
Electropolymerized Conjugated Polyelectrolytes with Tunable Work
Function and Hydrophobicity as an Anode Buffer in Organic
Optoelectronics
Sebastian Lacher,† Naoki Obata,†,‡ Shyh-Chyang Luo,§ Yutaka Matsuo,†,* Bo Zhu,§ Hsiao-hua Yu,§

and Eiichi Nakamura†,*
†Department of Chemistry, The University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan
‡Mitsubishi Chemical Group Science and Technology Research Center, Inc., 1000 Kamoshida-cho, Aoba-ku, Yokohama-shi,
Kanagawa 227-8502, Japan
§Yu Initiative Research Unit, RIKEN Advanced Science Institute, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

*S Supporting Information

ABSTRACT: A new class of conductive polyelectrolyte films
with tunable work function and hydrophobicity has been
developed for the anode buffer layer in organic electronic
devices. The work function of these films featuring a
copolymer of ethylenedioxythiophene (EDOT), and its
functionalized analogues were found to be easily tunable
over a range of almost 1 eV and reach values as high as those
of PEDOT:PSS. The new buffer material does not need the
addition of any insulating or acidic material that might limit
the film conductivity or device lifetime. Organic photovoltaic
devices built with these films showed improved open-circuit voltage over those of the known PSS-free conductive EDOT-based
polymers with values as high as that obtained for PEDOT:PSS. Furthermore, the surface hydrophobicity of these new copolymer
films was found to be sensitive to the chemical groups attached to the polymer backbone, offering an attractive method for
surface energy tuning.
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■ INTRODUCTION

The efficiencies and lifetimes of organic electronic devices have
increased significantly in recent years. New classes of organic
semiconductors in the active layer resulted in efficiencies of
organic photovoltaics (OPVs) of up to 10%.1,2 These
semiconductors are usually optimized with respect to their
energy levels and miscibility to reach the highest possible
efficiencies. Despite the well-known fact that the charge
injection/extraction layers greatly affect the efficiency and
lifetime of such devices,3−8 optimization of the anode buffer
layer for both the work function and the surface energy has
often been neglected. Few alternatives to the widely used
poly(3,4-ethylenedioxythiophene):poly(p-styrenesulfonate)
(PEDOT:PSS)9,10 have been successfully implemented so far,
and they usually suffer from high production costs or difficult
processing conditions.11−13 PEDOT:PSS is still the material of
first choice because of its high work function and easy
processability. Alternative buffer layers, however, are desired, as
PEDOT:PSS shows detrimental effects on device lifetime14

because of its high acidity and etching of ITO.15−17 In addition,
the presence of a large amount of insulating PSS reduces the
conductivity of the film, especially in the surface region,18,19 and
leads to hydrophilic films that are often not ideal for the

deposition of hydrophobic organic semiconductors.20 The high
concentration of PSS in the surface region, however, is
necessary to achieve the high work functions needed for
applications.21,22 Alternative organic films with high work
functions usually require the addition of insulating material
such as fluorinated sulfonic acid polymer,23,24 perfluorinated
ionomers,25 or EDOT polymerization with organic semi-
conductors disturbing the PEDOT conjugation.26

In turn, the conductivities of PEDOT films without
insulating additives are known to be several orders of
magnitude higher than that of commonly used PEDOT:PSS,27

resulting in increased short-circuit current (JSC) in OPVs.28−32

However, the application of these highly conductive films in
organic electronic devices is limited by their low work function,
which leads to charge injection barriers, thereby reducing the
device performance. Thus, it is currently necessary to
compromise between conductivity and high work function.33

We present here a solution to this problem through the
development of a new conductive polyelectrolyte with tunable
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work function that reaches the level commonly observed for
PEDOT:PSS but without the need for any acidic or insulating
additives such as PSS. Furthermore, we achieved a tuning of
film hydrophobicity obtaining films with significantly increased
water contact angles. In this proof-of-principle study, we used
patterned ITO substrates for building bulk heterojunction OPV
devices using poly-3(hexylthiophene) (P3HT) and phenyl-
C61-butyric acid methyl ester (PCBM) in the active layer. We
studied the relationship between the work function of the
anode buffer layer and the VOC of the bulk heterojunction OPV
device and found improved VOC values over those of a similar
PEDOT-based PSS-free conductive anode buffer.

