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Single-walled carbon nanotubes �SWCNTs� and functionalized multiwalled carbon nanotubes
�f-MWCNTs� are introduced together for photovoltaic application in a poly�3-octylthiophene�/n-Si
heterojunction solar cell. The performance of the device was improved by manyfold by the
incorporation of both SWCNTs and f-MWCNTs. The open circuit voltage �Voc�, short circuit current
density �Jsc�, fill factor �FF�, and power conversion efficiency ��� were 0.44 V, 6.16 mA /cm2, 36%,
and 0.98%, respectively. Here, we expect that SWCNTs help in exciton dissociation and provide
percolation paths for electron transfer, whereas f-MWCNTs provide efficient hole transportation.
CNT incorporation yields better carrier mobility, easy exciton splitting, and suppression of charge
recombination, thereby improving photovoltaic action. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3083544�

In polymeric photovoltaic devices, a donor-acceptor
regime is required to enhance the efficiency of exciton
generation, dissociation, and charge transportation. Since
the discovery of photoinduced charge transfer between or-
ganic conjugated polymers and nanotubes, both multiwalled
carbon nanotubes �MWCNTs� �Ref. 1� and single-walled
carbon nanotubes �SWCNTs� �Ref. 2� have been used to
fabricate photovoltaic devices. Functionalized MWCNTs
�f-MWCNTs�,3 functionalized SWCNTs �f-SWCNTs�,4 C60

decorated SWCNTs,4,5 or C60 decorated MWCNTs �Ref. 6�
have shown better power conversion efficiency than pristine
samples without CNTs. In such solar cells, it is suggested
that MWCNTs1,3,6 or double-walled carbon nanotubes
�DWCNTs� �Ref. 7� enhance hole transport, whereas
SWCNTs2,4,5 enhance electron transport. On the other hand,
functional groups of CNTs make homogeneous blend of
CNTs-polymer composite.3 This may be because CNTs are
soluble in organic solution after functionalization.8 Further-
more, CNTs films have been extensively used for making
photovoltaic devices. CNTs films can be fabricated at low
cost by drop casting, spin coating, Langmuir–Blodgett depo-
sition, etc. Ago et al.1 obtained photovoltaic response of con-
jugated polymer in thin film of f-MWCNTs under the visible
light. Gu and Swager9 created free-standing, transparent, and
conductive poly�3-hexylthiophene� �P3HT�-SWCNTs films
that shows electrical and optical performance comparable to
commercial indium tin oxide �ITO�. Recently, high transpar-
ency, tunable work function metal wire grid electrodes have
been reported for the application in organic solar cell.10 The
fabrication of organic photovoltaic devices on flexible ITO
coated plastic �polyethylene terephthalate �PET�� substrate,11

transfer-printing method,12 and role-to-role-type manufactur-
ing makes them to be integrated into existing building struc-
tures, which is impossible by conventional technologies.

In this work, we aimed to study the role of incorporation
of both f-MWCNTs and SWCNTs with conducting polymer
to make heterojunction photovoltaic device. Functional
groups on the surfaces of MWCNTs were obtained through
acid treatment. Poly�3-octylthiophene� �P3OT�/n-Si hetero-
junction photovoltaic cells were fabricated with and without
CNTs �f-MWCNT and SWCNTs� by keeping all other de-
vice parameters same. It was observed that CNTs embedded
devices showed better performance than pristine without
CNTs. We believe that CNTs formed a percolated network
that is favorable for fast charge transport.

