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We studied the complex conductivity of regioregular poly�3-hexylthiophene� �P3HT� in the temperature
range between 193–333 K �−80 °C to 60 °C� and in the frequency range from the direct current �dc� to 12
GHz. The identified relaxation process was investigated by quasielastic neutron scattering �QENS�. The di-
electric loss peak extracted from complex conductivity corresponds to local molecular motions having an
activation energy of about 9 kJ/mol, which agrees well with the QENS results. The molecular motions of the
hexyl side groups in poly�3-hexylthiophene� contribute to this relaxation process in P3HT, which is coupled
with a cooperative charge transport along the P3HT chains. In the cutoff frequency range, the real part of
complex conductivity ���� gradually transitions to a frequency-independent conductivity ���� �, which is ther-
mally activated. The activation energy of �� at 50 MHz is about 80 meV. In comparison, the activation energy
of the dc conductivity, �0, is larger, about 280 meV, while the value of �0, is many orders of magnitude smaller
than ��� We conclude that the local relaxation of the hexyl side groups contribute to a topological disorder in
the polymer structure. As a consequence the energy barriers of the charge transport increase and the conduc-
tivity decreases. At 190 K the conductivity decreases from the disorder-free ��� of approximately
5�10−4 S /m to �0 of about 1�10−9 S /m.
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I. INTRODUCTION

Organic semiconductors have generated great interest due
to their potential use in thin-film transistors, light-emitting
diodes, photoelectrical cells, and other electronic
applications.1–3 Development of these materials has revealed
some unique electrical and processing characteristics. Func-
tionalized polythiophenes exemplify the feasibility of
achieving desired properties by tailoring chemical structures.
For example, ambipolar transport was achieved in a thin-film
transistor using a quinoid oligothiophene derivative.4 Like-
wise, a hybrid semiconductor composed of thiophene and
acene molecules showed improved environmental stability
and increased mobility.5 Oligothiophenes and poly-
thiophenes, including poly�3-hexylthiophene� �P3HT�, show
some of the highest carrier mobilities among organic elec-
tronic materials.6,7 Studies of P3HT reveal a tendency to self-
organization by forming a semicrystalline domain embedded
in an amorphous matrix.8 In comparison to polyacenes, the
backbone structure of polythiophenes is less rigid, with the
additional flexibility arising from the torsional motion of its
thiophene rings.9 As a result, polythiophene shows larger de-
viation from planarity and lower hole mobility along chains
than poly�phenylene vinylene�.10,11 In P3HT, besides inter-
ring torsional motion, the mobility of the hexyl pendant
group introduces additional complexity to the charge trans-
port that becomes coupled with conformational dynamics
and dielectric relaxation. Relaxation of electronic states
coupled to low-energy interring torsional motions results in
low-frequency relaxation11,12 which apparently occurs coop-
eratively. This, unfortunately, makes it difficult to separate
the relaxation process of molecular reorientation from polar-
ization of the relatively low-mobility charge carriers.

The frequency dependence of conductance has significant
implications on the performance of devices such as field-
effect transistors �FET� �Ref. 13� and metal-insulator-

semiconductor �MIS� memory cells,14,15 all of which require
alternating current �ac� operation. In the case of MIS capaci-
tors, with a P3HT film as the active semiconductor, Taylor et
al.15 extracted the complex admittance of P3HT from an
equivalent circuit model of the device in the accumulation
and depletion states. In the case of FET, Lenski et al.13 used
a resistance capacitance �RC� transmission line model to ex-
tract the frequency-dependent complex conductance of the
pentacene film as an active semiconductor. These two ap-
proaches give model-dependent solutions, which require a
number of adjustable parameters and simplifying
assumptions.13,15

In this paper, we choose P3HT as a representative organic
semiconducting material, for which we quantify the intrinsic
direct current �dc� and ac conductivity and the dielectric re-
laxation response, directly. We analyze the relaxation behav-
ior of the side chains in P3HT by employing quasielastic
neutron scattering �QENS�.16,17 The QENS technique takes
advantage of the relatively large incoherent-scattering cross
section of hydrogen atoms, which are located predominantly
on the pendant hexyl group. Our measurements and analysis
technique seeks to improve the fundamental understanding
of the dielectric and conductivity properties of organic semi-
conducting materials in the broad frequency range.

