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ABSTRACT: In this work, uniform poly(3-methylthiophene)
(P3MT) films are fabricated on indium−tin oxide (ITO)
surfaces using surface-initiated Kumada catalyst-transfer poly-
condensation (SI-KCTP) from surface-bound arylnickel(II)
bromide initiators. The P3MT interfacial layer is covalently
bound to the ITO surface, thereby preventing possible
delamination during the processing of additional layers. These
surface-bound P3MT layers successfully serve as the hole-
transport layer for solution-processed bulk heterojunction
polymer solar cells. Efficiencies greater than 5% have been
achieved on devices based on doped thin P3MT interfacial layers. Moreover, because of the excellent stability of the covalently
immobilized P3MT on ITO substrates, devices based on reused P3MT/ITO substrates extracted from old devices exhibit
efficiencies similar to those of the original devices.

KEYWORDS: conjugated polymers, solar cells, interfacial layers, polymer brushes, surface-initiated polymerization,
Kumada catalyst-transfer polycondensation

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is a water-soluble polyelectrolyte system

with good film-forming properties, high conductivity (ca. 10 S/
cm), high visible-light transmittance, and excellent stability.1

Because of these notable features, PEDOT:PSS has become
one of the most widely used materials in organic electronics,
including organic light-emitting diodes2,3 and organic photo-
voltaic devices.4,5 In the conventional bulk heterojunction
(BHJ) polymer solar cells, PEDOT:PSS essentially serves as the
standard interfacial modifier atop the ubiquitous indium−tin
oxide (ITO) anode to improve both morphological and
electronic figures of merit.6 However, a number of drawbacks
with PEDOT:PSS have also been identified. Notably, the acidic
nature of PEDOT:PSS can corrode the ITO electrode,7,8

leading to a chemical instability at the interface.9 Furthermore,
PEDOT:PSS does not have sufficient electron-blocking
capability,8 which could render electron leakage at the anode
to reduce the short-circuit current density (Jsc) in polymer solar
cells.
To address these challenges with PEDOT:PSS, a number of

new materials have been tested as viable alternatives to modify
the surface of the ITO anode in polymer solar cells.9,10 For
example, Jo and co-workers employed a self-doped, grafted
conductive copolymer (PSSA-g-PANI) as the hole-transport
layer (HTL) in polymer solar cells.11 The conductivity and

acidity of this copolymer can be easily tuned by varying the
PSSA and PANI molar ratio. Devices based on PSSA-g-PANI
exhibited an increased lifetime of more than 30-fold compared
with PEDOT:PSS-based devices.12 Still, the acidic and
hygroscopic nature of these conducting polymers may lead to
degradation problems similar to those found in PEDOT:PSS.
Other attempted materials include thin films of carbon
nanotubes, self-assembled monolayers, and transition-metal
oxides (e.g., MoO3, V2O5, NiO, and WO3), with various
degrees of success.13−22

In our own pursuit of “PEDOT:PSS-free” anodes (with an
ultimate goal of “ITO-free” anodes), conjugated polymer
brushes attracted our attention because of a number of unique
features. First, these conjugated polymer brushes can be
covalently linked to the surface of many types of
substrates,23−27 which provides excellent stability in both the
neutral and doped states. Second, the chemical structures of
these conjugated polymer brushes can be varied to offer
“tunable” energy levels to facilitate charge transport from the
BHJ blend to the anode.28,29 Third, these densely packed
conjugated polymer brushes could further tune the interfacial
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energy at the electrode with potential improvement on the
active layer morphology, particularly at the anode interface.
As a proof of concept to test the viability of these conjugated

polymer brushes in replacing PEDOT:PSS, we synthesized
poly(3-methylthiophene) (P3MT) films of various thicknesses
from ITO surfaces using surface-initiated Kumada catalyst-
transfer polycondensation (SI-KCTP) from surface-bound
arylnickel(II) bromide initiators.28,29 When the P3MT
interfacial layer was employed as the HTL for solution-
processed BHJ polymer solar cells with a typical configuration
of ITO/P3MT/polymer:phenyl-C61-butyric acid methyl ester
(PCBM)/Ca/Al (Figure 1), we were able to obtain cell

