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Abstract. The electrical mnductivities of FeUl-doped polypyrrole samples with different 
dopant concentrations have been measured in the tempenture range 25-300 K. Thermoelectric 
power mea+urements have been performed on two polypyrmle samples at low doping levels 
between 50 and 300 K. The variation in DC conductivity can be explained by Monk vasiable- 
range hopping (VRH) model. Fitting with MOD’S YRH theory. the conductivity data provide the 
values of the density N ( € F )  of states at the Fermi level and the hopping distance R. The low 
value and the sublinear character of the themoelechic power is consistent with the VRH theory. 

1. Introduction 

Recently the synthesis and characterization of conducting polymers [ l ]  have received much 
attention from scientists because of the possibility of their wide application in solid state 
devices [Z]. The conductivity of this intrinsically insulating material can be varied over 
a wide range by doping and is influenced by the dopant, the doping level, the synthesis 
processes and the temperature range of measurement [3-111. Polypyrrole is a conjugated 
polymer based on an aromatic ring with a band of 2.5 eV. It has a conduction band of 
3.8 eV created by the delocalized electrons of the unpaired Zp, orbitals of the carbon atoms 
in the chain and has non-degenerate ground states [IZ]. Doped polypyrrole has similarity 
with a three-dimensional disordered system in respect of the structure and morphology. 
Theoretical [13-151 and experimental [16-191 studies provide evidence for the creation of 
polaron and bipolaron defects in polypyrrole by doping. The polaron state having 4 spin is 
characterized by an ESR signal due to the enhancement of the spin concentration in in-situ 
ESR measurements [17] and by three optical absorption peaks [18] at 0.7, 1.4 and 2..l eV 
within the band region. Two of the optical peaks appear from the transition between the 
valence band and the bonding and antibonding levels whereas the transition between the 
bonding and antibonding polaron levels gives rise to a third peak. The third optical peak 
is absent in the bipolaron state since the bonding level remains vacant. Moreover, the ESR 
signal will be absent because the spin of the bipolaron state is zero. Up to the intermediate 
doping level, polaron formation has recently been established [I81 but, as the level of doping 
increases, both polarons and bipolarons may also be formed. A decisive conclusion about 
the transport mechanism in polypynole has not yet been drawn owing to the persistent 
structural disorder. It may be due to polarons or bipolarons in the polymer chain, to a 
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transition between chains, to hopping between localized states or to fluctuation-induced 
tunnelling, depending upon the temperature range or the existence of metallic regions. At 
present the highest room-temperature conductivity (u&nx) 7 I@ S cm-') is obtained 
in the case of stretched oriented polyacetylene film doped with FeCI3 and iodine [20,21]. 
Compared with FeCI3-doped polyacetylene, FeCI3-doped polypyrroIe has not attracted much 
attention. Pron et a1 [22] have reported that polypyrrole can be prepared chemically using 
the FeCI3 method. They assigned the anion famed in the reaction as a high-spin Fe(J.I) 
species FeCl; from the room-temperature Mbssbauer spectroscopic studies. The isomer 
shift is identical and typical of FeCI;. The motivation for this study is to investigate the 
temperature dependences of the conductivity and thennoelectric power (TEP) of polypyrrole 
doped with FeC13 and to draw a correlation between the variation in conduction mechanism 
with the doping level. 

2. Experimental details 

2.1. Preparation of polypyrrole samples 

Pyrrole (E Merck, Germany) employed as a monomer is distilled, purified and kept in an 
inert atmosphere prior to use. Polypyrrole samples having different dopant concentrations 
were prepared using different concentrations of FeCl3 (SD Fine Chemicals Ltd) solutions 
namely 0.75 M, 0.5 M, 0.25 M, 0.1 M and 0.04 M. The pyrrole concentration was always 
maintained at 0.05 M. To the 100 ml FeCl, solutions in a beaker pyrrole was added dropwise 
with constant stirring. Polymerization took place almost instantly at room temperature. 
After about I +  h the black precipitate of polypyrrole was separated from the solution. The 
precipitate was washed thoroughly with water until complete removal of the adhered Fe"+ 
and thcn dried under vacuum for 25 h. 

2.2. Measurement technique of resistivity and thermoelectric power 

The pellet of polymer was made by pressing in a Perkin-Elmer die. The pressed pellets 
were used to measure the electrical conductivity in the temperature range 25-300 K. The 
temperature-dependent resistivities of the samples were measured with the standard four- 
probe technique using silver paint contacts. A constant DC (about 1-3 mA) from a Lakeshore 
cryotonics model 120 constant-current source was passed through the sample and the voltage 
drop across the sample was measured with a Keithley model 181 nanovoltmeter. The 
current level was kept low to avoid heating of the electrical contact. The low-temperature 
measurement was performed using an Oxford model 22 closed-cycle helium refrigerator. 
The sample temperature was measured with a chromel-alumel thermocouple placed very 
near the sample. A calibrated Si diode was attached to the sample holder to act as the 
sensor. The temperature was controlled using a Lakeshore cryotonics model DTCSOOA 
temperature controller. 

