizarin at different temperatures

0

Startsincreasing and at higher temperaturesR . again
decreases.

Inthehopping model sac conductivity behaviour in
the higher frequency region wherethe conductivity in-
creasesthe chargetransport isdominated by contribu-
tionfromhoppinginfiniteclusters.

Theac conductivity datahave been used to eva u-
atethedensity of statesat Fermi level N(E,) usingthe
relaion®:

64(@) = (r/ 0k g T{N(E( )} *{In(f, /@)}*  (11)

wheref_the photon frequency and o is the localized
wavefunction, assumingf =10"Hz, o =10°"m*at
various operating frequenciesand temperatures. Fig-
ure 12 shows the Frequency dependence of N(E,) at
different temperature. It can be seen that the value of
N(E,) decreaseswiththeincreasein operating frequency
in semiconducting region and afterwards plots show
minimawhich ultimately vanishesat higher temperatures
and dartsincreasingwith theincreasein frequency. Fig-
ure 13illustratesthe variation of N(E,) with tempera-
tureat different frequency. It isseen that the plots show
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Figure13: Temper aturedependenceof density of stateat

Fermi level of anthraquinone-0.6% alizarin at different

temperatures

transitioni.e. thevalueof N(E) increaseswiththerise
intemperaturein semiconducting regionandthenit de-
creases. Thisresultisin consistent withthedielectric
and impedance studies.

CONCLUSIONS

Thiswork reportstheresultsof our investigation
on the electrical properties of organic mixture an-
thraquinone-0.6% dizarin, an-conjugated organic semi-
conductor, using complex impedance spectroscopy
technique. The experimental resultsindicatethat the
compound exhibits(i) theNTCR character, (ii) atran-
gtionfromsemiconducting to conducting state, (iii) tem-
perature-dependent rel axation phenomena, and (iv) non-
Debyetypedielectric relaxation. Theac conductivity
obeysthepower law and thedispersionin conductivity
was observed in thelower frequency region. Also, the
frequency dependent ac conductivity at different tem-
peraturesindicated that the conduction processisther-
mally activated process. Theactivation energy and den-
Sty of statesat Fermi level have been estimated from
ac conductivity. Also, the system supports correlated
barrier hoppingmodd. Modulusanaysishasindicated
thepossibility of hopping mechanismfor dectricd trans-
port processesin the syslemwith non-exponentia-type
conductivity relaxation.
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