efficiencies as high as 5% based on doped thin P3MT interfacial
layers. Furthermore, this covalently bound P3MT interfacial
layer offers excellent stability. As a result, photovoltaic devices
based on reused P3MT/ITO substrates exhibit efficiencies
similar to those obtained from solar cells with pristine P3MT/
ITO substrates. All of these features indicate that surface-bound
P3MT interfacial layer is a promising alternative to
PEDOT:PSS as the HTL for polymer solar cells.
A successful HTL for polymer solar cells requires excellent

optical transparency in order to minimize any loss of incident
light. Figure 2a compares the optical transmittance of undoped
P3MT on ITO substrates with that of a PEDOT:PSS-coated
reference substrate. All of the undoped P3MT films exhibit
excellent transparency at wavelengths of over 650 nm, similar to
what Kiriy et al. observed for surface-bound poly(3-
hexylthiophene) (P3HT) in the dry state.27 However, the
lowest transmittances of these undoped P3MT films appear at
450 nm, lower than those of P3HT films.27 We attribute this to
a combination of aggregation within the film and/or oligomeric
P3MT that results from early chain termination.28 While
thinner P3MT films show exceptional transparency (e.g., over
95% transmittance for a 3 nm thin film) across the spectrum,
increasing the thickness of P3MT attenuates the transmittance
of the P3MT film (Figure 2a). For example, the 20-nm-thick
P3MT film only offers a transmittance of 75% at 450 nm, which
implies that P3MT layers over 20 nm thick may have a negative
effect on the performance of solar cells because of a low
transmittance. On the other hand, the optical transmittance of
PEDOT:PSS (∼40 nm) peaks (99.2%) at around 430 nm but
continually decreases to 90% at 850 nm. Therefore, while
PEDOT:PSS/ITO substrates might be slightly advantageous
for applications targeting the visible region, surface-grown

P3MT/ITO outperforms PEDOT:PSS/ITO for applications
requiring optical transparency extending into longer wavelength
(e.g., small-band-gap polymer-based solar cells). Additionally,
electrochemical doping of the P3MT film (a detailed doping
procedure can be found in the Supporting Information)
significantly decreases the transmittance of the film in the
long-wavelength range (over 450 nm), with the maximum
decrease in the transmittance red shifting to 500 nm (Figure
2b). This is indicative of polaronic and bipolaronic states along
the P3MT backbone, leading to the observed red shift in the
transmittance spectrum.29

The “true” success of any HTL for polymer solar cells can
only be verified in fabricated devices with careful design and
proper control groups. In our experimental design, we selected
two representative polymers, P3HT30−32 and PBnDT-
DTffBT33 (structures in Figure S2 in the Supporting
Information), to test the general applicability of the P3MT
film as a new HTL. These two polymers are largely different in
energy levels and band gaps. The highest occupied molecular
orbital (HOMO) energy level and optical band gap for P3HT
are −5.2 and +1.9 eV,19 respectively, while corresponding
values for PBnDT-DTffBT are −5.54 and +1.7 eV,
respectively.33 As for the control groups, we fabricated
reference cells based on PEDOT:PSS/ITO and bare ITO
substrates, in addition to cells based on P3MT/ITO substrates.
Finally, two other factors, doped versus undoped and changes
in the film thickness of the covalently bound P3MT, were also
included in the experimental design.
Figure 3 presents the representative current−voltage (J−V)

curves of test devices based on P3MT (9 nm)/ITO and
reference cells, with key photovoltaic characteristics summar-

Figure 1. Device structure of the BHJ polymer solar cell based on the
P3MT interfacial layer. The P3MT layer is covalently bound to the
ITO surface using SI-KCTP. Covalent immobilization prevents
delamination during the processing of additional layers. The bromine
at the chain end demonstrates chain termination via possible
intermolecular transfer of the nickel(0) catalyst.28.

