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An interface between poly(3-hexylthiophene) (P3HT) and poly(3,4-ethylene-
dioxythiophene) doped with poly(4-styrenesulfonate) (PEDOT:PSS) was pre-
pared in LiClO4-–acetonitrile (ACN) over indium-doped tin oxide (ITO), known
as the ITO/PEDOT:PSS/P3HT system. This system was compared with ITO/
P3HT with the aim of studying the stability of aromatic, quinone, and semi-
quinone segments in the polymer matrix and also elucidating the influence of
the structure on the efficiency of organic photovoltaic cells (OPVs). Initially,
Raman spectroscopy was used, varying the laser power to verify the destabi-
lization of radical cation segments to dication segments in the ITO/P3HT
system. Electrochemical impedance spectroscopy (EIS) was used to show the
behavior of the charged species and the charge-transfer processes of the dif-
ferent P3HT segments as a function of time since preparation of the studied
systems. In addition, photoluminescence (PL) and time-resolved PL spec-
troscopy showed the optical properties of the interfaces formed, based on the
different quantities of segments present. It was possible to conclude that the
modification introduced into the interface by PEDOT:PSS favors stabilization
of the P3HT radical cation segment, which remains stable in this interface for
lengthy periods (240 h). This should in turn boost hole extraction, increasing
OPV efficiency.
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INTRODUCTION

Bulk heterojunction organic photovoltaic cells
comprise an indium-doped tin oxide (ITO) electrode
(anode) interfaced with a photoactive layer. This
layer must contain an electron-donor polymer and
an electron-acceptor compound, forming multiple
interfaces. Poly(3-hexylthiophene) (P3HT) is one of
the materials most widely used to form the pho-
toactive layer. It has desirable optical and electrical
properties in conjunction with phenyl-C61-butyric
acid methyl ester (PCBM), which acts as an electron

carrier.1–5 To improve hole injection, a thin film of
poly(3,4-ethylenedioxythiophene) doped with
poly(4-styrenesulfonate) (PEDOT:PSS) can be
inserted between the ITO and P3HT. After applying
the photoactive layer, a metal electrode (cathode)
with high work function6–10 is inserted.

P3HT can improve the efficiency of such devices and
is being thoroughly investigated to identify ways of
improving its properties and boost OPV efficiency.11–14

Spectroscopic techniques are being used as tools for
structural investigation of P3HT synthesis conditions,
helping to elucidate its stability under the environ-
mental conditions to which it will be subjected.

Moreover, structural characterization of this
polymer has also helped us to understand the(Received May 15, 2018; accepted July 21, 2018;
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electrochemical and charge-transfer processes at
work.12,14 In studies of P3HT and its blends with
polydiphenylamine (PDFA) generated over a plat-
inum electrode, electrochemical impedance spec-
troscopy (EIS) has been used to verify the variations
in charge-transfer resistance, and Raman spec-
troscopy to investigate how these variations are
related to shifts in the equilibrium between aro-
matic, radical cation and dication species in the
polymer matrix of this material.15–17

In another study on poly(3-methylthiophene)
(P3MT), Batista et al.18 monitored the ITO/P3MT
and ITO/PEDOT:PSS/P3MT interfaces as a function
of time using ex situ Raman spectroscopy after
electrochemical synthesis. It was possible to con-
clude that the radical cation species of the P3MT
thiophene ring was more stable in the ITO/PED-
OT:PSS/P3MT system. Based on these results, it
was inferred that the radical cation form of the
PEDOT thiophene ring can be stable at the
PEDOT:PSS/P3MT interface and that these seg-
ments should also favor stabilization of the P3MT
radical cation species, which would make charge
injection processes in OPVs a viable proposition.18