The TEP of polypyrrole samples was measured using a differential technique where a 
temperature gradient was created across the sample and the voltage A E  developed between 
the hot and cold ends of the thermocouple formed by the sample and Cu wires was measured. 
Two heaters were used (one at the top and the other at the bottom of the sample) so 
that either end of the sample may be heated with respect to the other. The temperature 
difference AT between two ends of the sample was kept in the range 10.5 K throughout 
the measured temperature range (77-300 K). The temperature and temperature difference 
across the sample were measured with chromel-alumel thermocouples. Pressed pellets of 
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polypyrrole were mounted by pressure contact between the copper plates using silver paint 
and the whole system was placed in a glass Dewar. The sample temperature was controlled 
with a Si diode and a manganin heater. At each measurement the lemperature of the sample 
was fixed using a temperature controller (Lakeshore myotonic model DRC-93CA). At a 
particular temperature the values of A E  and AT were recorded with the x-y recorder and 
the TEP S of the sample was calculated from the slope of the A E  versus AT curve using 
the following relation: 

A E  scu - s 
AT schrome~ - Sa~umet. 
-= 

3. Results and discussion 

Mott I231 and Mott and Davis [241 (see also [ZS]) proposed a model for the phonon- 
activated variable-range hopping (VRH) between localized states irrespective of the presence 
and absence of polarons. Electrons interact very strongly with the dopant ions in the polymer 
crystal through an electrostatic interaction. Thus the polymer lattice itself will become 
deformed by the presence of the electrons. This results in the formation of polarons in 
localized states. Our data can be fitted much more reliably with the vRH model according 
to which the conductivity can be expressed as 

where the exponent n gives the dimensionality of the charge transporf in the solid. The value 
of n is 3 for two-dimensional and 4 for three-dimensional transport. To is the characteristic 
temperature. 

In the case. of threedimensional transport, To and uo are expressed as [26,27] 

and 

where R is the average hopping distance, vo is the phonon frequency, k is the Boltzmann 
constant, ci is the inverse localization length and N ( + )  is the density of states at the Fermi 
level. Here h represents a dimensionless constant (about 18.1) [26,28-301. 

The hopping distance R may be expressed as 

(4) 

Considering the VRH model, Epstein et al [31] gave an expression relating U and T in three 
dimensions as 
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where 

To = 1 h 3 / k N ( € ~ )  (6) 

and 

KO = 0.39[N(~~)/olk]"~voe~. (7) 

We have studied five samples prepared with different concentrations of FeCI?. namely 
n = 0.04 M, 0.1 M, 0.25 M, 0.5 M and 0.75 M, which ace referred to hereafter as 
samples A,, Az, Ay, & and AS, respectively. The temperaturedependent behaviour of 
the resistivity was studied in the temperature range 25-300 K and the EPS of samples AI 
and A2 were measured in the temperature range 50 K < T < 300 K. In the case of OUT 
polycrystalline samples we obtain a conductivity much less than that obtained by others 
for polypyrrole films. The properties of polycrystalline material are different from those of 
single crystals. This properly variation is generally attributed to the grain boundaries, i.e. 
to the localized defects which separate the grains of different orientations, rather than to 
the differences in the orientations themselves 132-341. The comparatively large value of 
resistivity obtained for our samples may arise from the random orientation of microcrystals 
and their weak coupling through the grain boundary. The influence of the grain boundaries 
may also have a marked effect on our E P  measurements. Considering equation (1) for 
u(T)  in Matt's VRH theory the activation energy may be expressed as 

-3.00 

- 
W 

m - -1.00 
0 
-f 

-5.00 
3.00 1.00 5.00 6.0 0 

Log ( T I  
Figure 1, Hill plot showing the change in In E ( E  is the activation energy) os a function of 
In T. 
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Figure 2. Variation in lnb a B function of T-'I4 for different samples. 

