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The influence of nanocomposite hole-extraction layers on the performance of organic photovoltaic (OPV) cells based on blends
of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C-61-buytyric acid methyl ester (PCBM) has been investigated. The hole-
extraction layers consist of poly(3,4,-ethylene dioxythiophene) polystyrene sulfonic acid (PEDOT:PSS) doped with different
concentrations of multiwall carbon nanotubes (MWCNTs). Compared with a pristine device (i.e., without MWCNTs), the
MWCNTs-doped OPV cells shows an improved short-circuit current density, fill factor, and power conversion efficiency from
8.82 to 9.03 mA/cm2, 0.43 to 0.474, and 2.12% to 2.39% (i.e., by about 13%), respectively. Reasons for the improved performance
of the devices are discussed. It shows that the reduction of series resistance of the devices might be correlated with the improvement
of the OPV cells, performance achieved through the incorporation of MWCNTs into the hole-extraction layer of PEDOT:PSS.

1. Introduction

Organic photovoltaic (OPV) cells have attracted much
attention in recent years due to their advantages of low-cost
manufacturing, light weight, and good flexibility [1–4]. OPV
cells are thin film structures, in which organic photoactive
materials are sandwiched between two electrodes. The ITO
glass is generally employed as the anode in OPV cells because
of its good electrical conductivity, high transparency over the
visible region, and ease of patterning. However, the work
function of ITO is quite low (∼4.6 eV) [5]. As a result,
great efforts have been made to modify the ITO anode,
such as various treatments of the ITO surface [6, 7] and
the deposition of very thin buffer layers between the ITO
and the photoactive layer [8–10] in order to enhance OPV
cells, performance. Thin films of PEDOT:PSS are well known
as efficient hole-extracting layers in OPV cells, combining
a high work function [11], good optical transparency, and
ease of processing from solution [12, 13]. But, it was
observed that applying this extra PEDOT:PSS layer results
in a decrease of the short-circuit current (Isc) and fill factor
(FF) owing to the bulk resistance of PEDOT:PSS [14]. In
addition, it has also been suggested that the increase of
series resistance will reduce the effective internal electric field

in the active layer, which is essential for efficient charge
collection to the electrodes from an organic photovoltaic
model [15]. Therefore, the conductivity of PEDOT:PSS plays
an important role in the polymer solar cells.

Devices with a better performance were achieved by
inclusion of some good conductivity filler in the hole extrac-
tion layer. It has been reported that adding polyalcohols
to PEDOT:PSS increases the conductivity and improves the
efficiency of polymer PVs [16, 17]. Ko et al. [18] reported that
improved power conversion efficiency has been observed by
reducing the resistance of PEDOT:PSS after doping mannitol
into the PEDOT:PSS.

Carbon nanotubes (CNTs) can also serve as a good
filler for conducting polymer. It has been reported that
incorporating CNTs into conventional conducting polymers
improves the conductivity of CNTs/polymer composites
by many orders of magnitude [19–23], which could be
attributed to CNTs’ large contact area, high dimensional
aspect ratio, and exceptional electrical conductivity [24].
Our previous studies found that the conductivity of the
PEDOT:PSS films increased drastically after inclusion of
MWCNTs fillings [25].

In this article, the PEDOT:PSS doped with multi-walled
carbon nanotubes (MWCNTs) film was fabricated and used
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Figure 1: Schematic device structure for organic solar cells doped
with MWCNTs.

as hole-extraction layer for OPV cells. The effect of MWCNTs
concentration on the photovoltaic performance of the device
based on P3HT:PCBM blend was investigated. Reasons for
the improved performance of the devices were also discussed.

2. Experimental

Multi-walled carbon nanotubes (MWCNTs) (diameter: 10∼
30 nm, length: 5∼15 μm, purity:>95%) were purchased from
Beijing Nachen Nanotech Co. Ltd., and the MWCNTs were
further purified with strong acid. In a typical procedure,
30 mg of MWCNTs was added into an acid solution of
concentrated sulphuric acid (15 mL) and concentrated nitric
acid (5 mL). The mixture was ultrasonicated for 20 minutes,
stirred for 1 hour in reflux at 130◦C, vacuum filtered through
a 0.2 μm milli-pore polycarbonate membrane, washed with
excess-distilled water until the pH 7.0, and filtrated then
dried under vacuum for 12 h at 60◦C.