Similarly, Lima et al.19 used Raman spectroscopy
and EIS to study the ITO/PDFA:P3MT interface as
a function of time, comparing it with the ITO/PDFA
and ITO/P3MT interfaces to examine the stability of
the quinone and semiquinone segments in the
blended matrices. It was concluded that, in the
ITO/PDFA:P3MT system, the radical cation seg-
ments lose stability more slowly than in ITO/P3MT,
but both subsequently favor stabilization of the
dication segments. The decay of the radical cation
segments over time was quantified by electron
paramagnetic resonance (EPR) spectroscopy, and
the quantity of paramagnetic species per gram of
polymer in ITO/P3MT was lower than that found in
the blend, indicating that a higher quantity of the
cation segment was associated with the ITO/
PDFA:P3MT interface.19

The aim of this study is to characterize the ITO/
PEDOT:PSS/P3HT system using spectroscopic tech-
niques. The Raman spectra of the ITO/P3HT interface
obtained by varying the laser power revealed destabi-
lization of the radical cation segments to dication
segments in the polymer matrix of the electrochemi-
cally synthesized P3HT. EIS was then used to monitor
the stabilization of these segments as a function of time
since synthesis, based on Bode phase diagrams. Pho-
toluminescence (PL) measurements were taken to
verify the optical properties of the different interfaces,
and the emission decay time was measured to discuss
possible mechanisms for these emissions.

EXPERIMENTAL PROCEDURES

Reagents

3-Hexylthiophene (C10H16S, 99% pure) monomer
and 0.8% PEDOT:PSS in H2O (conductive inkjet
ink) were obtained from Aldrich and used as

received. The support electrolyte was lithium per-
chlorate (LiClO4, 99% pure) supplied by Acros
Organics. Acetonitrile (CH3CN) [99.5% pure, high-
performance liquid chromatography (HPLC) grade]
was obtained from JT Baker.

Electrochemical Synthesis

PEDOT:PSS was previously deposited using the
painter method on ITO (sheet resistance 8 X/sq to
12 X/sq). It was dried at 70�C for 5 min to produce the
ITO/PEDOT:PSS system. P3HT was electrochemi-
cally synthesized on ITO and ITO/PEDOT:PSS, at
potential of + 1.80 V applied for 120 s in
0.040 mol L�1 solution of 3-hexylthiophene mono-
mer in LiClO4-acetonitrile (ACN), to produce the
ITO/P3HT and ITO/PEDOT:PSS/P3HT systems over
an average area of 0.30 cm2. For this process, an
Autolab PGSTAT 302 N potentiostat/galvanostat
was coupled to a microcomputer running NOVA 1.8
software and chronoamperometry (CA) was used.
The auxiliary electrode was a platinum plate of area
0.50 cm2. Potentials were determined with reference
to Ag/AgCl in a Luggin capillary in 0.100 mol L�1

solution of LiClO4 in acetonitrile (LiClO4–ACN).

Raman Spectroscopy

Raman spectra were obtained using a DeltaNu
Advantage532� portable Raman spectrometer, with
excitation at 532 nm and set to resolution of
8 cm�1. DeltaNu NuSpec software was run using
baseline features to remove background fluores-
cence. Laser power was measured using an Ophir
Nova 7Z01500 portable meter.

Electrochemical Impedance Spectroscopy
(EIS)

To obtain open-circuit potential (OCP) impedance
diagrams, an Autolab PGSTAT 302 N potentiostat
with FRAM32 impedance module was used, varying
the frequency from 100 kHz to 0.01 Hz. EIS was
performed after preparation and at 24 h, 48 h, 72 h,
96 h, and 240 h. Table I presents the OCP values
obtained after the 30 min waiting time and used in
EIS measurements.

Although the P3HT films deposited on ITO/
PEDOT:PSS were obtained electrochemically at
potential of 1.80 V, at which P3HT is electroactive,
the OCP values found at the respective EIS mea-
surement times (Table I) were around 0.49 V to
0.85 V, revealing the stability of the studied
systems.

