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ABSTRACT: The power conversion efficiencies of bulk
heterojunction (BHJ) solar cells can be increased from 5 to
6.5% by incorporating an ultrathin conjugated polyelectro-
lyte (CPE) layer between the active layer and the metal
cathode. Poly[N-900-heptadecanyl-2,7-carbazole-alt-5,5-
(40,70-di-2-thienyl-20,10,30-benzothiadiazole)] (PCDTBT) and
[6,6]-phenyl C71 butyric acid methyl ester (PC71BM) were
chosen for the photoactive layer. CPEs with cationic poly-
thiophenes, in both homopolymer and block copolymer
configurations, were used to improve the electronic char-
acteristics. The significant improvement in device perfor-
mance and the simplicity of fabrication by solution pro-
cessing suggest a promising and practical pathway for
improving polymer solar cells with high efficiencies.

Bulk heterojunction (BHJ) solar cells based on blends com-
prising conjugated polymers and fullerene acceptors are the

subject of considerable investigation because of their potential to
enable the fabrication of low-cost devices that convert sunlight
into electricity.1 Significant improvements in power conversion
efficiencies (PCEs) due to combined improvements in materials
design,2 interface control,3 self-assembly of donor and acceptor
phases,4 and device fabrication and engineering5 have recently
appeared.

The fundamental quantities that determine the PCE include
the open-circuit voltage (Voc), the short-circuit current density
(Jsc), and the fill factor (FF), as shown in eq 1:

PCE ¼ Voc 3 Jsc 3 FF
Pin

ð1Þ

where Pin is the power of the incident light. In BHJ solar cells, Voc
has been correlated with the energy difference between the highest
occupiedmolecular orbital (HOMO) of the polymer (donor) and
the lowest unoccupied molecular orbital (LUMO) of the fullerene
(acceptor).1�5 To minimize the contact resistance, the interface
between the active layer and the electrodes should be ohmic.1b,d

Such a requirement has led to efforts in interfacial engineering,
including the use of thermally deposited LiF6 or bathocuproine
(BCP),7 self-assembled monolayers (SAMs),8 and metal oxides
(i.e., TiOx, CsCO3, MoO3, and ZnO).

9

Conjugated polyelectrolytes (CPEs), which are conjugated
polymers with pendant groups bearing ionic functionalities, are
promising interfacial layer materials in organic electronic devices
such as organic light-emitting devices,10 thin-film transistors,11 and
solar cells12 as well as biological and chemical sensors.13 Their solu-
bility in highly polar solvents allows the simple fabrication of multi-
layer organic devices by avoiding the problem of disturbing neutral
organic semiconducting layers that are typically miscible in aromatic
solvents.14 A combination of techniques, including UV photoelec-
tron spectroscopy (UPS), has shown that CPE deposition can
influence the work function of adjacent electrodes.15 Recently,
polyfluorene-based CPEs and related materials have been inserted
between the active layer and the electron-collecting electrode in BHJ
devices to achieve increases in Voc. This approach has led to devices
with PCEs in the 1�4% range.12a�c However, examination of refs
12b and 12c shows that there is a strong and poorly understood
dependence of the Voc increase on the chemical nature of the CPE
and the donor polymer. Furthermore, none of these devices reached
a PCE above 4%.

In this contribution, we demonstrate that the insertion of an
ultrathin CPE layer frommethanol solution beneath Al cathodes can
be an effective strategy for increasing thePCE from∼5 to∼6.5%.We
also show that simply treating theBHJ layerwithmethanol can have a
substantial positive effect on device performance. Leclerc-type carba-
zole-based conjugated copolymers were chosen as the donormaterial
in our studies. Scheme 1 shows the structures of all of the materials
and the device test structure. To examine the CPE function, two
cationic poly(thiophene) derivatives were used: the homopolymer
poly[3-(6-trimethylammoniumhexyl)thiophene] (P3TMAHT) and
the ionic conjugated diblock copolymer poly(9,9-bis(2-ethylhexyl)-
fluorene]-b-poly[3-(6-trimethylammoniumhexyl)thiophene]
(PF2/6-b-P3TMAHT).16 It is interesting to note that a poly-
thiophene frameworkwould be anticipated to bemore functional as a
hole transport layer than to facilitate electron extraction.1b�e,2c Speci-
fically, the polythiophene backbones of P3TMAHT and PF2/6-
b-P3TMAHT would be estimated to be described by a HOMO
energy on the order of 5 eV, which is close to the work function of
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS)9a and the HOMO level (5.5 eV) of poly[N-900-heptadecanyl-2,
7-carbazole-alt-5,5-(40,70-di-2-thienyl-20,10,30-benzothiadiazole)]
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(PCDTBT).2a,9a However, as will be described below, the two
CPEs can substantially improve the solar cell efficiency when
they are placed adjacent to an electron-collecting Al electrode.

