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In this paper, devices fabricated with a diode-like structure (electrode/polymer/electrode)
from spin-coated and nanostructured (Langmuir-Schaefer) films of polythiophene derivatives
were characterized by impedance spectroscopy and studied by theoretical fitting to reach a better
understanding of the physical processes in the devices. The materials used for this research were the
polyalkylthiophene (P3AT) derivatives poly(3-butylthiophene) (P3BT), poly(3-hexylthiophene) (P3HT),
poly(3-octylthiophene) (P30T) and poly(3-decylthiophene) (P3DT). Electrical measurements were
performed from 1 Hz to 1 MHz (100 mV ac) while increasing the dc bias in the range from 0 to 2.5
V. The fittings of the experimental results were performed using equivalent circuits. By plotting the
theoretical and experimental spectra on a single graph, it was possible to obtain information related
to the film morphology, interfacial effects, resistance, capacitance and conductivity of the polymer,
thereby enhancing the understanding of this particular type of device. Among the P3AT films, those
grown by the Langmuir-Schaefer technique showed higher electrical conductivity, with the only

exception being that of P3BT.
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1. Introduction

Polythiophenes have been a particular focus among
conventional conductors due to their good stability and easy
processability'2. In some reports, attention has been paid to
regioregular polyalkylthiophene derivatives (P3AT), where
the increased alkyl chain length of the polymer increases
its solubility, a property that is extremely important for the
production of high-quality organic electronic devices>.
In organic electronics, P3AT thin films offer a number of
applications, such as in light-emitting diodes, sensors and
solar cells*®. The thin films can be fabricated by deposition
techniques such as spin-coating, Langmuir-Blodgett (LB)
and Langmuir-Schaefer (LS)'%-12.

Impedance spectroscopy analysis has proven to be a useful
technique to study the electrical properties of devices built
from thin films of semiconductor materials'®. The technique
consists of measuring the complex impedance (Z°) over a
wide frequency range (f)'>!*. From the spectrum of Z* vs.
/. relevant information can be obtained, such as the bulk
conductivity, as well as data on the interface between the
electrode and materials, such as the injection and charge
accumulation’. One analysis tool is theoretical models
based on equivalent circuits that can adequately explain the
results obtained from the impedance spectra'* 6. This is a
simple way to describe the features of structures containing

* e-mail: olivati@fct.unesp.br

an active layer between two electrodes, by using elements
in the circuit!’.

The present study addresses the influence of the thin
film deposition technique as applied to P3AT derivatives as
measured by impedance spectroscopy. The LS technique
provides nanostructured thin films, and it was compared
herein to the widely used spin-coating technique. The transport
mechanisms of the charge carriers were evaluated through
impedance spectroscopy results for different P3AT derivatives
and morphologies. The interfacial electrical features of the
devices were analyzed by the theoretical modeling of the
experimental results.

2. Materials and Methods

The materials used for this study were the P3AT derivatives
poly(3-butylthiophene) (P3BT), poly(3-hexylthiophene) (P3HT),
poly(3-octylthiophene) (P30T) and poly(3-decylthiophene)
(P3DT), all obtained from Sigma-Aldrich. Regarding the
regioregularity, the values found for the P3BT, P3HT, P30T
and P3DT were approximately 80 — 90%, > 90%, > 90 %,
98.5%, respectively. The polymers were used as thin films
deposited by the spin-coating and LS techniques onto ITO
(indium-tin oxide) substrates (Delta Technology), which has
an average covered area of 1.6 cm? and the sheet resistance
(Rs) between 5 and 15 Q.

The spin-coating technique is used to fabricate thin
films onto plain substrates. A spinner was used for the
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production of the thin films, with rotation speed of 1000
rpm for 60 seconds. The P3AT derivatives were dissolved
in chloroform in solutions of 15 mg/ml, except P3BT which
had a concentration of 10 mg/ml due to the difficulty to
solubilize this material in large quantities's.

A LS film is made of one or more layers of stabilized
Langmuir film by a horizontal contact of the substrate with
the monolayer at constant surface pressure (SP) followed
by a slowly lift of the substrate. For the LS films, the P3AT
derivatives were dissolved also in chloroform, however in
solutions with concentration of 0.2 mg/ml. The P3BT derivative
was deposited in SP =30 mN/m, while the derivatives P3HT,
P30T and P3DT were deposited in SP =20 mN/m'S.

