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We successfully copolymerized poly(3,4-ethylenedioxythiophene) and poly(3-hexylthi-
ophene) (PEDOT and P3HT) synchronously polymerizing two monomers in the vapor phase
to give tunable bandgap, conductivity, surface morphology and water contact angles. Due
to different vapor pressures and polymerization rates of the monomers, the PEDOT to P3HT
ratios were kinetically controlled by adjusting the feed concentrations of monomers to the
polymerization reaction chamber. Depending on the compositions of the two polymer sys-
tems, the optical bandgap of the thin PEDOT/P3HT copolymer film was controlled success-
fully in the 575–650 nm range. In addition, the electrical conductivity, surface roughness
and water contact angle of the vapor-phase polymerized PEDOT/P3HT copolymer system
changed in the range of 3.0 � 10�2–2.3 � 101 S/cm, 4.9–18.3 nm, and 34–54�, respectively,
correlated with the altered composition of two polymers. Tailoring the bandgap and other
optoelectronic properties, the copolymerized P3HT/PEDOT film can provide tunable prop-
erties to be used not only as a hole injection layer (HIL) in organic light-emitting diodes
(OLEDs) but also as a semiconductor with improved mobility in organic thin film transis-
tors (OTFTs) and organic photovoltaics (OPVs).

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Since conducting polymers (CP) were first reported,
poly(3,4-ethylenedioxythiophene) (PEDOT) is arguably
one of the most commercially useful and most studied CPs
in the last 20 years [1–7]. PEDOT has been studied exten-
sively on account of its many advantageous properties, such
as high electrical conductivity, good transmittance and ther-
mal stability with a low optical bandgap and thermal stabil-
ity [4,6]. These properties make PEDOT very attractive for
. All rights reserved.

x: +82 31 292 8790.
applications, such as electrochromic windows [8], organic
electrodes for organic photovoltaic cells (OPVs) [9,10] and
hole injection layers (HIL) in organic light emitting devices
(OLEDs) [11–14] and dye-sensitized solar cells [15]. In par-
ticular, PEDOT is commonly used as a hole extraction layer
in OPVs [16,17]. In most optoelectronic applications as a
buffer or electrode layer, the bandgap of the layer plays an
important role in determining the operating characteristics,
quantum efficiency and electron/hole transport. Therefore,
the main issues for electronic device applications include
both the electrical conductivity and bandgap.

Oxidized PEDOT can be produced in a variety of forms
using different polymerization techniques. Solution
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processing is used most commonly in synthesizing PEDOT
in the form of spin-coating, solvent-casting or ink-jet print-
ing. However, these PEDOT systems are relatively insoluble
in most solvents, making it necessary to attach soluble
functional groups to the polymer or dope it with stabilizing
polyelectrolytes [18]. An aqueous dispersion of poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT-
PSS), commercially available as Baytron P, is a stable
polymer system with a high transparency up to 80% [7].
However, the PEDOT-PSS film exhibits relatively low
electrical conductivity, 10–500 S/cm [7], which does not
often meet the high conductivity required for most appli-
cations. In addition, scanning-tunneling microscopy, neu-
tron reflectivity measurements, and X-ray photoelectron
spectroscopy have revealed a PSS rich layer on the top of
the spin-coated PEDOT-PSS films due to the phase separa-
tion [13,19,20]. Since PSS is an electrical insulator, exces-
sive PSS can limit the film conductivity [19], and an
acidic PEDOT-PSS dispersion can etch indium tin oxide
(ITO) during the polymer spin-coating process. Moreover,
the hydrolysis of the deposited PEDOT-PSS by moisture
absorption can also etch ITO to cause indium and tin incor-
poration into the polymer [14].

For the PEDOT systems without using polyelectrolytes,
PEDOT can be deposited directly on the substrate surface
by several in situ polymerization techniques. One of the
options is electrochemical polymerization, which has been
reported to have higher electrical conductivity [21]. How-
ever, electrochemical polymerization results in a poor
transparency and requires conducting substrates, which
limits its practical applications. As an alternative, oxidative
chemical polymerization either in the liquid or vapor
phase is more versatile because it is not restricted by the
substrates. In particular, one way of achieving a clear thin
film with a smooth surface is to apply the oxidant using
solvent coating processes and expose the coated surface
to a reactive monomer vapor. This process is often referred
to as vapor-phase polymerization (referred to herein as
VPP) [4,5,22–26]. The PEDOT films by VPP have been re-
ported to have conductivities of approximately 15 S/cm
at a thickness of 300 nm without any additives [22].
Recently, a PEDOT film with high conductivity, exceeding
1000 S/cm, was reported using a base-inhibited VPP [3,4].
However, it should be noted that VPP PEDOT has a high
bandgap and relatively low transmittance [23,24].