■ RESULTS AND DISCUSSION
The anode buffer layer in OPVs greatly affects the device
performance, as demonstrated previously by increased con-
ductivity to achieve higher JSC values,28,34 the establishment of
an ohmic contact to increase the VOC value,

35 and the change in
the surface energy to control the morphology of the active
layer.36 The exact influence on the work function by the anodic
buffer layer is still under debate,37,38 but recent studies indicate
the effective lowering of the charge injection barriers to increase
the VOC values in bulk heterojunction OPVs and an increase in
the fill factor (FF) in flat heterojunction devices.39 Clearly,
optimization of all of these parameters is necessary to achieve
high efficiencies. EDOT-based polymers are well established
and known for their stability, conductivity, and trans-
parency.40,41 Electropolymerized PEDOT (ePEDOT) anode
buffers showed improvements in JSC and device lifetime of
OPVs compared with PEDOT:PSS because of the replacement
of the insulating and acidic PSS with electrochemical dopants
such as perchlorate,29,31,32 leading to highly conductive polymer
films.27 However, the work function of these films has been
much less studied and, in fact, the VOC values of these
ePEDOT-based OPV devices were found to be low, indicating
the presence of a charge injection barrier.
Polymers based on EDOT with covalently bound sulfonate

groups (EDOT−SuNa; see Chart 1 for the structures of the

compounds used throughout this study) are known for their
high conductivity (polymer of EDOT−SuNa shown in Chart
2).42 Nevertheless, the preparation and processing of this
polymer are challenging because it tends to form only water-
soluble oligomers.43 Furthermore, the random distribution of
the negative counterions leads to a cancellation of the dipole

and hence to the low work function of 4.4 eV.23,44 We
envisioned controlling this distribution of negative counterions
by the copolymerization of EDOT with EDOT−SuNa (see
Chart 2). This copolymerization strategy has several advan-
tages: (i) the polymers are more hydrophobic, which makes
film formation from aqueous solution possible; (ii) the
variation of the copolymer ratio allows easy control of the
distribution of the counteranions along the polymer backbone;
and (iii) the use of monomers with a variety of functional
groups, as shown in Chart 1, can influence the surface energy of
the films.

Electropolymerization Procedure. We prepared the
polyelectrolyte films starting from ITO modified with self-
assembled monolayers (SAMs) as shown in Scheme 1 (step A).
Such a surface-initiated polymerization allows us to obtain a
better controlled film morphology (i.e., lower surface rough-
ness),45,46 better film adhesion, and improved electrical
contact.47 It is important to note that the PEDOT film grows
only on the ITO part of the substrate, not the glass surface
(illustrated in Scheme 1). This produces a different substrate
architecture for OPVs compared to that of PEDOT:PSS spin
coated substrates that bears the buffer uniformly on the surface
(vide infra).
We obtained stable polyelectrolyte films by applying a

positive potential to ITO modified with SAMs of 2,2′:5′,2″-
terthiophene-5-phosphonic acid and 2,2′-bithiophene-5-phos-
phonic acid when placed in an EDOT monomer solution
(Scheme 1, step B). The films were stable against peeling with
Scotch tape, sonication, and electrochemical redox cycles,
which is a sign of covalent bond formation between the SAM
and the polymer.48 Covalent bond formation is possible in this
case because the oxidation potential of the two molecules is
below that of EDOT−SuNa (see Supporting Information,
Table S1). On the other hand, the films polymerized on ITO
functionalized with 2-thiophene phosphonic acid or triethoxy-
2-thienylsilane peeled off under electrochemical cycling,
because the oxidation potential of the thiophene SAM was
too high to produce thiophene cationic species that could react
with EDOT monomers to start the polymerization process.
Thus, we suspect that the previously reported improvement of
ePEDOT film formation using thiophene SAMs on ITO is not
because of covalent bond formation but better film adhesion28