PEDOT:PSS aqueous solution (1.3 wt% dispersed in
H2O) from Aldrich (as supplied) was filtered with a 0.45 μm
polyvinyl difluoride (PVDF) syringe filter. Some amount
of acid-treated MWCNTs were added into the PEDOT:PSS
solution to form the nanocomposites. The composites were
treated in ultrasonic bath for about 12 hours before using for
spin coating.

All the devices in this work were fabricated using indium-
tin-oxide- (ITO-) coated glass substrates (<10Ω/�). The
ITO substrates were ultrasonically cleaned with a series
of organic solvents (ethanol, methanol, and acetone), then
rinsed in ultrasonic bath with deionized water and dried
in a vacuum oven. Residual organic contaminations were
subsequently removed by exposing to a UV-ozone lamp for
30 min. Nanocomposites of MWCNTs and PEDOT:PSS were
spin coated on top of the ITO surface to form an (90–
100 nm) layer before drying the substrates at 120◦C in an
oven for more than 30 min. The P3HT:PCBM was dissolved
in dichlorobenzene at a weight ratio of 1 : 0.8 and stirred for
more than 72 h in the glovebox before spin casting to form
the blend layer. Finally an Al electrode of about 100 nm in
thickness was deposited by thermal evaporation at a pressure
of 2.4 × 10−4 Pa through a shadow mask. No buffer layer
between the organic layer and cathode is used. The basic
structure of the OPV devices is shown in Figure 1.

The surface morphology of MWCNTs was carried out by
field emission scanning electron microscopy (FESEM, JEOL,

JSM-6335 F). The optical property of the composite films
was characterized with a TU-1901 Dual-beam UV-Visible
spectrophotometer. Current density-voltage (I-V) charac-
teristics of the PV cells were measured using a computer-
controlled Keithley 2400 Source Meter in the dark and under
a simulated light intensity of 100 mW/cm2 (AM 1.5 G)
calibrated by an optical power meter from a halogen lamp.
The power conversion efficiency (PCE) was calculated from
the I-V characteristics. The devices were tested in air without
encapsulation.

3. Results and Discussion

Figure 2. compares the surface morphology of the MWCNTs
before acid treatment (Figure 2(a)) and after acid treatment
(Figure 2(b)). It can be see that particle-like impurity of
MWCNTs is removed and the morphology, as in terms
of the surface smoothness, is improved after the acid
treatment. Moreover, the MWCNTs after acid treatment
can be dispersed into aqueous PEDOT:PSS solution and no
precipitation is observed in the solution after several weeks.

The transmittance of the nanocomposites is shown in
Figure 3. The pristine PEDOT:PSS film gives a good optical
transmittance (93.2% average) on the wavelength range from
550 nm to 950 nm, which corresponds to the power density
of ambient sunlight on the Earth’s surface [26]. However, the
transmittance of PEDOT : PSS film decreases with increasing
amount of MWCNTs. With the MWCNTs concentration
increasing to 0.20 wt%, the transmittance of composite film
dropped by 7.5% (86.2% average). This may result from the
formation of the conductive network of MWCNTs and some
absorptions of MWCNTs in the above wavelength range
[27, 28].

Solar cells generally have a series resistance and shunt
resistance associated with them. In practice, a high shunt
resistance and a low series resistance are required simul-
taneously for an ideal photovoltaic device [29]. The shunt
resistance usually reflects the degree of leakage current
through the device, which relates to the overall quality of
the films. Meanwhile, the series resistance is attributed to the
ohmic loss in the whole device, which includes the resistance
of the active layer, metal-organic contacts, the electrodes, and
the conductivity of the hole-extraction layer [30].

The influence of the doping on the shunt resistance of
the device can be observed in the I-V curves under lower bias
in the dark. As appeared in Figure 4, at reverse negative bias
and at the linear regime of forward bias, where the current
is limited by shunt resistance due to the leakage current, the
current gradually increases with the dopant concentration.
The increasing current with doping concentration may be
induced by random leakage current in higher conductivity
M-PEDOT:PSS layer. Some phase separation and more
defects caused by MWCNTs-doping in the PEDOT:PSS may
have induced some leakage current through the device.