As another thiophene-based conducting polymer,
poly(3-hexylthiophene) (P3HT) is also one of the most
indispensable materials in OLEDs, OPVs, field effect tran-
sistors (FETs) and thin film transistors (TFTs)
[12,17,27,28]. Over the last decade, blending or copolymer-
ization techniques of conducting polymers have been
investigated not only to overcome the drawbacks of a pris-
tine conductive polymer, such as inadequate bandgap,
rough surface, low conductivity and poor transmittance,
but also to tailor the properties for various applications
[29–31]. Recently, P3HT has been successfully fabricated
by VPP [32] using a similar route to VPP of PEDOT choosing
appropriate catalyst and solvent systems. Using the VPP
technique, therefore, PEDOT and P3HT may be copolymer-
ized in the state of vaporized monomers and subsequently
polymerized to form, most probably, a PEDOT/P3HT
copolymer structure. However, it should be mentioned
that the traditional VPP route, where the monomer is
maintained in the state of thermodynamic equilibrium,
may not simply be applied because the vapor pressure
and polymerization rate of the EDOT and 3HT are different
and, thus, the relative composition of the VPP copolymer is
not controllable.

Therefore, the PEDOT to P3HT ratio was kinetically con-
trolled in this study by adjusting the relative feed amount
of the evaporating monomers to the reaction chamber to
fabricate the PEDOT/P3HT films containing different ratios
of PEDOT to P3HT. The developed synchronous VPP tech-
nique successfully provided PEDOT/P3HT copolymer thin
coatings with tunable bandgap and optoelectronic
properties.
2. Experimental method

The main chemicals used in this study were 3HT (99%,
Aldrich, St. Louis, MI USA), EDOT (99%, Aldrich, St. Louis,
MI USA), iron (III) chloride hexahydrate (Fe(III)Cl3

.6H2O,
97%, Aldrich, St. Louis MI USA), MeOH (methyl alcohol
anhydrous, 99.9%, Carlo erba reagenti) and EtOH (ethyl
alcohol anhydrous, 99.9%, Carlo erba reagent). The sub-
strate materials used in this study were plane glass
(1.1 mm, Paul Marienfeld GmbH & Co. KG., Germany), ITO
glass (indium–tin-oxide glass, 10 O, 185 ± 20 nm ITO thick-
ness, 1.1 mm ITO glass thickness, U. I. D., Korea), PET (poly-
ethylene terephthalate, 100 lm, Hwasung Co. Ltd., Korea)
and a Si wafer (Thickness: 525 ± 25 lm, SEMI-MATERIAS
Co. Ltd., Korea).

The substrates were washed and rinsed with DI-water
and acetone and sonicated for 10 min to remove any organ-
ic contaminants. The glass substrates were plasma-treated
(PLAMAX, SPS Co. Ltd., Korea) for 30 s, and the ITO glass
substrates were UV-treated for 20 min. The oxidant was a
mixture of MeOH and EtOH at a 1:1 ratio with iron (III)
chloride hexahydrate. The wt.% ratio between the alcohol
mixture and FeCl3 � 6H2O was 10:1, 5:1, and 3:1. A ratio
of 10:1 was chosen to fabricate most thin films in this
study. After sonicating the oxidant solution for 2 min at
40 �C, it was spin-coated onto the substrates at a speed of
500 rpm for 5 s and then at 1400 rpm for 5 s. The oxidized
substrates were placed in the vapor-phase-polymerization
(VPP) chamber, where the containers of 3HT and EDOT
were also placed. The vaporized monomers were supplied
into the chamber through the feed inlets, which were made
at the center of the container ceiling with different inlet
diameters of D3HT and DEDOT (Scheme 1). The flow rate of
flowing nitrogen was kept constant during polymerization,
and the feed ratio of 3HT and EDOT monomer vapors was
adjusted by the inlet diameters of D3HT (0, 2, 4, 6, and
8 mm) and DEDOT (fixed at 20 mm). The EDOT and 3HT
monomers in the VPP chamber were polymerized for
20 min, 30 min, or 1 h at 60 �C. After polymerization, the
sample was soaked and washed sequentially with MeOH
to eliminate the monomers and Fe(III) solution remaining
on the substrate. The washed PEDOT/P3HT copolymer film
was dried further using a hot-air gun for 1 min in an ambi-
ent atmosphere to remove the residual MeOH.