CNTs are synthesized by ultrasonic spray pyrolysis
method. Detail description about the system was given by
Khatri et al.13 A large quantity of CNTs was synthesized on
supporting materials and then purified. Details of such mea-
surements will be reported in a separate communication, and
only important results relevant to the present communication
will be discussed here. We obtain SWCNTs and MWCNTs in
the same deposition parameters by changing catalyst concen-
tration. Purified MWCNTs were suspended in 50 ml of a 3:1
mixture of concentrated H2SO4 /HNO3 and sonicated in a
water bath for a few hours. The resultant suspension was
then diluted with de-ionized water and MWCNTs were col-
lected on pore membrane filter. SWCNTs �0.1 mg� and
f-MWCNTs �0.1 mg� were dispersed together in 1 ml of
chloroform solvent. A known quantity of P3OT �6 mg/mol�
was dispersed separately in another chloroform solvent. Pre-
pared solutions of CNTs were spin coated at 600 rpm over
n-Si substrates. Microscopically porous CNT film is then in-
filtrated with P3OT polymer solution. Care is taken to make
a thin film of P3OT over CNT networks. Readers are di-
rected to earlier published works14–17 for a more detailed
experimental procedure for fabricating such cells. Fabricated
films were annealed at 120 °C for 15 min. In doing so, me-
soscopic order and crystallinity of organic polymer materials
increase. From the viewpoint of the relationship between
structure and performance, a nanocrystalline structure witha�Electronic mail: ishwor_nep2000@yahoo.com.
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high crystallinity is pursued so that a relatively high trans-
portation speed for holes is obtained via interchain transport
of charge carriers.18 Finally, semitransparent gold electrodes
�20–30 nm� were deposited by sputtering.

The infrared absorbance was recorded using a Perkin
Elmer Fourier transform infrared �FTIR� spectrometer. An
atomic force microscopy �AFM� image was obtained by Spa
300 SII Seiko Instrument. Gold electrodes were deposited by
sputtering of gold target in E-1030 ion sputter. Current-
voltage �I-V� characteristics were measured at room tem-
perature using JASCO SS-200 W solar simulator in the dark
and under AM 1.5 simulated solar radiation.

Figure 1 shows a FTIR spectrum of the f-MWCNTs.
After acid treatment, the tubes are not only cut into short
pipes19 but also purified because of intercalation and exfolia-
tion of graphite. This method is more effective than gas-
phase oxidation method because CNTs are believed to be
functionalized throughout the tube length. Peak at around
1730 cm−1 is assigned to the C=O strength vibration in the
COOH group.20 It has been realized that acid-oxidized
MWCNTs are dispersed in polar and nonpolar solvent, which
in turn can be very useful for further processing. X-ray
photoelectron spectroscopy measurement of acid-oxidized
MWCNTs shows formation of carboxylic group.21 Pradhan
et al.3 suggested that a functional group �not only COOH� on
the CNTs makes a homogeneous blend of CNT-polymer
composite.

Figure 2�a� shows the schematic of the P3OT/n-Si
�organic-inorganic heterojunction� solar cell incorporating
CNTs �f-MWCNTs and SWCNT�. Figure 2�b� shows the I-V
characteristics in dark and under AM 1.5 simulated solar
radiation for n-Si / f-MWCNTs+SWCNTs-P3OT heterojunc-
tion solar cell with partially transparent gold upper electrode
�20–30 nm�. Direct contact was made to the silicon by con-
ducting stainless steel stage, and the cell was illuminated
from gold electrode side. Under illumination, short circuit
current density �Jsc� and open circuit voltage �Voc� are about
6.16 mA /cm2 and 0.44 V, respectively. The fill factor �FF�
and white light conversion efficiency ��� are about 0.36 and
0.98% respectively. Table I lists photovoltaic properties of
solar cells fabricated by similar conditions using various
kinds of composites. It is obvious that f-MWCNTs
+SWCNTs-P3OT composite showed better power conver-
sion efficiency among these samples.6,14–17,22 A twin refer-
ence cell fabricated in the same manner with only P3OT film
�without CNTs� with identical device parameters shows no
good photovoltaic effect. This may be due to the fact that
exciton dissociation would occur only at P3OT/n-Si interface
and hole transport across P3OT layer is restricted due to

the low mobility,14–17 whereas in n-Si / f-MWCNTs
+SWCNTs-P3OT device, CNTs make a network throughout
the composite layer and provide direct pathway to enhance
carrier transfer. An AFM image �Fig. 3� shows the morphol-
ogy of the active layer. The active layer has been fabricated
after infiltrating P3OT in microscopically porous CNTs film.
In such morphology, I-V characteristics were obtained easily
in all the active areas of the device.