II. MATERIALS AND MEASUREMENTS

High-purity �99.995%� poly�3-hexylthiophene� with a
molecular weight of about 40 kD and head-to-tail regioregu-
larity �99% was obtained from Plextronics in form of flakes
and was used during analysis without further purification.
Differential scanning calorimetry �DSC� thermograms taken
under nitrogen during heating at a rate of 10 K/min showed
a melting temperature of about 242 °C with recrystallization
upon cooling at about 193 °C. These results are consistent
with the semicrystalline structure of P3HT.18–20 In the tem-
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perature range between −80 °C and 70 °C, where our elec-
trical measurements take place, the DSC thermo grams do
not reveal any apparent glass transition. In the case of regio-
regular P3HT the amount of the amorphous phase is consid-
ered very small and the heat capacity from a glass transition
is hardly visible in DCS.19 We note that thermal annealing
and processing from solution considerably affect the mor-
phology of P3HT. Depending on the thermal history, regio-
regularity, synthetic route, molecular weight and processing
conditions, P3HT films may show glassylike transitions
from nonequilibrium structures in a broad range of
temperatures.21,22

For the electrical measurements, ohmic contacts were
made with gold electrodes. The gold electrodes, with a diam-
eter of 3.0 mm and a thickness of 0.1 �m, were evaporated
in vacuum on both sides of the P3HT films. The thickness of
the films was between 40 �m and 50 �m, measured with
an uncertainty of �1 �m. To avoid oxygen doping and
moisture contamination all samples were handled either un-
der a nitrogen or argon inert-gas atmosphere in a dry box.
The measurements were carried out at isothermal conditions
in a temperature range of 333–193 K �+60 °C to −80 °C�.
Each constant temperature was reached during cooling from
70 °C at a rate of 0.5 °C /min. During the measurements,
the specimen temperature was controlled to within �0.5 K.
The direct constant current �dc� conductivity �0 was deter-
mined from the linear and symmetric current-voltage �I-V�
characteristics measured by sourcing a small current using a
Keithley-6360 source meter. The constant current was in-
creased in steps, each having duration of about 2 s. The
conductivity �0 was determined from the slope of the I-V
plots, I=�0

A
d V, where d is the sample thickness and A rep-

resents the area of the top electrode. The voltage drop maxi-
mum was kept within �1 V. The temperature-dependent �0
results are shown in Table I. In the frequency range of 40 Hz
to 100 MHz, measurements of complex impedance, Z�, �im-

pedance magnitude �Z�� and phase angle �� were carried out
using an Agilent 4294A Precision Impedance Analyzer at the
oscillator amplitude of �500 mV. At higher frequencies, in
the range of 100 MHz to 12 GHz, the complex impedance Z�

was obtained from one-port measurements of the scattering
parameter, S11 using a HP 8720D vector network
analyzer,23,24 Z�=Z0�1+S11� / �1−S11�, where Z0=50 � is the
characteristic impedance of the standard transmission line.
The combined relative experimental uncertainty of the mea-
sured complex impedance magnitude was within 4% while
the experimental resolution of the phase-angle measurements
was within 0.5°.

The complex conductivity, ��=��+ j��, was obtained
from the measured complex impedance, Z�, normalized by
the geometry of the test specimen,

�� =
d

Z�A
, �1�

where d is again the sample thickness and A represents
the area of the top electrode. The complex conductivity of
molecular solids, such as organic semiconductors, can be
analyzed in terms of the lumped element model, in which the
conducting and dielectric properties are represented by a net-
work of idealized resistors, R, and capacitors with complex
capacitance, C� The equivalent complex admittance, Y�, is
the sum of the admittances of these two elements, shown
below25–27

Y� = 1/R + j	C�. �2�

Accordingly, the complex conductivity, ��, of a specimen
with a thickness �d� and an active area of electrodes can be
expressed by Eq. �3�.

�� = �0 + j	
0
r
�, �3a�

where �0 is frequency independent dc conductivity, 	=2�f
is the angular frequency, and 
r

� is the complex relative di-
electric permittivity of the material where 
r

�=
r�− j
r�. 
0 is
the dielectric permittivity of free space and j2=−1. Separat-
ing Eq. �3a� into real and imaginary components we obtain

�� = �0 + 	
0
r� �3b�

and

�� = j	
0
r�. �3c�

Thus, the scaling of the in-phase component of the complex
conductivity ���� with frequency is contingent on the fre-
quency dependence of the imaginary part of the dielectric
constant, 
r��	�. The frequency dependence of the real part of
the dielectric permittivity 
r��	� determines the scaling of ��.
We note that the complex �ac� conductivity has also been
described in terms of the complex modulus notation28 and
was used to interpret the ac conductivity of
poly�3-alkylthiophene�s.29 However this interpretation in-
vokes a correlation of unrelaxed dielectric permittivity �
��
with �0, which is unrelated to �� �see Eq. 4 in Ref. 29�. In
our present approach the complex admittance is a sum of the
pure imaginary �dielectric� contribution and the real contri-
bution from �0 and ��, respectively. Thus 
� and �0, which

TABLE I. dc conductivity ��0� of P3HT as a function of tem-
perature �T�.