Detailed methods for the syntheses of P3TMAHT and PF2/
6-b-P3TMAHT are described in the literature.16 Devices were
fabricated by spin-casting the BHJ blend from a 1:3 chloroben-
zene/1,2-dichlorobenzene solvent mixture atop a 40 nm thick
PEDOT:PSS layer on glass substrates patterned with indium
tin oxide (ITO). PCDTBT and [6,6]-phenyl C71 butyric acid

methyl ester (PC71BM) were selected as the BHJ components.9a

The CPE layers were subsequently deposited by spin-casting
from 0.01% (w/v) P3TMAHT and 0.02% (w/v) PF2/6-
b-P3TMAHT solutions in methanol. These low concentrations
were chosen to minimize thicknesses and prevent possible
complications due to ion motion and concomitant redistribution
of internal electric fields in the device.11

Current density�voltage (J�V) characteristics of the devices
measured under AM1.5G irradiation are shown in Figure 1a. The
resulting Jsc, Voc, FF, and PCE values, as determined from the
J�V curves, are summarized in Table 1. Relative to the initial
control device, the introduction of the CPE layer led to increases
in Jsc from 9.7 mA/cm2 to 10.8 mA/cm2 (P3TMAHT) and 10.6
mA/cm2 (PF2/6-b-P3TMAHT). Similarly, Voc improved from
0.82 V to 0.86 V (P3TMAHT) and 0.89 V (PF2/6-b-P3TMAHT)
and FF from 63% to 66% (P3TMAHT) and 67% (PF2/6-b-
P3TMAHT). Thus, on the basis of eq 1, the PCE increased from
5.3% for the control device to 6.3% (P3TMAHT) and 6.5%
(PF2/6-b-P3TMAHT).

A second type of control device was also fabricated to probe
possible influences by the deposition and subsequent removal of the
methanol solvent. These experiments involved deposition ofmetha-
nol atop the active layer followed by a sequence of steps similar to
those for the CPE devices described above. As shown by the green
trace in Figure 1 and the data in Table 1, the methanol-treated
devices showed increasedVoc values and higher PCEs.However, the
Jsc values were not as high as for the CPE-treated devices. We
surmise at this point that the improvement in performance after
CPE deposition may be due to a combination of the effects of
methanol treatment and the presence of the thin CPE layer.

The J�V characteristics of the devices obtained under dark
conditions are given in the Supporting Information. In the
regime from �1 to 0.8 V, the dark current densities with the
CPE layers were significantly suppressed, consistent with re-
duced leakage current and increased shunt resistance (Rsh) (0.5,
0.9, and 1.0 MΩ 3 cm

2 for the control, P3TMAHT, and PF2/6-
b-P3TMAHT, respectively). For V > 0.8 V, the series resistance
(Rs) of the control device was 3.5 Ω cm2, and those for the
devices with P3TMAHT and PF2/6-b-P3TMAHT were 3.0
and 2.6 Ω 3 cm

2, respectively. Thus, the performance of devices
incorporating CPE layers can be enhanced, since a good solar cell
requires high Rsh and low Rs. The improved PCEs of the devices
with CPE layers are also consistent with the higher incident
photon-to-current efficiency (IPCE) values, which reached
>70% (Figure 1b). It is worth pointing out that the performance
of the PCDTBT:PC71BM devices incorporating the CPE layers
was comparable to the highest values reported to date for these
devices with a TiOx interlayer.

9a,b CPE deposition, however, is
simpler, since formation of a TiOx layer requires spin-casting of a
precursor solution followed by thermal annealing.17

Scheme 1. (a)Molecular Structures of theMaterials Used for
Device Fabrication;a (b) Device Configuration for the Solar
Cells Used in This Study

a In PF2/6-b-P3TMAHT, the average values of n andmwere 16 and 27,
respectively.

Figure 1. (a) J�V characteristics of PCDTBT:PC71BMdevices with no
CPE layer (black) and thin layers of P3TMAHT (blue) and PF2/6-
b-P3TMAHT (red) under illumination of an AM 1.5G solar simulator
(100 mW/cm2). Methanol (green) was spin-cast on top of the active
layer for comparison. (b) IPCE spectra of BHJ solar cells corresponding
to (a).