Photoluminescence Spectroscopy and
Photoluminescence Decay Time

The films were optically characterized using a
457-nm diode laser for photoluminescence (PL)
excitation. The results were recorded using an
Ocean Optics USB2000+ spectrometer. Photolumi-
nescence decay times were measured on a FluoTime
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200 (PicoQuant), which uses time-correlated single-
photon counting (TCSPC). The equipment incorpo-
rates a microchannel plate (MCP) detector, and a
440-nm laser pulsed at 10 MHz was used for
detection. The time resolution of the system was
50 ps, with detection range of 300 nm to 800 nm.

RESULTS AND DISCUSSION

First, any possible structural destabilization of
P3HT was monitored. This phenomenon could be
induced by the laser power used to obtain the
Raman spectra. Raman spectra were obtained as a
function of the intensity of the irradiation after
preparation of the P3HT film on ITO.

Figure 1 shows the Raman spectra of the ITO/
P3HT system as the laser power was varied over the
surface of the substrate on which the film was
deposited. The laser power settings used were
3.79 mW, 8.60 mW, and 24.04 mW.

The spectra in Fig. 1a and b, obtained at power of
3.79 mW and 8.60 mW, show wider bands in the
region between 1400 cm�1 and 1550 cm�1, charac-
teristic of C=C symmetric and asymmetric stretch-
ing of the thiophene ring.20,21 This widening can be
accounted for by the presence of oxidized thiophene
ring segments during electrochemical synthesis.22,23

The signals at 1445 cm�1 and 1460 cm�1 are
respectively related to the quinone and semiquinone
segments in the polymer matrix of the P3HT
deposited on ITO.21 The band at 1496 cm�1 was
displaced and showed increased intensity, which is
characteristic behavior of C=C asymmetric stretch-
ing of the thiophene ring. It was originally at
1522 cm�1 and showed low intensity.20 Previous
studies on P3MT and poly(3-octylthiophene)
(P3OT)12,22 have also reported this behavior, and
it could indicate that the radical cation segments of
the thiophene ring are predominant in the polymer
matrix.

However, as seen in Fig. 1c, when the laser power
was increased to 24.04 mW, the spectrum was
modified compared with the previous spectra.

This behavior can be understood in terms of the
heat induced by the increase in laser power, as
observed by Bento et al.24 in a study on P3OT
photodegradation. PL and Raman spectroscopy
showed that semiquinone structures changed to
quinone structures as a function of laser exposure
time.

In view of this limitation on the conditions for
obtaining the Raman spectra, it was considered
necessary to use another technique to monitor the
presence of radical cation segments in the polymer
matrix.

With the aim of using EIS to investigate the
stability of the radical cation and dication segments
in these materials, the results obtained for the ITO/
P3HT interface, and subsequently the ITO/PED-
OT:PSS/P3HT system, are initially presented and
discussed. To do this, Bode phase diagrams were

Table I. Open-circuit potentials (OCP) applied during EIS measurements for the systems under study

System Time (h) EOC [V versus Ag(s)/AgCl(s)]

ITO/P3HT As prepared 0.79
ITO/P3HT 24 0.62
ITO/P3HT 48 0.59
ITO/P3HT 72 0.57
ITO/P3HT 96 0.54
ITO/P3HT 240 0.52
ITO/PEDOT:PSS/P3HT As prepared 0.85
ITO/PEDOT:PSS/P3HT 24 0.61
ITO/PEDOT:PSS/P3HT 48 0.52
ITO/PEDOT:PSS/P3HT 72 0.52
ITO/PEDOT:PSS/P3HT 96 0.51
ITO/PEDOT:PSS/P3HT 240 0.49

Fig. 1. Raman spectra of ITO/P3HT system with varying laser
power: (a) 3.79 mW, (b) 8.60 mW, and (c) 24.04 mW.
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obtained by determining the phases present in these
systems at different time constants.16,25

Figure 2 shows the Bode phase diagrams
obtained for the ITO/P3HT/LiClO4–ACN system at
OCP for the interfaces as prepared and after 24, 48,
72, 96, and 240 h had elapsed.