T �K� �0 �S/m�

191.8 1.403�10−9

202.8 3.661�10−9

214.2 8.151�10−9

222.9 1.971�10−8

233.3 3.887�10−8

241.9 7.521�10−8

254.1 1.370�10−7

263.4 2.170�10−7

272.4 3.149�10−7

282.6 4.690�10−7

293.2 6.780�10−7

303.1 9.486�10−7

313.0 1.184�10−6

322.1 1.470�10−6

331.5 1.830�10−6
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describe different physical effects, are interpreted separately.
QENS measurements were carried out using the NG2

high-flux backscattering spectrometer at the NIST Center for
Neutron Research �NCNR� in Gaithersburg, MD. The elastic
scattering was measured with the instrument in fixed-
window mode over a temperature range from 50 to 550 K at
a heating rate of 1 K/min. For dynamic measurements, the
instrument was operated in the dynamic range of
�17 �eV.30 The dynamic scans were used to determine the
instrument resolution, �r, which is a crucial component in
the fitting of the experimental data. The temperature depen-
dence of the elastic-scattering intensity, S�Q�, was analyzed
using the following equation31,32

S�Q,	 � 0� = exp�− �r2	Q2

3

�Ao�Q� +

2

�
�1

− Ao�Q��arctan��r

�

� . �4�

In Eq. �4�, Q is the scattering wave vector, Q= �4� /�sin �,
 is the wavelength of the neutron beam, 2� is the scattering
angle, Ao�Q� is the elastic incoherent structure factor, �r is
the width of the resolution function, and � is the width of a
Lorentzian distribution that describes the quasielastic broad-
ening. The exponential term in Eq. �4� represents the Debye-
Waller factor �DWF�, which describes the decrease in the
elastic-scattering intensity with increasing temperature. The
origins of this decrease in elastic intensity can be attributed
to molecular vibrations when no other molecular motions
�i.e., rotational or translational� are present. In the DWF, �r2	
is the mean-square displacement of the scattering centers. At
temperatures below 100 K, the width of the quasielastic
component is less than that of �r. With increasing tempera-
ture above 100 K, the width of the quasielastic component
broadens. From the fit of Eq. �4� to the fixed-window data,
we determined �, which follows the Arrhenius law: �
=�0 exp�−Ea /RT�, where �0 is a temperature-independent
prefactor �adsorbing an attempt frequency factor and an en-
tropy activation term� and Ea is the activation energy for the
process giving rise to the quasielastic scattering.

III. RESULTS

A. Electrical conductivity

Figure 1�a� shows the real part ���� of the complex con-
ductivity as a function of frequency plotted at several tem-
peratures from 193 to 333 K �−80 °C to 60 °C� in increas-
ing steps of 10 K. At the lowest frequencies and moderate
temperatures, the general trend is that �� coincides with �0.
At room temperature the dc conductivity �0 is about 6.77
�10−7 S /m �Table I�. Figure 1�b� indicates that �0 increases
exponentially with temperature with activation energy of
about 0.26 eV, where the pre-exponential factor is about
2.1�10−2 S /m. Within the investigated temperature range,
the plot of ln��0� vs 1 /T is fairly linear up to 300 K. In
particular, there is no evidence of a decrease in the activation
energy of �0 at lower temperatures, which be indicative of a
transition from a hopping transport to conduction in semime-

tallic extended states.33 Such transition was reported for
P3HT under electrostatic charge injection at low
temperatures7 where the activation energy for dc conduction
approached the metallic range of about 4 meV. Our �0 data
are more in accordance with earlier results reported by van
de Leur et al.34,35 for neutral P3HT. At higher temperatures
the plot in Fig. 1�b� changes slope above 300 K showing
somewhat depressed �0 values. Such a trend seems to be
consistent with the thermally liberated local structural
changes in the polymer matrix, indicating a “twits glass tran-
sition” of thiophene rings, at about 300 K in P3HT using
FT-IR and NMR spectroscopy.19,36