Scheme 1. Schematic of experimental setup for synchronous polymeri-
zation of EDOT and 3HT monomers, where the monomer concentrations
are controlled by the inlet sizes of monomers (DEDOT and D3HT) to the
reaction chamber under the flowing inert gas.
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The thickness of the VPP PEDOT/P3HT was measured
using an alpha step IQ (KLA Tencor corporate, the Yield
Management company, San Jose CA, U. S. A.) and FE-SEM
(Field emission scanning electron microscope, 1.0 nm
guaranteed at 15 kV, JSM6700F, JEOL, Japan). The bandgap
was determined by UV–vis-spectrophotometry (UV-3600,
SHIMADZU, Japan). AFM (SPA-300HV, SII Nano Technology
Inc., Tokyo Japan) was used to examine the surface mor-
phology of the VPP-PEDOT/P3HT coating, where a
5 � 5 lm area was analyzed to determine the surface
roughness. The AFM 3D images revealed the surface rough-
ness of the copolymer films with a z-axis of 100 nm. X-ray
photoelectron spectroscopy (XPS, ESCA2000, VG MICRO-
TECH) equipped with an Al Ka radiation source
(hm = 1486.6 eV) was used to analyze the components.
Attenuated total reflection-Fourier transform infrared
(ATR-FTIR) spectroscopy (Bruker IFS-66/S, Bruker, Massa-
chusetts U.S.A.) was also used for component analysis of
the VPP-PEDOT/P3HT copolymers. Contact angle measure-
ments were performed using a Digi-drop contact angle
goniometer (JinTech, Korea). A water droplet was dropped
onto the surface of a small sample. The droplet shape was
recorded by a camera and analyzed to determine the con-
tact angle. The electrical conductivity of the synthesized
films was measured using a four-point probe method
(Keithley 236 current source and Keithley 617 electrome-
ter). The film thickness for the measurement of electrical
conductivities ranged 100–500 nm coated on a glass sub-
strate in the area of 25 � 25 mm2. The type of the four-
probe point was a linear type with 1 mm tip spacing.
3. Results and discussion

The thin copolymers were fabricated by adding a small
amount of EDOT monomer in the VPP chamber with exces-
sive 3HT monomers because the polymerization rate of the
EDOT monomers was faster than that of the 3HT mono-
mers. More specifically, the composition was controlled
by adjusting the feed amount of EDOT to the catalyst-
coated layer placed in the reaction chamber, which
complies with the typical steady-state plug-flow reactor
system [33]. In this case, the feed ratio of EDOT to 3HT
may be controlled by the inlet size of the vaporized mono-
mers in the stream of purging nitrogen. Simply quantifying
the feed composition, the feed ratio (r) may be defined by
the feed inlet sizes of EDOT and 3HT, viz: r = DEDOT/D3HT,
where DEDOT and D3HT are the cross-sectional diameters
of the feeding hole on the ceiling of the EDOT and 3HT con-
tainers, respectively.

The ATR-FTIR spectroscopy results of the pristine PED-
OT, pristine P3HT and PEDOT/P3HT copolymer films are
compared in Fig. 1 at different feed ratios. As the character-
istic peaks of each pristine polymer, the peak intensity of
the aliphatic C–H bond stretching vibration corresponds
to the 3-hexyl group in P3HT, and the C–O–C bond stretch-
ing vibration corresponds to the ethylenedioxy group in
PEDOT. As seen in Fig. 1B, the aliphatic C–H bond stretch-
ing in the 3-hexyl group in P3HT appears at 2854, 2924,
and 2954 cm�1, and its peak intensity decreases with the
feed ratio of r [34,35]. Assigning the bands at approxi-
mately 1058 and 1141 cm�1 to the stretching modes of
the ethylenedioxy group [36,37], the intensity of these
peaks increases with the increasing supply of the EDOT
monomer. Consequently, the vapor-phase polymerization
ratio of PEDOT appears to reflect the controlled supply of
the EDOT monomer via the feed ratio of r. Fig. 1C compares
the bands of the pristine PEDOT (doped with FeCl3 � 6H2O)
with the copolymers at different feed ratios of r, seemingly
exhibiting a redshift due to copolymerization of 3HT and
EDOT. The inset in Fig. 1A shows the camera images of
pristine PEDOT, P3HT, and PEDOT/P3HT at different com-
positions coated on the ITO substrates. Since the colors of
the pristine PEDOT and P3HT are blue and orange, respec-
tively, the color of the PEDOT/P3HT copolymers changes
gradually from orange to dark blue with the increasing
EDOT feed ratio of r demonstrating that the ratio was suc-
cessfully controlled by the feed ratio in our experiments.