The Bode phase diagrams for the ITO/P3HT/
LiClO4-–ACN system obtained after preparation
and up to 72 h later showed two phases, with
different phase angle intensities, related to the
unipolar (radical cation) and bipolar (dication)
charge-transfer processes.25 The diagrams produced
at these times showed that the phase related to
unipolar charge transfer occurred with a time
constant of 0.011 Hz. Although the unipolar con-
duction phase was observed at the same time
constant for the periods from preparation to 72 h
later, note that the intensity of the phase angle
decreased as time progressed. The phase of the
bipolar charge-transfer process was also observed to
shift to higher phase angles over time, with system
time constants of 1095 Hz soon after preparation,
398 Hz at 24 h, 321 Hz at 48 h, and 60.2 Hz at 72 h.

After 72 h had elapsed, the results predominantly
indicated that the phase related to the bipolar
charge-transfer process continued to undergo
widening and displacement as a function of time.
The resulting Bode phase diagrams in Fig. 2 indi-
cate that the bipolar charge-transfer process related
to dication stabilization was favored over time for
the ITO/P3HT/LiClO4–ACN system.

Figure 3 shows the results of intensities related to
the phase angles of the P3HT radical cation and
dication segments, obtained from the Bode phase

diagrams for the ITO/P3HT/LiClO4–ACN system as
a function of time.

Figure 3 clearly shows that, as the phase related
to the radical cation segment decreased, the phase
related to the dication segment increased. Since the
radical cation decay observed is accompanied by an
increase in the signal related to the dication,
symmetrically within the system, the stabilization
of the system was thought to be dependent on these
segments; i.e., the decay of the phase related to the
radical cation segment is a prerequisite for the
increase in the phase related to the dication
segment.

Figure 4 shows the Bode phase diagrams
obtained for the ITO/PEDOT:PSS/P3HT/LiClO4–
ACN system at OCP for the interfaces as prepared
and at 24 h, 48 h, 72 h, 96 h, and 240 h.

The Bode phase diagrams for the ITO/PED-
OT:PSS/P3HT/LiClO4–ACN system show only one
phase at the time constant of 0.01 Hz, related to
unipolar charge-transfer processes (radical
cation).25 These results indicate that the P3HT
interface with PEDOT:PSS in this system favors
stabilization of the P3HT radical cation segment
and that it remains stable for the time taken to
conduct the experiment (240 h).

This lends weight to the argument in favor of
studying interfaces using EIS and Bode phase
diagrams. For the ITO/PEDOT:PSS/P3MT system,
this method was essential to identify the charge-
transfer processes in the different frequency bands
and facilitated structural characterization of the
interface between P3MT and PEDOT:PSS.18

Thus, the EIS results showed that only PED-
OT:PSS favors stabilization of the P3HT radical

Fig. 2. Bode phase diagrams at open-circuit potential (OCP) for the
ITO/P3HT/LiClO4–ACN system as a function of time: (j) as pre-
pared, (h) after 24 h, (d) after 48 h, (s) after 72 h, (m) after 96 h,
and (4) after 240 h.

Fig. 3. Phase angle intensities obtained from the Bode phase dia-
grams for the ITO/P3HT/LiClO4–ACN system and related to the
P3HT radical cation segments (j) and dication segments (m) as a
function of time (h).

Batista, Renzi, Duarte, and de Santana6406



cation segment, and that it remains stable for the
time taken to conduct the experiment. Based on this
observation, EIS was considered appropriate for
obtaining information on the P3HT film deposited
over PEDOT:PSS, since the PEDOT:PSS should not
influence the information obtained by EIS at the
ITO/PEDOT:PSS/P3HT interface. This was
observed by studying the ITO/PDFA:P3MT system,
with the outermost layer formed by the P3MT.19

Although deposited on PDFA film, only the P3MT
film is considered to participate actively in charge-
transfer processes.