(see the Supporting Information for the details of the SAM-
initiated electropolymerization process).
Note that the covalent linkage of films to ITO made it

impossible to determine the film conductivity by the four-point
probe technique, while the excellent conductivity data of
ePEDOT-based films have been reported previously in
numerous reports18,49−51 with conductivities of 400−450
S·cm−1 for tosylate-doped ePEDOT.27

The film polymerization was performed from an aqueous
solution of 0.01 M EDOT−monomer mixture (EDOT/
EDOT−SuNa) containing 0.1 M LiClO4 as electrolyte and
0.01 M sodium dodecylsulfate (SDS), the presence of which
significantly reduced the roughness of the film surface.52−54

The aqueous polymerization system we used in this study has
an advantage over polymerization from organic solvents, which
often leads to increased surface roughness.55

The solution was acidified by HCl to a pH of 2. As a counter
electrode, a 25 × 25 mm2 Pt metal mesh was placed 5 mm from
the ITO working electrode. Ag/AgCl was used as a reference
electrode. We applied a constant current over a period of 45−
90 s to keep the voltage low, which is important for obtaining

Chart 1. EDOT Monomers Used for Electropolymerization
and Thiophene-Based Molecules for SAM Formation on
ITO
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smooth films.51 The film thickness was controlled by the
applied charge density, which we calibrated as shown in Figure
1. The thickness−current density relationship was the same
regardless of the EDOT/EDOT−SuNa ratio, which was
controlled by the relative concentrations of the monomers in
the solution. The monomer ratio in the electropolymerization
solution roughly reflects the ratio in the copolymer.56 The
resulting films were insoluble up to an EDOT−SuNa content
of 25%. To obtain polymers with higher EDOT−SuNa content,
20% acetonitrile was added to the polymerization mixture,

which allowed us to obtain copolymers with at least 50%
EDOT−SuNa without affecting the surface roughness. At
EDOT-SuNa concentrations higher than 50% the films became
increasingly soluble despite the 20% acetonitrile making it
difficult to prepare stable films in aqueous solutions.
After polymerization, the films were rinsed with a large

amount of Millipore water (we used such water throughout the
study). We followed the procedures reported in ref 50 to
remove all ions present in solution that could affect the doping
level or conductivity. For that purpose, we washed the film

Chart 2. Polymer Based on (A) EDOT−SuNa and (B) Copolymer of EDOT/EDOT−SuNaa

aThe counterions of the polymer in (A) are equally distributed along the polymer backbone, while those in (B) are dependent on the alignment of
EDOT monomers in the copolymer chain.

Scheme 1. Three Steps of Polyelectrolyte Film Formationa

a(A) Terthiophene phosphonic acids are used to functionalize ITO. (B) The SAM-modified substrate is placed in a solution containing EDOT/
EDOT−SuNa monomers. The polymerization occurs only on ITO and is achieved by applying a positive voltage. (C) A short second
polymerization step in another solution containing EDOT monomers with a different side chain yields ultrathin top layers.
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twice, applying negative voltages to remove anions such as
perchlorate and SDS and reduced the film. The first time we
used −0.6 V for 300 s in a 0.1 M LiClO4 solution and rinsed
the film with water. Then we applied another −0.6 V for 150 s
in water to remove the remaining anions in the film.
Subsequently, film doping was performed at 0.6 V for 150 s
in water (we call the doping process in water “self-doped”). In
this case, the attached sulfonate ions take the part of the
dopant, leading to self-doped films with high transparency and
conductivity (vide infra). Alternatively, we doped the films at
0.6 V for 150 s in 0.1 M LiClO4 (we call these films
“perchlorate-doped”). This doping process led to the
incorporation of perchlorate ions, which besides the sulfonate
ions present can take the part of the dopant.
The charge flow upon doping depends on the film thickness

and the EDOT−SuNa content in the film, confirming that the
sulfonate groups of the copolymer act as the major source of
dopant ions (Supporting Information, Figure S1). Furthermore,
the charge flow upon de- and redoping shows a logarithmic
behavior, which is consistent with the electrochemically
stimulated conformational relaxation (ESCR) model57 that
explains the slow doping process of conductive films with a
conformational change of the polymer upon ion diffusion. This
doping is faster for polymer layers facing the solution interface,
because the pores from the de-doping procedure are still
present, often referred to as “memory effect”.58