With the introduction of f-MWCNTs and SWCNTs in
the photoactive layer, there is large improvement in power
conversion efficiency. We believe that such enhancement in
power conversion is due to the efficient electron transporta-
tion through SWCNTs and efficient hole transportation
through f-MWCNTs. The work function of SWCNTs ranges
from 3.4 to 4 eV, while for MWCNTs the range is from 4.6
to 5.1 eV.2 Acid oxidation introduces carboxylic acid groups
on the surface of MWCNTs �Ref. 21� and produced higher
work function �5. 1eV�. In our f-MWCNTs, the carboxylic

FIG. 1. FTIR spectrum of MWCNTs obtained after acid treatment.

FIG. 2. �Color online� �a� Schematic of the P3OT/n-Si heterojunction solar
cell incorporating f-MWCNTs and SWCNTs in the polymeric layer. �b�
Current voltage �I-V� characteristic of the n-Si / f-MWCNTs+SWCNTs
+P3OT /Au heterojunction solar cell in dark and under AM 1.5 simulated
solar radiation. Cell is illuminated from the semitransparent Au electrode
side.

TABLE I. Photovoltaic characteristics of solar cells under AM 1.5 simulated
solar radiation obtained from different references.

No. Composite
Jsc

�mA /cm2�
Voc

�V� FF
�

�%� Ref.

i C60-O-MWCNTs/P3OT 1.68 0.245 0.27 0.11 6
ii DWCNTs/P3HT 0.3398 0.446 0.17 0.026 14
iii MWCNTs/P3OT 2.915 0.22 0.27 0.175 15
iv C60 nanorod/P3OT 0.0098 0.155 0.1485 0.0002 16
v Pt-MWCNTs/P3OT 5.88 0.3396 0.3876 0.775 17
vi Cut-MWCNTs/P3OT 7.65 0.23 0.31 0.54 22
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acid group was examined. It suggests that work functions of
SWCNTs and f-MWCNTs are closer to the conduction band
and valance band of P3OT, which signifies possible electron
and hole transportation, respectively. Increased work func-
tion of f-MWCNTs brings MWCNTs in same level of Au
�5.1eV�, which enhances hole transportation toward anode.
Energetically favorable charge transportation and band dia-
gram is shown in Fig. 4.

In the photovoltaic device with SWCNTs and
f-MWCNTs, P3OT acts as the photoexcited electron donors
and SWCNTs act as electron acceptor and provide percola-
tion paths.2 The mobility of MWCNTs is several orders
higher in magnitude compared to that in the polymer, which
may result in the enhancement of hole transport. In addition,
CNTs may serve as “conducting bridges” connecting the
polymer chains �Ref. 3 and references therein�.

In summary, we used f-MWCNTs and SWCNTs in
organic-inorganic heterojunction solar cells. FTIR measure-

ment conformed oxygen containing functional group in
MWCNTs. SWCNTs and f-MWCNTs were mixed together
and dispersed in chloroform solvent. For solar cell fabrica-
tion, P3OT was infiltrated in microscopically porous CNTs
film. By introducing f-MWCNTs and SWCNTs together, an
improvement in the photovoltaic response was observed. The
reason for such increment might have come from tunable
work function of CNTs. We believe that the work function of
SWCNTs and f-MWCNTs are closer to the conduction band
and valance band of P3OT, which signifies possible electron
and hole transportation, respectively.

1H. Ago, K. Petritsch, M. S. P. Shaffer, A. H. Windle, and R. H. Friend,
Adv. Mater. �Weinheim, Ger.� 11, 1281 �1999�.