Figure 5 shows the current density-voltage curves of
photovoltaic cells with different doping concentrations of
MWCNTs in the PEDOT:PSS. The detailed parameters of
devices are summarized in Table 1.
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Figure 2: SEM of untreated and treated MWCNTs- (a) untreated MWCNTs; (b) treated MWCNTs

Table 1: PV parameters of OPVs for MWCNTs doping.

Style Structure Voc (V) Isc (mA/cm2) FF (%) η (%)

A ITO/PEDOT:PSS/P3HT:PCBM/Al 0.56 8.82 43.0 2.12%

B ITO/M (0.04 wt%)-PEDOT:PSS/P3HT:PCBM/Al 0.56 9.03 47.4 2.39%

C ITO/M (0.10 wt%)-PEDOT:PSS/P3HT:PCBM/Al 0.55 9.52 44.8 2.35%

D ITO/M (0.20 wt%)-PEDOT:PSS/P3HT:PCBM/Al 0.55 9.34 43.4 2.22%
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Figure 3: The optical transmittance of films as a function of weight
fraction of MWCNTs.

A small change in Voc with increase in MWCNTs amount
was observed as shown in Table 1, where the values slightly
vary around 0.56 V. It was found that the open circuit voltage
of the solar cell correlates directly with the work function of
the electrodes or the buffer layers, that is, it is determined
by the work function of PEDOT:PSS film [14, 17]. So the
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Figure 4: The dark I-V characteristics of devices with different
concentrations of MWCNTs. Device A: pristine PEDOT:PSS film;
Device B: M (0.04 wt%)-PEDOT:PSS film; Device C: M (0.10 wt%)-
PEDOT:PSS film; Device D: M (0.20 wt%)-PEDOT:PSS film.

addition of MWCNTs into PEDOT:PSS may not affect the
work functions of PEDOT:PSS films in the solar cell.

Table 1 also shows the increase in Isc from about
8.82 mA/cm2 of the reference device A (0 wt% doping) to
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Figure 5: The I-V characteristics of devices with different con-
centrations of MWCNTs. Device A: pristine PEDOT:PSS film;
Device B: M (0.04 wt%)-PEDOT:PSS film; Device C: M (0.10 wt%)-
PEDOT:PSS film; Device D: M(0.20 wt%)-PEDOT:PSS film.

9.52 mA/cm2 of the device C (0.10 wt% doping), and after
that the Isc decreases to become 9.34 mA/cm2 of the device
D (0.20 wt% doping). Since these devices are fabricated with
the same materials and the same procedure, and the only
difference is the hole-extraction layer, the increased current
is unlikely on account of other reasons, but due to the high
conductivity of the composite hole-extraction layers, leading
to a lower series resistance of the device. The generated
hole carriers in the P3HT:PCBM active layer easily move
into the anode through the MWCNTs-doped PEDOT:PSS
layer. While the decrease in Isc after adding more amount of
MWCNTs may be due to the decrease of the transmittance
of composite films in the wavelength around of 700 nm
(as shown in Figure 3), which has effects on the photon
absorption yield and the charge-carrier-transport yield of
the PV cells [26]. The lowering of serial resistivity in hole-
extraction layers with increased MWCNT concentration is
also responsible for increase in the fill factor from 0.43
to 0.474. But as shown in Figure 4, extra amounts of the
MWCNTs tend to decrease the OPV cells, shunt resistance,
which can affect fill factor of OPV cells [29, 31]. Then lower
fill factor is obtained in device C and device D.

The enhancement in both Isc and FF by introducing
MWCNTs into solar cell structure tends to cause improve-
ment in the power conversion efficiency from 2.12% to
2.39%, that is, by about 13%.

4. Conclusion

In summary, We developed efficient OPV cells based on
P3HT:PCBM blend by incorporating MWCNTs into hole-
extraction layer of PEDOT:PSS. Compared with the pristine
OPV device without adding MWCNTs to the hole-extraction

layer, the MWCNTs-doped OPV cells show an improved
short-circuit current density, fill factor, and power conver-
sion efficiency from 8.82 to 9.03 mA/cm2, 0.43 to 0.474,
and 2.12% to 2.39% (i.e., by about 13%), respectively. The
high electrical conductivity properties of the composite films
might contribute to facility the hole-extraction and hole-
transport ability of PEDOT:PSS, which leads to the reduction
of series resistance of the devices.
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