The thicknesses of the films were determined by a Veeco
Dektak 150 profilometer. The thicknesses of the P3AT films
obtained by profilometry measurements for P3BT, P3HT,
P30T and P3DT were approximately 101, 129, 96 and 133
nm for the spin-coated films and 71, 317, 233 and 220 nm
for the LS films, respectively. The numbers of deposited
layers were 10, 25, 25 and 15 for the P3BT, P3HT, P30T and
P3DT films, respectively. Aluminum (Al) electrodes were
deposited onto the P3AT films by physical vapor deposition
using an Edwards 306 Auto Evaporation System, forming
a diode-like structure of ITO/P3AT/Al

The electrical measurements were carried out using a
Solartron impedance analyzer, mod. 1260A. The amplitude
of the ac signal applied was 100 mV, and the frequency (f)
ranged from 1 to 10° Hz. A superposed dc bias was applied
to the ac signal, from 0 to 2.5 V. The results were analyzed
by the impedance spectra: imaginary impedance (-Z) versus
real impedance (Z’), -Z” versus f'and Z’ versus f. From the
impedance spectra were obtained the parameters for the
equivalent electrical circuits used in the theoretical modeling.

The theoretical models were proposed using equivalent
electrical circuits of associated resistors and capacitors. The
resistors are used to represent the possible resistance of the
materials or the interface resistance between two different
materials. The capacitors, on the other hand, are used to
represent the charge accumulation at the interfaces, thus
defining the characteristic relaxation times of the studied
structures. The theoretical model applied was the equivalent
circuit (equation (1)), in which the a parameter analytically
simulates the distribution of the dielectric relaxation time
T, where 0 <a<1.

N

R, C) " 1+ (wR.C,)
Rl R2 ;

(1 +(wR,Cy) ™ 7 +(wR,C,) ™ )j (1)

* =
Z R+1+(

The model provides a symmetric distribution of the
relaxation times and facilitates the development of more
complex models. Applying Mathcad software version 14.0,
the analysis of the experimental data and the theoretical
modeling of the electrical measurements were performed.

+

The electrical conductivity of the materials was calculated
from the equation (2), where / is the film thickness (in nm),
A is the effective area of the device (in cm?) and R the
resistance of the material used (in Q).

1 1
0=p4 (2)
3. Results and Discussion

The Z’ vs. fplots obtained for the ITO/P3AT/Al devices,
in which the P3AT films were deposited by the spin-coating
(ITO/P3AT(spin-coating)/Al) and LS (ITO/P3AT(LS)/Al)
techniques, are shown in Figure 1. The experimental results
are represented by open symbols, while the different types of
lines are the theoretical fittings. Through these results, one
can see some similarities between the spectra of the devices.

In the Z’ vs. f data, there is a behavior where Z’ tends to
reach constant values (plateaus) at low and high frequencies.
This is a clear result for some plots, as for the P3HT spin-
coated film at low frequencies, but it is not evident for
others, and this justifies the use of theoretical fitting. The
plateaus shift at low frequencies according to the dc bias
applied. This result is possibly related to the reduction of the
potential barrier at the Al/P3AT interface when the applied
dc bias increases'”.

Figure 2 shows the -Z” vs. f plots obtained for ITO/
P3AT/Al devices in which the P3AT films were deposited
by spin-coating (ITO/P3AT(spin-coating)/Al) and LS
(ITO/P3AT(LS)/Al) techniques. As for the Z* vs. f plots,
the experimental results are represented by open symbols,
while the different types of lines are the theoretical fittings.

In the -Z” vs f'spectra, for the spin-coated and LS films
of P3BT, there can be observed one well-defined relaxation
peak that shifts to lower frequencies with the increase in the
dc bias applied. For the P3HT spin-coated film, there is only
one relaxation peak that shifts in the middle frequencies,
while the P3HT LS film presents two relaxation peaks, one
that shifts from low to medium frequencies (approximately
10 to 102 Hz) and the other, less defined, remains constant
at high frequencies. For the spin-coated and LS films of
P30T, there is only one well-defined relaxation peak formed,
similar to the P3BT case. However, it is possible to observe
the formation of a shoulder peak at approximately 10* Hz
for the P30T LS film. For the spin-coated and LS films of
P3DT, there may be observed one well-defined relaxation
peak at low frequencies and one shoulder peak at higher
frequencies. The shoulder peaks improve their definition
with the applied dc bias.