On the basis of the EIS results obtained, verifying
the high stability of the radical cation segments at
the ITO/PEDOT:PSS/P3HT interface, Bode phase
diagrams were obtained by applying the potentials
at which P3HT oxidation processes occur, as
observed by cyclic voltammetry.15,17 The aim of this
experiment is to alter the equilibrium at the inter-
face in order to convert radical cation segments into
dication segments.

Figures 5 and 6 show the Bode phase diagrams
for the ITO/PEDOT:PSS/P3HT/LiClO4–ACN and
ITO/PEDOT:PSS/LiClO4–ACN systems, respec-
tively, at applied potentials of 1.0 V, 1.2 V, and
1.4 V.

The Bode phase diagrams of the ITO/PED-
OT:PSS/P3HT/LiClO4–ACN system (Fig. 5) at an
applied potential of 1.0 V indicate the presence of
only one phase related to the radical cation seg-
ment, at a time constant of 0.02 Hz. The observed
increase in the time constant could be accounted for
by the presence of the PEDOT radical cation (Fig. 6)
at this applied potential, since it occurred at a time
constant of 0.02 Hz. In a previous study,18 PED-
OT:PSS film showed good electroactivity at the

potential applied to the platinum electrode, using
EIS to characterize the radical cation and dication
species, in distinct bands of potentials below 0.8 V.
However, on the ITO electrode, the displacement of
the radical cation toward dication stabilization did
not occur; as shown in Fig. 6, at 1.4 V only the drop
in the intensity of the phase related to the radical
cation was observed in the diagram.

The Bode phase diagrams in Fig. 5, at an applied
potential of 1.2 V, show the formation of two phases
that are distinct in terms of time constants and
displaced frequencies, indicating that the equilib-
rium displacement process begins when the

Fig. 4. Bode phase diagrams at open-circuit potential for the ITO/
PEDOT:PSS/P3HT/LiClO4–ACN system as a function of time: (j)
as prepared, (h) after 24 h, (d) after 48 h, (s) after 72 h, (m) after
96 h, and (4) after 240 h.

Fig. 5. Bode phase diagrams for the ITO/PEDOT:PSS/P3HT/Li-
ClO4–ACN system at applied potentials of: (m) 1.0 V, (h) 1.2 V, and
(d) 1.4 V.

Fig. 6. Bode phase diagrams for the ITO/PEDOT:PSS/LiClO4–ACN
system at applied potentials of: (m) 1.0 V, (h) 1.2 V, and (d) 1.4 V.
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potential is applied. At a potential of 1.4 V, there
was a decrease in the phase angle related to the
radical cation, and an increase in the phase angle
and consequent decrease in the frequency related to
the bipolar charge-transfer process.

After this study, which verified the presence of
the different segments in the P3HT polymer matrix,
the optical properties of this material were analyzed
by measuring the photoluminescence and lumines-
cence decay time, to better understand the effect of
the distribution of the P3HT segments on the
emission mechanism of the polymer matrix formed
at the ITO/P3HT and ITO/PEDOT:PSS/P3HT inter-
faces as a function of time.

Figure 7 shows the PL spectra obtained from the
two interfaces studied at 0 h and 96 h after
preparation.

A pattern of behavior was observed in the emis-
sion spectra of both materials at 0 h and 96 h. The
spectra of the ITO/P3HT and ITO/PEDOT:PSS/
P3HT interfaces recorded after preparation (0 h)
showed broad and low-intensity emissions, possibly
formed by the contributions of three structures in
the P3HT matrix: quinone (of higher energy, at
around 520 nm), aromatic (at around 570 nm), and
semiquinone (of lower energy, ranging from 610 nm
to 800 nm).11 In this case, the emissions from the
recently prepared films, with or without PEDOT,
show contributions from the three structures with
low-intensity emission, as observed in the spectra in
Fig. 7a, which show a low signal-to-noise ratio.