Figure 2. Transmission spectra for (a) the 40 nm PEDOT:PSS
reference and a series of undoped P3MT layers with different
thicknesses, all on ITO substrates, and (b) the P3MT layer (∼20 nm)
before and after doping.
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ized in Table 1 and Table S1 in the Supporting Information.
Compared with the reference devices based on bare ITO
anodes, there is a noticeable increase in Voc of all devices based
on undoped P3MT/ITO substrates, ascribed to the modified
work function of P3MT/ITO compared with that of the bare
electrode. Unfortunately, the lower short-circuit current (Jsc)
and fill factor (FF) of devices based on the undoped P3MT/
ITO substrate attenuate the benefit of the increased Voc, leading
to a low efficiency similar to that of devices based on bare ITO.
The low Jsc and FF of these devices based on undoped P3MT/
ITO are largely attributed to the low mobility and poor charge
transport in the undoped P3MT interfacial layer. These issues
can be easily addressed via electrochemical doping of the
P3MT interfacial layer. All of the devices based on doped
P3MT interfacial layers exhibit much improved Jsc and Voc,
close to those obtained from the PEDOT:PSS reference cells
(Figure 3). Doping improves Voc and Jsc by inducing polaronic
and bipolaronic states within the backbone of the polymer
chains that facilitate charge transport. In addition, the relatively
high LUMO level of P3MT inhibits electron transfer from the
active layer to the ITO anode. Therefore, the doped P3MT
interfacial layer can be considered as a hole-only transport layer
for BHJ solar cells. Like PEDOT:PSS, this doped P3MT
interfacial layer can work with a wide range of HOMO levels in
various polymers (e.g., −5.2 eV in P3HT and −5.54 eV in
PBnDT-DTffBT). We observed slightly lower FF in devices
based on the doped P3MT, compared with those of
PEDOT:PSS-based reference cells. This is likely due to the
less efficient hole-collecting ability of the doped P3MT layer.
These results imply that, after further optimization of the
polymer orientation and electronic properties of these P3MT

interfacial layers,34 the performance of related devices should be
equal or superior to that of PEDOT:PSS-based devices.
Next, we investigated the impact of the thicknesses of P3MT

interfacial layers on the photovoltaic properties of BHJ devices.
Not surprisingly, for each studied thickness, the device based
on doped P3MT (Table 1) exhibits a better performance than
the device based on undoped P3MT (Table S1 in the
Supporting Information). This is consistent with our previous
discussion in that doping can significantly improve the charge
transport through the P3MT layer, leading to better device
characteristics. The best photovoltaic performance was
observed in the device with a 9 nm P3MT interfacial layer
(doped), regardless of which donor polymer was used (P3HT
and PBnDT-DTffBT). When the film thickness is less than 5
nm, the P3MT film has a uniform morphology, but it is likely
that the layer cannot be sufficiently doped, leading to relatively
low FF and Jsc. On the other hand, thick P3MT layers (e.g.,
∼20 nm) significantly reduce the transmittance of the P3MT/
ITO substrate (Figure 2), thereby resulting in decreased Jsc. It
appears that within our studied thicknesses, a ∼9-nm-thick
P3MT layer strikes a balance between the hole transport and
optical transparency, resulting in the highest possible efficiency
in both P3HT- and PBnDT-DTffBT-based BHJ devices.
Interestingly, Jsc of P3HT-based devices dramatically decreases
from 8.4 to 5.8 mA/cm2 when the thickness of the P3MT
interfacial layer is increased from 9 to 20 nm. Meanwhile, only a
small decease of Jsc was observed in the PBnDT-DTffBT-based
devices with the same variation of the thickness of the P3MT
layers. This can be explained by the fact that the absorption of
the doped P3MT interfacial layer is largely overlapped with the
absorption of P3HT (Figure S3 in the Supporting Informa-
tion), whereas the absorption of smaller-band-gap polymers,
such as PBnDT-DTffBT, is much less impacted by the
thickness of the P3MT layer. Therefore, the device of
PBnDT-DTffBT based on a 20 nm P3MT interfacial layer
still exhibits an efficiency as high as 4.7%, only 6% lower than
that of the device with a 9 nm P3MT layer (over 5.0%).
Lastly, we tested the stability of these P3MT interfacial

layers. PEDOT:PSS is intrinsically unstable because of its
hygroscopic nature. It readily absorbs a trace amount of water,
presenting a threat to the long-term stability of BHJ solar cells.
Upon severe water uptake, PEDOT:PSS will delaminate the
active layer from ITO, leading to catastrophic failure of the

Figure 3. Characteristic J−V curves of the BHJ solar cell devices based
on (a) P3HT and (b) PBnDT-DTffBT under one sun condition (100
mW/cm2).