Some plateaus and relaxation peaks can only be observed
due to the extrapolation of the frequency used in the theoretical
fittings. Argand diagrams for devices in which derivatives of
P3AT have been deposited by spin-coating and LS are shown
in Figure 3 and Figure 4, respectively. In the Argand diagram
for the ITO/P3AT/Al devices, it is possible to observe only
one semicircle, which is possibly due to the overlapping of
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two or more semicircles. In all diagrams, Z* tends to form
smaller semicircles upon increasing the dc bias voltage,
wherein the diameter of the semicircle is related to the total
resistance of the device!. In the theoretical fittings, each
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Figure 1. Z’vs. f plots for ITO/P3AT/Al devices containing a) spin-coated and b) LS films. The experimental

results are represented by open symbols.

circle shall be related to an RC circuit in parallel.

The experimental data were analyzed using the electrical
circuits shown in Figure 5. For the devices of the P3AT

spin-coated films, an equivalent circuit was used containing
two parallel RC (Figure 5(a)), except for P3DT, and for the
P3AT LS films, the equivalent circuit contained three parallel
RC (Figure 5(b)). Due to the higher roughness, the P3AT

films deposited by LS have more contact surface with the

aluminum electrode, which may cause greater interfacial
effects. This is a possible explanation for the additional
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Figure 2.-Z” vs. fplots for ITO/P3AT/Al devices containing a) spin-coated and b) LS films. The experimental

results are represented by open symbols.

parallel RC circuit required in the theoretical fitting for the
ITO/P3AT(LS)/Al devices.

Through theoretical fittings of the Argand diagrams, for
most devices in which the P3AT derivatives were deposited
by the spin-coating technique, it is possible to evaluate
the superposition of two semicircles. Only for the ITO/
P3DT(spin-coating)/Al device did the theoretical fitting
show the superposition of three semicircles. As for the

ITO/P3 AT(spin-coating)/Al devices, the ITO/P3AT(LS)/Al
devices also exhibited only one semicircle, but in this case,
it was due to the superposition of three semicircles. Table
1 shows the parameters obtained by fittings performed on
the experimental curves shown in impedance spectra at a
dc bias of 0 V.

Using the equivalent circuit obtained from the analysis
of the experimental and theoretical spectra and the results of
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Figure 3. Argand diagrams for the ITO/P3AT(spin-coating)/Al devices. The experimental results are
represented by open symbols.
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Figure 4. Argand diagrams for the ITO/P3AT(LS)/Al devices. The experimental results are
represented by open symbols.
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Figure 5. Equivalent electrical circuits used in the theoretical fitting
for the ITO/P3AT/Al devices.

Table 1, for the ITO/P3 AT (spin-coating)/Al devices there can
be identified i) one parallel circuit R C, (~10* Hz), wherein
R, and C, are the resistance and capacitance of the bulk of
the polymer (P3AT), ii) one parallel circuit R,C, (at low
frequency), wherein R, and C, represent the values at the
P3AT(spin-coating)/Al interface and iii) one resistance R,
representing the resistance of the P3AT(spin-coating)/ITO
interface (ohmic contact). The ITO/P3DT(spin-coating)/
Al device showed an additional RC circuit, R,C,. For the
ITO/P3AT(LS)/Al devices, there can be identified i) one
parallel circuit R,C, (~10* Hz), wherein R, and C, are the
resistance and capacitance of the bulk of the polymer (P3AT),
ii) two parallel circuits (both at low frequency), R,C, and
R,C,, wherein R, R,, C, and C, represent the values at the
P3AT(LS)/Al interface and iii) one resistance R, representing
the resistance at the P3AT(LS)/ITO interface (ohmic contact).

To realize the theoretical fittings from the equivalent
electrical circuits in impedance measurements for a device,
such as an ITO/doped organic layer/Ag, Chen et al.'® used
an equivalent electrical circuit consisting of two RC circuits
in parallel and one series resistance. The Argand diagrams
showed two semicircles, and the spectra of Z° vs. fshowed a
tendency to form two plateaus. The semicircles and plateaus

were related to the RC circuits, where one circuit represents
the resistance and capacitance of the doped organic layer/
Ag interface and the other represents those of the doped
organic layer. The series resistance was correlated with the
ITO/organic layer doped interface.

Studies using the impedance technique performed by Olivati
et al.' on polymer light-emitting devices (PLEDs) fabricated
from poly(2-methoxy-5-hexyloxy)-p-phenylenevinylene
(OC,OC~PPV) thin films by the LB technique and the
structure ITO/OC,OC ~PPV(LB)/Al reported that the spectrum
of Z’ vs f'presented two plateaus. The measurements were
fitted by an equivalent circuit composed of two parallel
RC circuits with a series resistance, and through the values
obtained by the theoretical fittings, it was identified that
one RC circuit represents the resistance and capacitance
of the OC,OC~PPV(LB) layer, the other represents the
OC,0C~PPV(LB)/Al interface, and the series resistance
represents the ITO/OC OC ~PPV(LB) interface.