The oxidized films were stable under ambient conditions.
The work function was measured in vacuum by photoelectron
yield spectroscopy (PYS), a method that has proven useful for
rapid and reliable determination of work functions.59

Film Properties: Work Function. We found a linear
relationship between the EDOT−SuNa content and the
polyelectrolyte film work function up to 50% EDOT−SuNa
for the self-doped films (blue diamonds in Figure 2). The
increase in work function for the low EDOT−SuNa content
can be explained by the different oxidation levels of the film.
Interestingly, at EDOT−SuNa content > 50%, the work
function decreases, suggesting that factors other than the film
oxidation levels need to be considered. In addition, we
observed a similar rise in the work function for the
perchlorate-doped films (green triangles in Figure 2) at 50%
EDOT−SuNa content in the copolymer.
Note that the self-doped films show much lower work

functions at 0−10% EDOT−SuNa content compared with the
perchlorate-doped analogues. This was expected, considering

the reduced amount of possible counteranions that act as
dopants, thereby reducing film oxidation. These results suggest
that no other anions act as dopants, and thus all ions were
successfully washed out of the films during the washing
procedure at negative applied voltage, leaving no insulating
material such as SDS in the film.
A possible explanation for the film work function depend-

ence on EDOT−SuNa content is the dipole effect rising from
the location of positive and negative charges in the film. The
molecular dipole is defined as the product of the value of the
partial charge and the distance between the two charges.59 It
has been known for some time that the location of the
counterions is crucial for the work function of charged films.60

In our case, the positive charges are delocalized over the
PEDOT π-system, whereas the negative ions are localized on
the side of the PEDOT backbone (see Chart 2). The
counterions will be fixed on one side of the polymer because
of the rigidity of the polymer backbone. A nonrandom
distribution of counterions along the polymer backbone will
lead to an overall dipole of the polymer chains, which
influences the film work function and could explain the
observed work function behavior. We envision that the
counterion distribution along the polymer backbone is
dependent on the EDOT−Na content in the copolymer film
and that the highest probability of a nonrandom distribution of
sulfonate ions is at an EDOT−SuNa content of 50%. Higher
concentrations of EDOT−SuNa will lead to cancellation of
dipoles and lower work functions. Finally, with a complete
EDOT−SuNa film, the dipoles will completely cancel out
(Chart 2), leading to the above-mentioned low work function
of 4.4 eV.
Work function tuning with polyelectrolyte buffers has been

known for some time;61 however, its application has been
limited to positive ions attached to the polymer backbone to
enhance electron injection.62−69 These polymers are designed
in a way that the positive ions are fixed on a specific side of a
monomer, forming a semiconducting polymer with the
counterions being delocalized in the film. Interfacial dipoles
with one pole pointing toward the polymer layer and the other
one toward the metal were proposed as a possible way of how
these polymers alter the metal work function.61,70 However, an
in-depth discussion of the mechanism has been missing because
the net alignment of dipoles at the metal/organic interface and
in the bulk polymer is still not understood. Our results here
indicate that the arrangement of ions in the bulk film is crucial

Figure 1. Relationship between the charge density and the film
thickness for EDOT/EDOT−SuNa polymer (EDOT−SuNa content:
25%) films polymerized from water. Thickness was determined by
AFM.