It is seen in Fig. 1�a� that �� exhibits a plateau at low
frequencies that persists from dc up to the relaxation fre-
quency 	s. In the multiple hopping regime between 	s and
the microscopic cutoff frequency 	� �	s�	�	��, conduc-
tion occurs at sites in isolated clusters, and �� increases with
	, apparently in accordance with approximate power-law be-
havior ����	�−�0	n�.37–39 The relaxation frequency, 	s
=��0 /�
, depends on the distribution of the hopping con-
ductivity sites in disordered materials, i.e., it reflects the re-
sistance between hopping sites and effective capacitance. It
thus scales accordingly with �0 and the dielectric loss
strength �
.37,40 The exponent n obtained from the linear
portion of the �� plots above 	s, increases with decreasing
temperature from about 0.42 at 333 K to 0.7 at 193 K, indi-
cating that the long-range order in electronic states increases
considerably with decreasing temperature. Assuming that
this trend continues at temperatures below 193 K, n would
approach the value of an amorphous silicon41,42 n�0.8 at
about 180 K. We note that in the vicinity of 	s the exponent
n increases with frequency rather than decreases, suggesting
that the transport mechanism in that frequency range can be
better explained in terms of the effective-medium approxi-
mation model43,44 rather than by the hopping-pair approxi-
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FIG. 1. �a� Conductivity ���� as a function of frequency plotted
at several temperatures from 193 to 333 K in increasing steps of 10
K. �b� Conductivity �0 as a function of 1 /T. Line represents a fit to
the Arrhenius expression where the activation energy is about 0.28
eV. �c� Conductivity �� at 50 MHz as a function of 1 /T. The line
represents a fit to the Arrhenius expression where the average acti-
vation energy is about 80 meV.
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mation model.33 Figure 1�a� shows that with increasing fre-
quency �� becomes significantly less temperature dependent
than �0. At 50 MHz the average activation energy for ��
decreases to about only 80 meV �see Fig. 1�c��. Perhaps our
most interesting finding, however, is a gradual transition of
�� from the power law to a frequency-independent conduc-
tivity ���� � that we observe around 50 MHz. Although our
microwave measurements are less accurate at low tempera-
tures due to the lack of suitable calibration standards, we can
still qualitatively estimate ��� �5�10−5 S /m and the cutoff
frequency 	� to be in the range of about 1011 Hz at 193 K.

In Fig. 2 we plot the imaginary part ���� of the complex
conductivity using dielectric notation, �� / �
0	�, which rep-
resents the dielectric constant, 
r�, �see Eq. �3b��. Figure 2
shows that 
r� decreases with increasing frequency. The in-
flection point seen at about 50 kHz can be attributed to the
increasing density of P3HT on cooling. The apparent coeffi-
cient of thermal expansion determined from the dependence
of 
r� on temperature at 100 MHz is about 2.15�10−3 /deg.
In the high-frequency limit of 12 GHz, the dielectric constant
of P3HT at room temperature decreases to about 3.0, which
is comparable to the value estimated from the refractive in-
dex of 3-hexylthiophene.35 A rapid decrease in 
r� seen be-
tween dc and 10 kHz is indicative of a dielectric relaxation
process in that frequency range. Since the �0 and �� were
determined in separate measurements, we extracted the di-
electric loss, 
r� directly from the real part of the complex
conductivity �Eq. �3b�� data, 
r�=��−�0 /	
0. Such an ap-
proach does not require any prior assumption about the char-
acter or number of the dielectric processes and it can unam-
biguously identify the dielectric relaxation in the presence of
a large conductance. However, the method is limited in the
low-frequency range, as when �� approaches the value of �0
the uncertainty in 
r� becomes large. The 
r� is shown as a
function of frequency at several temperatures in Fig. 3�a�.
Although the complex dielectric permittivity that we ob-
tained can be fitted to a relaxation function such as Havriliak
and Negami45 for the relaxation time, here, we simply as-
sumed that ��1 / fmax, where fmax was obtained from the
peak value of 
r� shown in Fig. 3�a�.