Mirsky et al.?, using impedance spectroscopy, reported
information on the resistance of the polymer and metal/
polymer interface of a thin film of polypyrrole-deposited
gold electrodes. The spectrum of -Z” vs. Z~ was fitted by
an equivalent circuit having a series resistance connected
to three RC circuits in parallel. One RC circuit represents
the resistance and the capacitance of the electrode/polymer
interface, and the other two represent the capacitance and
the resistance of the bulk of the conductive polymer.

Table 2 shows the electrical conductivities for the
devices of P3AT spin-coated and LS films obtained from
equation (2). In general, the LS films showed higher electrical
conductivity than the spin-coated films. The LS film of
P3HT showed a higher electrical conductivity (order of 103
S/m) that any of the other derivatives. A factor related to
the highest conductivity is the mobility of charge carriers
because P3HT has the highest regioregularity. Charge
carriers and excitons can move along its longer connected
chains, enable more jumps to neighboring chains®*2. The
side chain length is also a factor that affects the mobility
of charge carriers, because with increasing alkyl side chain
length, P3AT thin films showed a decreased number of

Table 1. Parameters obtained through the theoretical fittings of components Z’ and Z" by Eq. 1 for the ITO/P3AT(spin-coating)/Al and

ITO/P3AT(LS)/Al devices.

Deposition RI Cl R2 c2 R3 c3 R

technique () (F) () (F) © (F) ©
P3BT spin-coating 1x10° 1.2x107 1.5x107 1.6x107 - - 50
P3BT LS 2.6x10* 3.6x107 2.1x103 1.1x107 1.6x10° 1.6x107 15
P3HT spin-coating 4x107 3.6x10"" 6.1x107 8.6x10™" - - 70
P3HT LS 1.05x103 1.3x10% 1.9x10* 3.6x107 2x108 8.2x10°® 40
P30T spin-coating 1x10° 2.2x107 1.2x10% 1x107 - - 95
P30T LS 1.6x10* 1.6x10* 2.5x10° 1.8x107 8x10° 4.1x10% 30
P3DT spin-coating 7x10* 1.4x107 4x102 1.6x10# 5x108 2.8x10*# 45
P3DT LS 3x10° 1.4x10% 3x10° 2.8x107 7x107 3.5x107 160
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Table 2. Electrical conductivity values for thin films of P3AT
derivatives deposited by spin-coating and LS.

Deposition Polymer Conductivity (S/m)
spin-coating P3BT 8.4x10°

LS P3BT 2.3x107
spin-coating P3HT 2.7x101°

LS P3HT 2.5x10°
spin-coating P30T 8x10®

LS P30T 1.2x10°
spin-coating P3DT 1.6x107

LS P3DT 6.1x10°

ordered structures, thus hampering the transport of charge
carriers in the semiconductor and at the interface between
the semiconductor and electrodes®.

Unlike other P3AT derivatives, the P3BT thin film
deposited by spin-coating showed a higher electrical
conductivity compared to that deposited by LS. The films
deposited by the LS technique generally showed a higher
electrical conductivity, probably due to the organization
at the molecular level that can be provided by Langmuir
techniques®**. However, the P3BT presented a less efficient
adhesion onto the ITO substrate when compared with the
other P3AT derivatives. Thus, it is possible that the deposition
issues influenced the layer packaging, thus hampering the
mobility of charge carriers and decreasing the electrical
conductivity of the LS film for P3BT.

4. Conclusions

In summary, the theoretical modeling of the equivalent
electrical circuit has been shown to be an important tool
for analysis of impedance spectroscopy measurements.
The theoretical model used satisfactorily simulates the data
obtained for the ITO/P3AT/Al devices. With the analysis of
the experimental/theoretical spectra and the values of the
parameters used in the equivalent electric circuit, information
was obtained and related to electronic transport properties
and interfacial effects.

For the polymers P3BT, P3HT and P3OT in the ITO/
P3AT/Al structure, the theoretical fit shows that the films
deposited by spin-coating could be fitted by two parallel RC,
and those deposited by LS should be fitted by three parallel
RC. The only exception is P3DT, which was fitted by three
parallel RC regardless of the deposition technique used to
build the thin film. Among the P3AT films, those grown by
the LS technique showed a higher electrical conductivity
than those deposited by spin-coating probably related to the
distinct molecular arrangement provided by the deposition
technique, with the only exception being P3BT. For LS films,
the conductivity was found to decrease with increasing of
alkyl chain length.
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