Table 1. Photovoltaic Properties of Devices Based on Doped
P3MT/ITO, PEDOT:PSS/ITO, and Bare ITOa

polymer
interfacial layer

(HTL)
Voc
(V)

Jsc
(mA/cm2)

FF
(%) η (%)

P3HT N/A 0.27 8.61 48.4 1.12
∼3 nm P3MT 0.45 6.81 47.5 1.46
∼6 nm P3MT 0.49 7.45 55.1 2.03
∼9 nm P3MT 0.55 8.39 54.5 2.51
∼20 nm P3MT 0.47 5.81 46.5 1.27
PEDOT:PSS 0.53 8.80 64.8 3.02

PBnDT-
DTffBT

N/A 0.47 9.78 34.3 1.58

∼3 nm P3MT 0.87 7.62 52.3 3.42
∼6 nm P3MT 0.89 10.1 53.9 4.85
∼9 nm P3MT 0.89 10.2 55.7 5.04
∼20 nm P3MT 0.87 9.76 55.8 4.74
PEDOT:PSS 0.91 10.2 65.6 6.09

aAll polymers were blended with PCBM at a weight ratio of 1:1 in
DCB.
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device. On the contrary, because of covalent immobilization of
these P3MT chains, the P3MT interfacial layers on ITO
substrates offer excellent stability upon exposure to air, water,
and organic solvents. As an extreme example, the P3MT/ITO
substrates can even be reused for BHJ devices after removal of
the polymer/PCBM active layer as well as the metal cathode.
We used previously fabricated and tested devices (over 1
month after the initial device fabrication) based on 9 nm doped
P3MT to demonstrate this stability. The devices were
ultrasonicated for 20 min in hot o-dichlorobenzene (DCB)
followed by acetone, deionized water, and then 2-propanol to
clean all of the layers above the P3MT/ITO substrate. Half of
the reused P3MT/ITO substrates were electrochemically
doped, while no further treatment was applied to the other
half, prior to the final step of device fabrication and testing.
Representative J−V curves of devices based on these reused
P3MT/ITO substrates with PBnDT-DTffBT as the donor
polymer are shown in Figure 4. The efficiency of the device

based on reused P3MT/ITO substrate without additional
doping is noticeably lower than that of the device on the
original doped P3MT (5.0% in Table 1) but still much better
than that of the device on pristine P3MT without any doping.
This implies that charge transport through these reused P3MT
films is not as efficient as that through the original doped layers,
possibly because of the reduction and partial loss of counterions
during the extensive cleaning process. Thus, not surprisingly,
after electrochemical redoping of P3MT of these recycled
substrates, the efficiency of related devices recovers to 4.7%,
which is almost as high as that of the devices on the original
doped P3MT layers. These results indicate that there is no
irreversible damage to the P3MT layer during the cleaning
procedure, which can be largely attributed to the covalent
attachment of the P3MT layer to the ITO substrate.
In summary, we have successfully introduced surface-bound

P3MT interfacial layers, grown via SI-KCTP, as a viable
alternative HTL for solution-processed polymer solar cells.
Devices based on this new HTL with semioptimized thickness
upon doping demonstrate efficiencies comparable with those
obtained from PEDOT:PSS-based devices. More importantly,
unlike the acidic and hygroscopic PEDOT:PSS, which leads to
chemical instability at the PEDOT:PSS/ITO interface, these
surface-bound P3MT interfacial layers offer superior stability in
air, water, and organic solvents (e.g., under sonication in hot
DCB). One can even reuse the P3MT/ITO substrates from old

devices after stripping off the active layer and metal electrode,
with the devices based on these “recycled” substrates exhibiting
efficiencies as high as those of the original devices. Finally, the
great tunability of these conjugated polymer brushes, e.g., the
chemical structure, the length, the grafting density, and the
doping methods, offers a wide variety of possibilities for further
improvement and optimization. With all of these aforemen-
tioned features, the surface-bound conjugated polymer brushes
are poised to be a very promising interfacial layer for organic
electronics.
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