The temperature dependence of the dielectric relaxation
time, �, is shown in Fig. 3�b�. The symbols correspond to �
data while the line represents a linear regression through the
experimental points. The dielectric relaxation process obeys
the Arrhenius relation well with an activation energy, Ea, of
about 9 kJ/mol and a pre-exponential factor 5.9�10−5. The
value of Ea for P3HT is significantly lower than an activation
energy that would typically correspond to secondary � relax-
ation in polar organic polymers, �20–50 kJ/mol�.46 This indi-
cates that the relaxation process in P3HT has a very local
character47 comparable to that of the hexyl group. Since the
hexyl groups in P3HT are not polar and are dielectrically
inactive, we performed quasielastic neutron-scattering mea-
surements to investigate the energy scale of this molecular
process and whether it is coupled to the charge-carrier relax-
ation of P3HT.

B. Quasielastic neutron scattering

Previous studies have shown that QENS is useful in
studying both molecular motions in polymers associated with
the secondary local � relaxation, as well as with the coop-
erative � relaxation.32,48,49 The QENS technique is specifi-
cally sensitive to the motions of hydrogen atoms due to their
large incoherent-scattering cross section. In P3HT, there are
13 hydrogen atoms on the side chain and only one hydrogen
atom on the backbone per repeating unit. It is therefore pos-
sible to use QENS to selectively monitor the contribution of
the side chains to the molecular dynamics in this material.
The normalized elastic-scattering intensity as a function of
temperature is shown in Fig. 4�a� at a scattering wave-vector
value of Q=0.99 Å−1 �Q=2� /d, where d is the length scale
of the motion�. The solid line is a fit of the experimental
scattering data to Eq. �4�. This particular Q value corre-
sponds to molecular motions with a length scale of approxi-
mately 0.6 nm, which is comparable to length scales associ-
ated with the hexyl side group.20,48 The activation energy of
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the hexyl group motions as determined from Eq. �4�, is about
8�1 kJ /mol, which agrees very well with the value deter-
mined from the measurement of the dielectric relaxation time
in P3HT. It is seen that the elastic intensity in Fig. 4�a� be-
gins to change slope again at the temperature of about 300 K.
This indicates a more cooperative process that may corre-
spond to a �sub Tg� relaxation in P3HT, such as a twist glass
transition.19 In Fig. 4�b� we plotted the natural log of the
elastic-scattering intensity as a function of Q2 at each tem-
perature, from which we determined the mean-square dis-
placement of the hydrogen atoms. The change in the mean-
square displacement with temperature, d�r2	 /dT, is
2.97�0.5�10−4 Å2 K−1, agrees with values reported for
other polymeric systems.49 The motions of hexyl groups are
liberated at about 175 K, which is reflected in Fig. 4�b� as a
change in the slope of the �r2	 plot at that temperature. The
plateau seen in Fig. 4�b� at the lowest temperatures indicates
that the molecular motions become negligibly small below
175 K. This is consistent with our earlier finding that the
long-range order in electronic states increases considerably
with decreasing temperature and would approach that of
amorphous silicon below 180 K.

IV. DISCUSSION

Partially ordered �e.g., semicrystalline� organic semicon-
ductors such as P3HT form an important class of soft mate-
rials. Disorder contributes to the localization of electronic
states and influences the charge transport within these
materials.50 The characteristic time of their molecular motion
is comparable to that of their charge-carrier dynamics. It is,
therefore, difficult to describe the charge transport of these
material using either static disorder models or temperature-
averaged electronic models. Recently, a model Hamiltonian
using a combination of molecular-dynamics and quantum-
chemical methods along with semiclassical correlations has

been proposed for such systems with considerable success.51

We propose a different approach that allows us to directly
separate the relaxation processes in the presence of large
conductivity. The dielectric loss peak that we identified cor-
responds to very local molecular motions having an activa-
tion energy of about 9 kJ/mol, which agrees well with the
QENS results. Both the dielectric and QENS results indicate
that the molecular motions of hexyl side groups in poly�3-
hexylthiophene� contribute to this relaxation process. The
relatively long relaxation time, on the order of 10−3 s, sug-
gests that the molecular relaxation process in P3HT cooper-
ates considerably with low-mobility charge carriers. The re-
laxation of electronic states coupled with the molecular
motions of thiophene rings results in a low-frequency relax-
ation having an activation energy of about 100 meV.11,12