A Hill [35] plot (In E versus In T curve) is shown in figure 1 which is a straight line of 
gadient -(l/n - 1). This plot actually presents the effect of the different levels of doping 
od the conductivity. The value of n may change from n = 4 for various reasons such as 
variation in dimensionality, spatial inhomogeneities or variation in the density of states with 
energy. From the gradient of the straight line the value of n is determined. It is found that 
for all the samples the value of n is 4. So the Hill plot indicates that the three-dimensional 
VRH mechanism plays an important role in the conduction process in our samples. We 
analysed our conductivity data in the light of the VRH theory with n = 4. In figure 2 
we plotted Ina  versus T-'I4 together with the theoretical fit curve. It is observed that the 
curve is linear for all the samples although the range of temperatures for linearity varies. To 
avoid unrealistic parameters we used guessed values of TO and for fitting from the slope 
and intercept, respectively, of the experimental conductivity curves presented in figure 2. 
Table 1 represents the different parameters obtained by fitting with Mott's VRH theory. Here 
we have assumed that the localization length E - ]  of localized electrons is about four pyrrole 
rings [15]. From the calculation of the energetics of polaron and bipolaron formation on 
polypyrrole chains, Bredas et a1 [15] showed that the formation of a bipolaron is favoured 
over that of two polarons by 0.45 eV and the bipolaron length extends to about four pyrrole 
rings. According to Ehring and Roth [37] the,vRH theory becomes valid when at low 
temperatures the condition (T0/T)'l4 >> 10 is fulfilled. Mott and Davis derived the VRH 
theory on the assumption that the wavefunction becomes localized in a small area of the 
system. The values of (G/T)'I4 obtained here are 6-10. The small values obtained in 
this case indicates delocalization of the wavefunction in polypyrrole as seen by Bredas et 
al [15]. We also fitted the data with Epstein's model, but the fit is not so good as for 
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Mott's VRH model. Figure 3 presents the ln(T2a) versus T-]I4 plot. The slope Td" and 
hence TO obtained by fitting with equation (1) are plotted in figure 4. The plot shows a 
systematic increase in TO with increasing dopant concentration. From equation (2) it is seen 
that the value of TO depends largely on the localization length and the density of states at 
the Fermi Ievel. The variation in these two parameters in the system with different dopant 
concentrations may induce change in the value of TO. The value of N(+) found here is in 
agreement with the other experimental values obtained by different experimental techniques 
[38]. It is found that the values of N ( E F )  and Ro change with the dopant concentration. 
This may be due to the arbitrary choice of the localization length a-] = 10 A for the 
samples. From equation (3) the value of the hopping frequency uo is calculated and found 
to be about 10" s-]. 

5.0 

0.0 

- 5.0 

-10.0 
0.20 0.30 0.LO 050 

Figure 3. Plot ofln(oT'12) " e m s  T - w  - --, theoretid c w e  fitting with Epstein's formula. 

Table 1. Variable-nnge hopping parameters for three-dimensional hopping in FeCIrdoped 
polypynole. 

Density of sutes Hopping distance 
Chmcteristic temperature ~ ( s )  (a-] = IO A) Rax] (a-] = IO A) 

Sample l i b  (K) (ev-l cm-3) A 

A2 460050 4.566 x IOz" 23.47 
A3 989474 2.123 x IO2" 28.43 

AI 169985 1.236 x IOz' 32.54 

A4 2216717 9.476 x l0ly 1956 
AS 3 471 484 6.044 x IOLy 38.92 
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Figure 4. Characteristic temperature To versus doping concenmtion. 
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Figure 5. Vaiarion in thermopower S with square mc (T1f2) of temperature. 

The TEP measurement is an extremely useful probe for investigating the intrinsic 
electronic conduction mechanism of the system. The contribution of the hopping mechanism 
is also suggested by the measurement of the TEP. According to Mott’s VRH theory the TEP 
can be expressed as 124,391 

S(T) = (k2/2e)(ToT)’/Z d(lnN)/d&,, (9) 

i.e. the TEP is approximately proportional to (T) ’ j2 .  Here is the parameter appearing in 
the Mott’s VRH law for the conductivity. The TEP at room temperature is 10.20 pV K-’ 
for sample AI and 9.17 ~ L V  K-]  for sample Az.  The observation of low TEP values is 
consistent with the VRH theory. The TEP presents a non-linear behaviour with the variation 
in temperature and in both the cases the TEP decreases with decrease in temperature. In 
figure 5 we have plotted the TEP against TI/’ which gives a linear curve, indicating that 
the VRH model is applicable here. To bring the two TEP curves into the same figure we 
have added 0.5 to all the TEP values for sample Al .  From the slope of the curve the value 
of dun N)/de is determined to be 2.8 eV-’ for sample A1 and 1.5 eV-’ for sample A2. 
In our samples the contribution from hopping becomes predominant and a linear metal-like 
component is absent. The magnitude of the TEP is largely consistent with the values for 
semiconductive polymers. It is found that the nature of the TEP does not change with the 
dopant concentration. 
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4. Conclusion 

We have measured the DC conductivity of FeC13-doped polypyrrole in the temperature range 
25 K < T < 300 K and TEP between 50 and 300 K. The temperature dependence can be 
explained well using the VRH developed by Mott and Davis where the polaronic hopping 
plays the dominant role in the transport process. The parameters obtained from the VRH 
model are in good agreement with those obtained by other experimental techniques. The 
contribution of the hopping mechanism is also suggested by the measurement of the TEP. 
The TEP decreases with decrease in temperature. This observation is in good agreement with 
that in the case of the interchain conduction by hopping carrier. So Mott's VRH mechanism 
plays an important role in the conduction mechanism fbr doped polypyrrole in the insulating 
regime, and both sets of results presented here appear to be consistent with the model of 
an amorphous semiconductor. 
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