For copolymers, the surface composition may be quan-
tified using several surface-sensitive techniques, such as
XPS and time-of-flight secondary ion mass spectrometry
(ToF-SIMS) [38], XPS exhibiting somewhat better agree-
ment with the theoretical compositions than ToF-SIMS
[39]. Therefore, in this study, XPS was used to quantify
the surface concentrations. The formation of PEDOT/P3HT
copolymer films can be demonstrated by deconvoluting
the XPS peaks at 285.0, 286.5, and 533.0 eV, as shown in
Fig. 2. The XPS peaks at 285.0 and 286.5 eV in Fig. 2A can
be assigned to C–C/C @C and C–O–C, respectively, corre-
sponding to the spectra of the C(1s) core level [40,41].
Fig. 2A and Table 1 indicate that the intensity of the peak
at 285.0 eV decreases with increasing r, whereas that at
286.5 eV increases, which agrees well with the chemical
structures of PEDOT and P3HT, as shown in the inset in
Fig. 2A. The O photoelectron spectrum in Fig. 2B and Table
1 shows that the O concentration increases with increasing
r, as represented by the intensities of the XPS peak at
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533 eV, which can be assigned to the oxygen–ether group
(C–O–C) [40,42]. The S photoelectron spectrum is shown
in Fig. 2C and analyzed in Table 2. The S(2p) peak positions
of pristine P3HT and PEDOT appear at 164.1 and 163.8 eV,
respectively, and the peaks of their blend systems at differ-
ent r values seem to appear between the two pristine poly-
mers. Table 2 shows the elemental composition of the
fabricated thin films demonstrating that the PEDOT to
P3HT ratio increases with the EDOT feed ratio of r. As seen
in Table 2, the concentration of S and the PEDOT to P3HT
elemental ratio apparently increase with increasing r.
Comparing the experimental and theoretical ratios of C/S,
which may represent the ratios of P3HT to PEDOT, there
are good agreements between the theoretical and experi-
mental values. The slight discrepancy might be due to
adventitious hydrocarbon contamination coming from
the contact of the samples with the ambient atmosphere
[39].



Table 1
XPS atomic concentrations (%) of C and O for PEDOT/P3HT copolymers with
(a) r = 0.0, (b) 0.1, (c) 0.2, (d) 0.3, (e) 0.4, and (f) pristine PEDOT.

Samples C(1s) O(1s)
C atom% at h/g O atom% at
(g) 285.0 eV (C–
C/C@C)

(h) 286.5 eV
(C–O–C)

533.0 eV
(C–O–C)

a 78.4 0 0 0
b 50.0 24.6 0.49 8.6
c 48.1 25.9 0.54 9.1
d 42.4 28.4 0.67 10.4
e 35.1 28.9 0.82 11.6
f 29.2 32.1 1.10 13.8

Table 2
XPS atomic concentrations (%) of C and S comparing C/S ratios between
theoretical and experimental results for (a) r = 0.0, (b) 0.1, (c) 0.2, (d) 0.3, (e)
0.4, and (f) pristine PEDOT.