Figure 2. Dependence of the work function and the water contact
angle (red line) of EDOT/EDOT−SuNa copolymer films on the
EDOT−SuNa content. Work functions of self-doped films are shown
as blue diamonds and perchlorate-doped films as green triangles. Exact
values are given in Table S2 (Supporting Information).
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for the film work function and can be controlled by the polymer
design. Thus, more detailed studies will be necessary to exploit
the full potential of polyelectrolyte films.
The higher work function of perchlorate doped films than

that of their self-doped counterparts can be explained by the
distribution of perchlorate ion location in the film60 arising
from the re-doping process following the above-mentioned
ESCR model.57

Earlier reports found a high influence of the doping voltage
on the work function of conducting polymers.71−76 When
doping the copolymer films at voltages between 0.4 and 0.8 V
in water, we could not observe any difference in the work
function because the oxidation level is mainly determined by
the EDOT−SuNa ratio. After doping these films in 0.1 M
LiClO4 solution at different voltages, we measured a small
increase in work function of approximately 0.1 eV between the
films doped at 0.4 and 0.8 V. This increase is low, and we
expect that such a procedure is not suitable for obtaining stably
high work function values because of overoxidation effects and
the instability of highly oxidized films under ambient
conditions. Similar films reported earlier were doped under
an inert gas atmosphere and the work function measurement
was performed under argon gas.71 In turn, the work functions
of the films reported here were stable under ambient conditions
for at least several weeks.
Film Properties: Hydrophobicity. The ability to control

the surface properties is a feature of the present copolymeriza-
tion strategy, as demonstrated through measurements of the
contact angles for the ITO covered with a copolymer of a
variety of EDOT derivatives and EDOT/EDOT−SuNa. For
instance, as studied for the EDOT/EDOT−SuNa copolymer of
various EDOT−SuNa contents (Figure 2), the use of more
EDOT−SuNa decreased the water contact angle of the
copolymer surface, making it more hydrophilic than ePEDOT
without EDOT−SuNa by a reduction of the water contact
angle from 89° to 45° for an EDOT−SuNa content of 68%.
PEDOT:PSS shows a water contact angle 10−12°77 and
absorbs water quickly, which makes a determination of the
water contact angle challenging. We did not observe such a
behavior for any of the films in Figure 2.
Importantly, we were able to tune the work function and

water contact angle independently by introducing different
EDOT−SuNa contents in the bulk and in the uppermost film
layer. We achieved this by injecting an EDOT−SuNa solution
into the polymerization mixture during the polymerization
process under stirring of the polymerization solution, which
changed the EDOT−SuNa content of the uppermost part of
the polymer. The work function of these films was dependent
on the overall EDOT−SuNa content in the bulk following the
trend in Figure 2, but the hydrophobicity was dependent on the
EDOT−SuNa content of the uppermost layer, which was
determined by the final EDOT−SuNa content in the
polymerization mixture. This procedure is especially appealing
because it uses only two monomers and one polymerization
step. It is important to note that this procedure did not lead to
an increase in surface roughness (see Supporting Information,
Figure S5). Using this method, we achieved various contact
angles of polymer films below 89°, which is the value that we
determined for pure EDOT-based films (Figure 2).
In an attempt to increase the film hydrophobicity, we used

different functionalized EDOT monomers bearing hydrophobic
hexyl and perfluoroheptyl chains (EDOT-C6 and EDOT-F in
Chart 1) to be polymerized on top of the EDOT/EDOT−

SuNa films. Such ultrathin top layers were achieved by applying
a second polymerization step in a monomer solution of EDOT-
C6 and EDOT-F, respectively (see step C in Scheme 1). For
the very hydrophobic EDOT-F we used an ionic liquid as the
polymerization solvent, which is described in the Supporting
Information. To this end, we polymerized a 5 nm thick film of
EDOT-C6 and EDOT-F, respectively, which led to an increase
in the water contact angle of 15−20°. Interestingly, the
presence of these thin top films also increased the film work
function by 0.26 eV for films functionalized with EDOT-F and
decreased it by 0.04 eV in the case of EDOT-C6 top films. This
is consistent with earlier findings of perfluoro side chains on the
boundary of organic films influencing the film energy levels.78