The spectra obtained at 96 h (Fig. 7b) show a
higher-intensity emission spectrum, with a decrease
in intensity in the 610 nm to 800 nm band. Never-
theless, the spectrum of the ITO/PEDOT:PSS/P3HT
system showed broader emission between 465 nm
and 650 nm, which could indicate that the semi-
quinone phase is more stable at this interface.

To obtain more information on the optical char-
acterization of the system, the emission decay times
of the ITO/P3HT and ITO/PEDOT:PSS/P3HT films
were measured at 0 h and 96 h. Decay times are
important because they characterize not only the
structure and emissions, but also the emission
mechanisms. Thus, even where similar spectra are
obtained, it is possible in some cases to reveal
changes in the decay times and elucidate how they
contribute to the mechanism.

The results for the decay times (s) and how much
they contribute (%) are presented in Tables II and
III. Table II shows measurements for P3HT depos-
ited directly on ITO, both after preparation and at
96 h.

As observed in the PL spectra, as time progresses,
emissions from the films become more intense at
higher energies, characterizing emission from dif-
ferent structures. This increase in the quantity of
higher-energy chains in the film leads to a decrease
in the emission times of the film as a whole, for both
more isolated chains (s1) and in clusters (s2) where
energy transfer is facilitated.26

According to the results obtained for ITO/P3HT at
0 h and 96 h regarding emissions related to the
quinone segment at 527 nm and aromatic segment
at 570 nm, the decay times (s1) decrease as follows:
527 nm: 1.69 ns to 0.78 ns; 570 nm: 1.28 ns to
0.72 ns. In addition, a change in the decay contri-
butions of s1 was observed (527 nm: from 21% to
43%; 570 nm: from 36% to 52%). The decrease in
decay times as well as the increase in the contribu-
tions of the faster emissions can be accounted for by
the formation of more P3HT quinone and aromatic
segments, which would facilitate energy transfer
between chains.

Fig. 7. Photoluminescence spectra for the (- - -) ITO/P3HT and (—)
ITO/PEDOT:PSS/P3HT systems at (a) 0 h and (b) 96 h.
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Table III presents the decay times and the con-
tributions for P3HT films deposited over the ITO/
PEDOT:PSS interface, characterized soon after
preparation and at 96 h.

Comparing the results obtained for P3HT with
and without PEDOT:PSS, Tables II and III show
some highly interesting data related to changes in
emission times and contributions.

Based on the results obtained previously by EIS,
the use of PEDOT:PSS directly influences the
stability of semiquinone segments. This would lead
to the conclusion that fewer quinone and aromatic
segments would occur at the ITO/PEDOT:PSS/
P3HT interface. The increase in the number of
semiquinone segments causes an increase in
energy/charge transfer between the radical cation
segments, directly impacting the drop in decay
times (527 nm: from 1.44 ns to 0.432 ns; 570 nm
from 1.71 ns to 0.66 ns), and furthermore decreas-
ing the quantity of isolated segments in the film,
leading to a drop in the percentage of the longer
times (527 nm: 54% to 18%; 570 nm: 66% to 16%).

CONCLUSIONS

The behavior of P3HT observed in the ITO/P3HT
system as a function of different laser powers used
to obtain the Raman spectra showed that the laser
power intensity caused structural changes in this
system, altering the equilibrium between the semi-
quinone and quinone segments of the thiophene
ring in the electrochemically generated material.

It was necessary to use EIS to monitor the
structural difference between the ITO/P3HT and
ITO/PEDOT:PSS/P3HT systems. The use of PED-
OT:PSS considerably favored stabilization of the
P3HT radical cation segment, and it remained
stable at this interface for a lengthy period
(240 h). This effect could account for the

preferential use of this interface for hole extraction
and in the increased efficiency of OPVs.

Time-resolved PL measurements were useful for
showing that the stability of the species present in
the interfaces varied as a function of time after
preparation, a crucial parameter affecting the life-
time of the charge-carrying segments of such mate-
rials. This type of control could be advantageous for
design of devices requiring optical efficiency
monitoring.
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