Samples C(1s)
atom%

S(2p)
atom%

C/S
theoretical

C/S
experimental

PEDOT:P3HT
experimental
ratio(mol%)

a 84.1 8.2 10.0 10.3 0:100
b 80.4 8.7 – 9.2 31:69
c 78.4 8.8 – 8.9 39:61
d 75.4 9.7 – 7.8 69:31
e 74.8 9.9 – 7.5 78:22
f 69.5 10.4 6.0 6.7 100:0
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Fig. 3 presents the UV–vis absorbance spectra of VPP-
PEDOT/P3HT films on glass substrates leading to changes
of the bandgap of the VPP-PEDOT/P3HT copolymer at dif-
ferent feed ratio of r values. The bandgap was estimated
to be 1.91, 1.98, 2.02, 2.07, and 2.16 eV for the specimens
prepared with 0, 2, 4, 6 mm of feed diameters and the pris-
tine VPP-PEDOT film, respectively, by taking the isobestic
points at 650, 625, 615, 600, and 575 nm, respectively.
The bandgap decreases gradually with decreasing EDOT
monomer supply. Accordingly, the bandgap of the VPP-
PEDOT/P3HT copolymer film can be desirably adjusted by
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Fig. 3. UV–vis. absorbance spectra of the various PEDOT/P3HT copolymer
films. The inset shows pictures of the PEDOT/P3HT copolymer films
coated on ITO-coated glass using an oxidant at a 10:1 ratio of mixture to
ferric chloride hexahydrate, representing r = 0, 0.1, 0.2, 0.3, 0.4, and the
pristine PEDOT film from left to right, respectively, with a thickness of
300 nm.
changing the relative composition of PEDOT and P3HT,
especially when a low bandgap is required in such applica-
tions as OLEDs and OPVs [16]. The inset in Fig. 3 shows the
pristine PEDOT, P3HT and PEDOT/P3HT copolymers at dif-
ferent compositions coated on glass substrates. Similarly to
Fig. 1, the color of the specimens clearly indicates that the
compositions of PEDOT and P3HT vary with the fabrication
conditions to give tunable bandgap.

Fig. 4 shows cross-sectional SEM images of pristine
PEDOT, P3HT, and copolymerized PEDOT/P3HT films pro-
duced by the developed synchronous technique. In this
experiment, the coating thickness of the oxidant was pre-
cisely controlled to be constant during the spin-coating
process and the same VPP conditions were used. However,
as can be seen, the final film thickness varies with the com-
positions because of the difference in polymerization rates
of EDOT and 3HT. Fig. 4A, B, C, D, E and F show cross section
images of pristine P3HT, copolymer films and pristine PED-
OT, giving the final thicknesses of 52, 71, 87, 110, 131 and
153 nm at r = 0, 0.1, 0.2, 0.3, 0.4 and the pristine PEDOT
film, respectively. The film thickness increases with
increasing r due to the faster polymerization rates of EDOT
than 3HT. It should be mentioned that the film thickness
can also be controlled at a fixed r by changing the polymer-
ization temperature [32].

Fig. 5 shows the electrical conductivity of the copoly-
mers plotted as a function of r. The electrical conductivity
increases from 3.0 � 10�2 S/cm for the pristine P3HT up to
6.28 S/cm for the copolymer with r at 0.4. The conductivity
of PEDOT/P3HT copolymer can be increased up to 200
times higher than that of the pristine P3HT, which can be
achieved by adjusting the EDOT feed ratio of r. In this
study, the conductivity of the pristine VPP-PEDOT was sim-
ilar to that reported elsewhere [22], where a FeCl3-based
oxidant solution was used without any additives. However,
the addition of basic inhibitors, such as pyridine [4] and
imidazole [25], has been reported to reduce the polymeri-
zation reaction kinetics and enhance the conductivity and
transparency of the PEDOT film. Therefore, a weak base
can be used to the PEDOT/P3HT copolymer systems to
Fig. 4. Cross section of the PEDOT/P3HT copolymer films for (A) r = 0.0
(pristine P3HT), (B) r = 0.1, (C) r = 0.2, (D) r = 0.3, (E) r = 0.4 and (F) pristine
PEDOT synthesized at 60 �C for 20 min. The scale bar is 100 nm in each.
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achieve high conductivities, which is desirable for elec-
trode systems in various electronic devices.