Table 1. Device Performance of PCDTBT:PC71BM BHJ
Solar Cells with and without CPE Layers

PCE (%)

PCDTBT:PC71BM JSC (mA/cm2) VOC (V) FF (%) avg best

without CPE layer 9.7( 0.3 0.82( 0.04 61( 2 5.0 5.3

with methanol 9.7 ( 0.3 0.88( 0.01 62( 1 5.3 5.4

with P3TMAHT 10.8( 0.3 0.86( 0.01 66( 1 6.1 6.3

with PF2/6-b-P3TMAHT 10.6 ( 0.3 0.89( 0.01 67( 1 6.2 6.5
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Measurements of the water contact angle (θ) were performed
on the surface of PCDTBT:PC71BM and PCDTBT:PC71BM/
CPE layers as a function of treatment history, and the images
were collected with a digital camera. As shown in Figure 2a, the
PCDTBT:PC71BM surface (θ ≈ 90�) was largely hydrophobic
and remained so upon treatmentwith neatmethanol (Figure 2b). In
contrast, the surfaces were moderately hydrophilic for P3TMAHT
(θ ≈ 45�) and hydrophilic for PF2/6-b-P3TMAHT (θ < 30�),
which suggests accumulation of the ionic component at the
topmost organic surface, as previously observed with other CPE
multilayer structures.18 These data are consistent with the block
copolymer providing amore polar surface despite the presence of
the hydrophobic polyfluorene segment. Our thinking is that the
difference in polymer architecture leads to different organization
atop the BHJ surface. However, knowledge of the exact orienta-
tion and accumulation of the ionic component on the surface
requires further structural characterization studies.

Figure 3 shows the surface morphologies obtained by atomic
force microscopy (AFM), as measured under an inert nitrogen
atmosphere. The surface of PCDTBT:PC71BM was relatively

smooth, with a root-mean-square (rms) roughness of 0.41 nm
(Figure 3a). The methanol-treated surface was slightly smoother
(rms roughness = 0.25 nm) and remained homogeneous, as
shown in Figure 3b. No obvious surface reconstruction was
therefore apparent. In the case of the PCDTBT:PC71BM/
P3TMAHT layer, connected features with average heights of
3 nm were observed (Figure 3c).19 The PCDTBT:PC71BM/
PF2/6-b-P3TMAHT layer featured raised islands connected by
a thin network of terraces (Figure 3d). Deposition of the CPE
layers under the experimental conditions described here thus
resulted in increased roughness from ∼0.41 to ∼2 nm in the
case of PCDTBT:PC71BM/PF2/6-b-P3TMAHT. Additionally,
Kelvin probe force microscopy measurements showed that both
CPE layers increased the average surface potential (see the
Supporting Information). These observations are in agreement
with the idea of local dipole arrangements that modify the
contacts with the Al electrode.

In conclusion, we have demonstrated that it is possible to
incorporate CPE layers to improve plastic solar cells with very
good efficiencies, from 5 to >6%. Moreover, these CPEs are
located adjacent to the electron-collecting electrode and are
based on polythiophene backbones, which are typically consid-
ered hole transport materials. Block copolymers bearing CPE
segments have also been shown to be useful, and despite the
presence of a hydrophobic (polyfluorene) segment, one obtains
hydrophilic and, by inference, polar surfaces. It is reasonable that
this increased polarity relates to the accumulation of ions and the
formation of an interfacial dipole layer. It has also been identified
that methanol treatment can have a positive beneficial effect in
the absence of CPE, particularly on Voc. This change takes place
without modification of topography or the apparent polarity of
the active layer. At this point, we lack insight into possible
swelling and redistribution of BHJ components at the interface.
The important conclusion is that the simple deposition of the
CPE layer introduces more than one phenomenon, which with
this particular set of materials work in concert to increase Voc and
Jsc. These observations need to be considered to better under-
stand the previous lack of consistency in the literature concerning
the impact of CPE interlayers for managing solar cell perfor-
mance. Despite these uncertainties, we note that the improve-
ment obtained with CPEs is similar to that observed with TiOx

interlayers, but the device fabrication is considerably simpler and
amenable to solution deposition methods and does not require
thermal annealing.
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P3TMAHT on the PCDTBT/PC71BM layer.
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