The results here demonstrate the possibility of work function
and surface energy tuning by the side chain of the EDOT
monomers. This makes available a large variety of possible
combinations of work functions and surface energies through
copolymerization of different EDOT monomers. EDOT-F is
especially interesting for such applications because of the
hydrophobicity of its films79 and its high conductivities of up to
65 S cm−1.80 We envision that the good resistance against water
penetration and stable work functions should make these films
interesting for other possible applications, such as for biological
sensors.81−83

We could not apply the films covered with the EDOT-C6 or
EDOT-F top layer to OPV devices because their very high
hydrophobicity made it difficult to spin coat a P3HT:PCBM
blend on patterned glass/ITO/ePEDOT substrates, causing
active layer fracture (Supporting Information, Figure S8).
Therefore, we describe below only the application of EDOT/
EDOT−SuNa copolymer for the influence of the work function
on VOC of polymer bulk-heterojunction OPV devices.

Film Properties: Surface Roughness and Transpar-
ency. The surface roughness of the electropolymerized films
was small and in the range of Zrms = 3−4 nm for films of 25−50
nm thickness, as determined by atomic force microscopy
(AFM, Figure 3). The roughness increased slightly to Zrms = 5
nm for thicker films of 100 nm (Supporting Information, Figure
S2). A low surface roughness is important to prevent the
formation of pinholes in OPV devices that can reduce the
VOC.

29

As expected, the transparency of the polyelectrolyte films was
enhanced in the visible region after the applied doping
procedure and was the same for self-doped and perchlorate-
doped films (Figure 4, blue and green lines, respectively).

OPV Devices with Polyelectrolyte Films. Devices with
the architecture ITO/buffer/P3HT:PCBM/LiF/Al were built
using a 50 nm thick anode buffer layer prepared with different
EDOT−SuNa contents either perchlorate-doped (entries 1 and
4, Table 1) or self-doped (entries 2 and 3, Table 1) to
investigate the effects of the work function on OPV
performance (for the exact device building procedure, see the
Supporting Information).
As ITO substrates we used patterned ITO on glass, which are

commonly used in the OPV research. Electropolymerizing
PEDOT on this substrate led to coverage of only the ITO area
(edge issue). In turn, PEDOT:PSS was spin coated over the
whole glass slide. We found that the active layer and therefore
JSC and FF were influenced by this difference of substrates
architecture and by the large difference in hydrophobicity
between the glass substrate and the ePEDOT film (wettability
issue, both described in the Supporting Information). Due to
this influence of the substrate on the active layer, we found it
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difficult to compare FF and JSC against the PEDOT:PSS
standard device and compared only the VOC and RS data with
those for PEDOT:PSS and previously reported ePEDOT films
(a more detailed description of the substrate architecture and
its influence on the active layer can be found in the Supporting
Information, Figure S8).
The PEDOT:PSS films were annealed at 120 °C for 10 min

to remove residual water, which influences the film work
function leading to the commonly observed work function
values of up to 5.2 eV.84 All polyelectrolyte films were found to
release water very easily in vacuum, which is why we did not
perform annealing for these buffer layers.
As expected, the work function of the film-covered ITO

showed a large impact on the VOC of the OPV device. For
instance, the VOC increased depending on the buffer layer work

function from 0.30 V for pure ePEDOT in entry 1 to 0.60 V for
the polyelectrolyte EDOT/EDOT−SuNa copolymer film in
entry 4 as seen in Figure 5.

The VOC of the ePEDOT film with the highest work function
was similar to that of PEDOT:PSS buffer and higher than those
previously reported for ePEDOT films (entries 6 and 7), which
suggests a lower work function for these films.
The low overall RS values indicate that all ePEDOT buffer

layers are highly conductive. The low efficiency values are
because of the lower FF and JSC of these devices that arise from
the above-mentioned difference of the device architecture (see
Supporting Information for JSC and FF data). The incident
photon-to-current conversion efficiency (IPCE) data (Figure 6)
are lower for the devices built with our buffer for the whole
absorption range indicating the lower JSC currents are not
because of higher buffer resistance but due to other reasons
such as less efficient exciton dissociation in the active layer.
Note that the devices with PEDOT:PSS (solid blue line in
Figure 6) and polyelectrolyte buffer of entry 2 (solid red line)

Figure 3. Left: AFM image of a 25 nm polyelectrolyte film with 35%
EDOT−SuNa polymerized from water with 20% acetonitrile as
cosolvent with a Zrms of 3.2 nm. Right: Height profile of the line shown
in the AFM image.