The polymerization rate of conjugated polymers, sur-
face treatment and catalyst removal conditions were re-
Fig. 6. AFM images of PEDOT/P3HT copolymers for (A) r = 0.0 corresponding to
PEDOT.
ported to affect the surface morphology of thin films
substantially [5]. For example, the residual catalyst and
monomers were removed successfully in order to synthe-
size smoother thin conducting polymer films [26]. Fig. 6
shows the surface morphology of the VPP-PEDOT/P3HT
thin films in different polymerization conditions at differ-
ent EDOT feed ratios of r. The surface roughness of the film
increases with increasing r, as shown in Fig. 6A, B, C, D, and
E, giving a RMS roughness of 4.88, 3.83, 8.66, 9.31, and
9.54 nm for r = 0, 0.1, 0.2, 0.3, and 0.4, respectively. This
demonstrates that the surface roughness is affected by
the incorporated EDOT monomers. The copolymerized film
with r = 0.1 shows a lower RMS roughness than the pristine
P3HT film (4.88 nm). However, the RMS roughness of the
copolymer films increases gradually up to 18.3 nm with
increasing r. The surface roughness of the pristine PEDOT
is relatively high (ca. 18.3 nm) in Fig. 6F because no addi-
tional dopant was used in this study. Various additives
are normally used to improve both conductivity and sur-
face morphology of PEDOT, for example, such as glycerol,
sorbitol and pyridine [5,43]. It should also be mentioned
that FeCl3 readily forms crystal-like structures as the
pristine P3HT, (B) r = 0.1, (C) r = 0.2, (D) r = 0.3, (E) r = 0.4 and (F) pristine
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solvent evaporates to give grainy structures, which may act
as a seeding template to cause discontinuous film forma-
tion [26]. Further work by Winther-Jensen et al. [4,26]
shows that Fe(III) tosylate gives relatively smooth and
homogeneous film surfaces, however, which often results
in an undesirable polymerization route to give partially
conjugated polymer chains. Therefore, further study of dif-
ferent additives and catalysts should be performed to en-
hance the surface morphology of VPP-PEDOT/P3HT.

Fig. 7 shows the water contact angle and RMS surface
roughness of the copolymerized films coated on the glass
substrates. Since a liquid makes contact with the outer-
most molecular layer of a surface, the contact angles repre-
sent the chemical and structural differences at the coating
surface. Furthermore, the wettability of the thin coating is
important in the fabrication of many optoelectronic de-
vices, where multilayers should be fabricated in contact
with heterogeneous layers. Since the contact angle of the
pristine PEDOT at 36� is lower than that of the pristine
P3HT at 54�, the PEDOT/P3HT copolymer films show a
decreasing feature of the contact angle with a higher r,
which is likely affected by the roughness of the coating
since the water contact angle usually decreases with
increasing RMS roughness. At a feed ratio of r = 0.4, how-
ever, the contact angle is slightly lower than the pristine
PEDOT. Exhibited by the camera images of coating in the
insets of Fig. 7, the color changes gradually from yellow
to blue with the increasing EDOT feed ratio of r.

Overall, the developed VPP copolymerizing technique
clearly demonstrates that the physicochemical properties
of PEDOT/P3HT copolymers were successfully adjusted.
Since the vapor pressure and polymerization rates of EDOT
and 3HT monomers are different, the variation of the
copolymer composition was ensured by adjusting the feed
ratio of the monomers to the reaction chamber, which re-
sulted in different reactant concentrations of EDOT and
3HT monomers. Different concentrations of reactants
may well give different kinetic polymerization rates of
EDOT and 3HT to provide a controllable synthesis route
of PEDOT/P3HT copolymer coatings. Further study should
be performed to identify the detailed copolymerization
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Fig. 7. Water contact angles and RMS surface roughness for different
PEDOT/P3HT films. The inset shows the camera images of PEDOT/P3HT
copolymer films with thickness of ca. 100 nm.
reaction and chemical structures of the VPP PEDOT/P3HT
copolymer system.
4. Conclusions

PEDOT/P3HT copolymer films were successfully fabri-
cated as thin films on the glass, Si wafer, ITO-covered glass
and PET film substrates using a vapor-phase polymeriza-
tion technique. The ratios were kinetically controlled to
ensure the tunable properties of bandgap, electrical con-
ductivity, surface morphology and water contact angle of
the thin copolymer films. The P3HT thin film incorporated
with PEDOT may improve the mobility in OTFTs and charge
extraction efficiency in OPVs. In addition to being used as a
semiconductor with higher mobility, adding dopants to
increase the electrical conductivity, P3HT/PEDOT copoly-
mer films can also be used as a HIL in OLEDs with modified
energy levels and properties.
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