Our results indicate that the relaxation effect of the side
hexyl group on the charge polarization along the chains is
also significant, and results in an increased level of disorder,
which is manifested as a dispersion in conductivity. At 193
K, the conductivity decreases with decreasing frequency
from the high-frequency plateau ��� �10−5 S /m. to �0
�10−9 S /m. A similar form of disorder was found in amor-
phous semiconductors such as silicon and germanium,52,53

where the dielectric loss arises from the inertia of the charge
carriers having limited free path. In comparison, �� in
“disorder-free” single-crystal semiconductors have a flat fre-
quency characteristic, �0���� , and no dielectric relaxation
effects are seen up to microwave frequencies. The existence
of the dielectric loss peak in neutral P3HT therefore indicates
that conductivity of both �0 and �� is governed by a similar
transport mechanism. The complex conductivity shows a
thermally activated Arrhenius response, which points to a
hopping transport with a distribution of energy barriers,54,55

well described by the effective-medium approximation
model.44 Accordingly, the dc conductivity activation energy
is the maximum activation energy involved in the conduction
process, which takes place on an infinite percolation cluster.
At intermediate frequencies above 	s were �� increases
strongly with frequency ���	n�, the transport is dominated
by hopping in finite clusters. The values of n �0.5–0.7� agree
well with those obtained from the time-of-flight measure-
ment of dispersive transport in P3HT.56 The increase in con-
ductivity �Fig. 1�a�� continues as long as the frequency of the
field is lower than the hopping frequency of the charge car-
riers. A characteristic feature of this transport is that in the
double logarithmic scale, plot of �� vs frequency changes
from a convex to a concave shape, which we indeed observe
in Fig. 1�a� at the lowest temperatures. In the higher cutoff
frequency range, n gradually decreases toward zero, �� ap-
proaches the value of ��� , and the activation energy decreases
to a minimum. Thus, the conductivity difference, �0−��� , is
the effective measure of disorder.

In organic semiconductor applications, it is important to
realize that the onset frequency �	s� at which �� begins to
increase, the fractional exponent n and the activation ener-
gies of �0 and ��� evidently give basic information that can
be used for the adjustment of the structural properties and to
identify the limits in the electronic performance that can pos-
sibly be achieved. Within the large volume of literature pub-
lished on P3HT, the primary focus has been almost exclu-
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sively on achieving a high level of dc conduction through
chemical modification and doping, neglecting the dynamic
aspect of the charge transport. A proper understanding of the
frequency dependent conductivity is important to correctly
describe the dc charge transport. Using the frequency-
dependent conductivity as guide, the goal of future materials
engineering research should be to minimize the dielectric
loss effects and shift 	s toward 	�. A desirable result of such
a materials modification would manifest as a decrease in the
activation energy of the dc conduction toward a goal of ap-
proaching the activation energy of ��� along with an im-
provement in charge-carrier mobility at lower gate fields.

From this perspective, understanding the recent reports of
investigators having achieved a low activation energy and
metalliclike conduction under charge injection conditions
and high gate fields,57 would be aided considerably by
modeling50 and the evaluation of frequency-dependent
charge transport.13 Future work on organic semiconducting
materials should consider the significance of frequency-
dependent conductivity in relation to the characteristic field-
effect mobility in order to better understand this important
phenomenon from a more fundamental perspective.

V. CONCLUSION

We quantified the frequency-dependent conductivity and
the dielectric relaxation in P3HT. The identified dielectric
loss peak corresponds to very local molecular motions hav-
ing an activation energy of about 9 kJ/mol, which agrees
well with the QENS results. Both the dielectric and QENS

results indicate that this relaxation process in P3HT can be
attributed to molecular motions of the hexyl side groups in
poly�3-hexylthiophene�.

The local relaxation of the hexyl side groups contributes
to a topological disorder in the polymer structure. As a con-
sequence the conductivity decreases from the defect-free ���
of approximately 5�10−4 S /m to �0 of about 1
�10−9 S /m at 190 K while the corresponding energy barri-
ers of the charge transport increase. In the higher, cutoff
frequency range, the exponent n decreases toward zero, and
�� gradually transitions to a frequency-independent conduc-
tivity ���� �, which is thermally activated with an activation
energy of about 80 meV. In comparison, the activation en-
ergy of the dc conductivity, �0, is larger, about 280 meV,
which is the maximum activation energy involved in the con-
duction process.

The characteristic parameters of the frequency-dependent
conductivity, the onset frequency �	s� at which �� begins to
increase, the fractional exponent n and the activation ener-
gies of �0 and ��� evidently give basic information that can
be used for the adjustment of the structural properties and to
identify the theoretical limits of the charge transport.
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