2E. Kymakis and G. A. J. Amaratunga, Appl. Phys. Lett. 80, 112 �2002�.
3B. Pradhan, S. K. Batabyal, and A. J. Pal, Appl. Phys. Lett. 88, 093106
�2006�.

4C. Li, Y. Chen, Y. Wang, Z. Iqbal, M. Chhawalla, and S. Mitra, J. Mater.
Chem. 17, 2406 �2007�.

5C. Li and S. Mitra, Appl. Phys. Lett. 91, 253112 �2007�.
6G. Kalita, S. Adhikari, H. R. Aryal, M. Umeno, R. Afre, T. Soga, and M.
Sharon, Appl. Phys. Lett. 92, 063508 �2008�.

7Y. Jia, J. Wei, K. Wang, A. Cao, Q. Shu, X. Gui, Y. Zhu, D. Zhuang, G.
Zhang, B. Ma, L. Wang, W. Liu, Z. Wang, J. Luo, and D. Wu, Adv. Mater.
�Weinheim, Ger.� 20, 4594 �2008�.

8J. Chen, M. A. Hamon, H. Hu, Y. Chen, A. M. Rao, P. C. Eklund, and R.
C. Haddon, Science 282, 95 �1998�.

9H. Gu and T. M. Swager, Adv. Mater. �Weinheim, Ger.� 20, 4433 �2008�.
10M. G. Kang, M. S. Kim, J. Kim, and L. J. Guo, Adv. Mater. �Weinheim,

Ger.� 20, 4408 �2008�.
11C. J. Brabec, N. S. Sariciftci, and J. C. Hummelen, Adv. Funct. Mater. 11,

15 �2001�.
12M. W. Rowell, M. A. Topinka, M. D. McGehee, H.-J. Prall, G. Dennler, N.

S. Sariciftci, L. Hu, and G. Gruner, Appl. Phys. Lett. 88, 233506 �2006�.
13I. Khatri, T. Soga, T. Jimbo, S. Adhikari, H. R. Aryal, and M. Umeno,

Diamond Relat. Mater. 18, 319 �2009�.
14S. P. Somani, P. R. Somani, M. Umeno, and E. Flahaut, Appl. Phys. Lett.

89, 223505 �2006�.
15S. P. Somani, P. R. Somani, and M. Umeno, Diamond Relat. Mater. 17,

585 �2008�.
16P. R. Somani, S. P. Somani, and M. Umeno, Appl. Phys. Lett. 91, 173503

�2007�.
17P. R. Somani, S. P. Somani, and M. Umeno, Appl. Phys. Lett. 93, 033315

�2008�.
18J. Geng and T. Zeng, J. Am. Chem. Soc. 128, 16827 �2006�.
19J. Liu, A. G. Rinzler, H. Dai, J. H. Hafner, R. K. Bradley, P. J. Boul, A.

Lu, T. Iverson, K. Shelimov, C. B. Huffman, F. Rodriguez-Macias, Y.-S.
Shon, T. R. Lee, D. T. Colbert, and R. E. Smalley, Science 280, 1253
�1998�.

20A. Kuznetsova, D. B. Mawhinney, V. Naumenko, Jr., J. T. Yates, J. Liu,
and R. E. Smalley, Chem. Phys. Lett. 321, 292 �2000�.

21H. Ago, T. Kugler, F. Cacialli, W. R. Salaneck, M. S. P. Shaffer, A. H.
Windle, and R. H. Friend, J. Phys. Chem. B 103, 8116 �1999�.

22G. Kalita, S. Adhikari, H. R. Aryal, M. Umeno, R. Afre, T. Soga, and M.
Sharon, Appl. Phys. Lett. 92, 123508 �2008�.

FIG. 3. �Color online� AFM image showing 10�10 �m2 surface scan area.

FIG. 4. �Color online� Energy band diagram of the fabricated device show-
ing band alignment for f-MWCNTs and SWCNTs.
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