Figure 4. UV/vis absorption spectrum ITO and EDOT-based polymer
films. ITO modified with SAM of terthiophene (black) and 25 nm
thick polyelectrolyte film with 35% EDOT−SuNa content doped in
Millipore water (blue) and doped in aqueous LiClO4 solution (green).
The absorption of the same film reduced in aqueous LiClO4 solution is
shown in red.

Table 1. OPV Bulk Heterojunction Device Data Using
P3HT:PCBM in the Active Layer with Different Anode
Buffersa

entry anode buffer

EDOT−
SuNa
content
(%)

work
function
(eV)

VOC
(V)

RS
(Ω
cm2)

PCE
(%)

1 ePEDOT
(perchlorate-
doped)

0 4.8 0.30 2.3 0.18

2 polyelectrolyte
(self-doped)

35 4.9 0.35 4.0 1.1

3 polyelectrolyte
(self-doped)

50 5.0 0.45 2.3 0.33

4 polyelectrolyte
(perchlorate-
doped)

50 5.2 0.60 4.0 0.99

5 PEDOT:PSS 5.1−5.2 0.57 2.5 2.6
6 ePEDOT (doped

with LiClO4,
ref 31)

0 not
reported

0.48 − 1.1

7 ePEDOT (doped
with NaPSS,
ref 28)

0 4.87 eV 0.43 − 1.51

aThe last two entries are taken from refs 31 and 28, respectively, which
we used here to compare our devices with previously reported ones.

Figure 5. Relationship of work function of ePEDOT buffer layer and
VOC values of OPV device data (entries 1−4 of Table 1).
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have the same absorption, indicating similar oxidized and
transparent buffer films (non-normalized spectra in Supporting
Information, Figure S9).
Although the work function and VOC indicate a clear mutual

dependency, the behavior of the FF and JSC do not show any
trend, because of the above-mentioned difference of device
structure. We envision further enhancing the device efficiencies
by surface energy optimization and the use of other types of
substrates. It is indeed known that the surface energy of the
bottom electrode strongly affects the morphology of the active
layer, leading to better morphologies with films of enhanced
hydrophobicity, for example, by inducing a vertical phase
separation of the two components in the active layer85−88 or
influencing the P3HT and PCBM aggregation size,36,89,90 which
affects the JSC value by losses in photocurrent91 and efficiency
in charge separation,36 respectively.
The tuning of film work function and hydrophobicity using

anionic polyelectrolytes observed here opens up a fascinating
way for the design of new optimized anode interlayers for
interface optimization and will be the subject of future studies
using different organic semiconductors and device architec-
tures, such as p−i−n heterojunctions.92

■ CONCLUSION
We reported new conductive polyelectrolyte films with tunable
work function and hydrophobicity for a specifically optimized
anode buffer layer in organic electronic devices. We successfully
linked these film properties to the functional groups attached
on the ePEDOT side chain and the EDOT copolymer
composition. The copolymers introduced here can overcome
the mutually exclusive conductivity−high work function
relationship of previously conductive buffer layers by reaching
high work functions without the need for any insulating or
acidic additives. We demonstrated a clear influence of the film
work function on OPV device performance, proving the
importance of such a tunable buffer layer in organic electronic
devices. The results here will allow the rational design of new
anode buffers specifically optimized for the organic semi-
conductors used in the active layer of the device. In addition,
the facile production technique from aqueous solution using
easily accessible EDOT monomers will be beneficial for
applications in industrial production techniques. Finally, we
confirmed the utility of the PYS instrument for determination
of work function values, as was recently reported.59
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