This article was downloaded by: [University of California, San Diego]

On: 11 August 2012, At: 10:37

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and Liquid
Crystals

Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl20

Photovoltaic Device Using
Composite Films of Polymer
and Carbon Nanotube Cut by
Acid Treatment

Ken-Ichi Nakayama ? , Yoshihiro Asakura ® & Masaaki
Yokoyama *

# Material and Life Science, Graduate School of
Engineering, Osaka University 2-1, Yamadaoka,
Suita, Osaka, Japan

Version of record first published: 18 Oct 2010

To cite this article: Ken-Ichi Nakayama, Yoshihiro Asakura & Masaaki Yokoyama
(2004): Photovoltaic Device Using Composite Films of Polymer and Carbon Nanotube
Cut by Acid Treatment, Molecular Crystals and Liquid Crystals, 424:1, 217-224

To link to this article: http://dx.doi.org/10.1080/15421400490506216

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to



http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421400490506216
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of California, San Diego] at 10:37 11 August 2012

date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.




Downloaded by [University of California, San Diego] at 10:37 11 August 2012

Taylor & Francis

Copyright © Taylor & Francis Inc. Taylor & Francis Group

ISSN: 1542-1406 print/1563-5287 online
DOI: 10.1080/15421400490506216

Mol. Cryst. Liq. Cryst., Vol. 424, pp. 217-224, 2004 e

PHOTOVOLTAIC DEVICE USING COMPOSITE FILMS
OF POLYMER AND CARBON NANOTUBE CUT
BY ACID TREATMENT

Ken-ichi Nakayama, Yoshihiro Asakura, and Masaaki Yokoyama
Material and Life Science, Graduate School of Engineering, Osaka
University 2-1, Yamadaoka, Suita, Osaka 565-0871, Japan

Single-wall carbon nanotube-polymer composite having high electric conduc-
tiity was employed for organic photovoltaic cells. Acid treatment by a mixture
of HsSO,/HNOg cut the long entangled carbon nanotubes and improved disper-
sion into polymers. The composite films showed high electric conductivity depend-
ing on the concentration of CNTs. The photovoltaic cell, which has a layered
structure composed of a spin-coated nanotube-polymer composile film and a
deposited pigment film, showed about three times higher value of short-circuit
photocurrvent than that not including nanotubes. This resull was attributed to
the improvement of carrier transport in the polymer film.

Keywords: acid treatment; carbon nanotube; conducting polymer; photovoltaic cell

INTRODUCTION

Carbon nanotubes (CNTs) are promising materials having excellent chemi-
cal and physical stability and distinctive structure with high aspect ratio,
which are expected to be applied for field emission cathodes. From the
viewpoint of organic electronics, CNTs are also promising materials having
long and pure n-electron systems leading to high carrier mobility. If one can
apply CNTs for organic electronics, the most critical weak point of organics,
low mobility or high resistivity, can be overcome and the performance of
organic electronic devices can be improved.

However, CNTs cannot form a uniform film by themselves. As a way for
adapting for organic electronics, carbon nanotube-polymer composites
have been studied [1,2]. They have been applied for a hole blocking layer
in organic light emitting diodes [3] or a charge injection layer [4]. Another
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important application of the composite film is an organic photovoltaic cell.
In polymer photovoltaic cells, the performance is mainly limited by the
efficiency of collecting the photogenerated carriers through the polymer
to the electrodes, because of high resistivity of polymer. Therefore, high
electric conductivity of CNTs are expected to improve the carrier transport
in the polymer and enhance the collection efficiency of photogenerated car-
riers. So far, some attempts have been reported using multi-wall nanotubes
(MWNTs) and poly (p-phenylene vinylene) [5], and single-wall nanotubes
(SWNTs) and poly thiophene [6]. However, remarkable improvement has
not been achieved.

One of problems on the CNT-polymer composite films is that uniform
dispersion of CNTs is not easy because long nanotubes tend to aggregate
and entangle themselves. In this study, we employed an acid treatment
method reported on single-wall nanotubes (SWNTs) [7]. Acid treatment
by a mixture of H2SO,/HNOj5 is expected to cut the long entangled nano-
tubes and improve dispersibility into polymers. In addition, we evaluated
the photovoltaic property of a layered structure device, composed of a
spin-coated composite film and a deposited organic pigment film to prevent
a short-circuit due to the film ununiformity.

EXPERIMENTAL

SWNTs made by the HIPCO process were supplied from Carbon Nanotechnol-
ogies Inc. Cutting CNTs were performed following the reported method [7],
but the purification process was omitted because the supplied samples were
enough pure. The CNTs of 10mg were dispersed into a 3:1 mixture of
H5S0,4/HNO; of 40 ml, and sonicated for 10 hours. Then, the dispersions were
neutralized by KOH and filtered by a micropore filter having a diameter of
0.1 pm. A surface active reagent of Triton X-100 (¢-Octylphenoxypolyethoxy-
ethanol, SIGMA Aldrich) was added before filtration with a concentration of
less than 0.1%. The filtrate was centrifuged and evaporated.

The cut CNTs in THF solvent were mixed with poly(2-methoxy,5-(2’-
ethyl-hexyloxy)-p-phenylenevinylene) (MEH-PPV) solution with various
concentration. The dispersions were spin-coated on a glass substrate after
sonication for 3h. The structure of CNTs and the composite films were
observed by scanning electron microscope (SEM, Hitachi S-4700). The
local electric property of the composite film was evaluated by current mode
of atomic force microscope (current mode AFM, Seiko Instruments
SPI-3800).

The device structure of a photovoltaic device is shown in Figure 1. After
spin-coating of the composite film on an ITO glass substrate, a perylene
pigment (Me-PTC, 3,4,9,10-perylenetetracarboxylic 3,4:9,10-bis-methyl-
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FIGURE 1 The device structure of the photovoltaic cell. The carbon nanotube-
polymer composite film was spin-coated on an ITO glass substrate. The organic
pigment layer was deposited on it.

imide) was deposited with a thickness of 100 nm. The top Al electrode was
deposited with a thickness of 20nm. The photovoltaic performance was
evaluated under illumination of solar simulator (AM1.5) from ITO side,
using source-measure unit (Keithley, model 236). The action spectrum
for monochromatic light was also measured. All the measurements were
performed at room temperature and under atmospheric conditions.

RESULTS AND DISCUSSION

The structural properties of the CNTs and the CNT-polymer composite film
were evaluated by SEM. Figures 2(a) and 2(b) shows the CNTs before the
acid treatment and after, respectively. Long and mesh structures of the
pristine CNTs, whose length reache several microns, were not observed
in the treated CNTs. This can be attributed to a result of the acid treatment
cutting the long structure of nanotubes. Figure 2(c) showed the CNT-
polymer composite films with a CNT concentration of 10 wt%. The CNTs
dispersed in the MEH-PPV had some cluster structures, but fibril struc-
tures based on nanotubes were observed when the cluster was magnified
(Fig. 2(d)).

The electric properties of the composite films were evaluated using a
single-layer sandwiched cell (ITO/composite film/Al). Figure 3 shows
the current-voltage characteristics for CNT concentrations of 0, 5,
20wt %. The conductivity estimated from the current at 1V increased from
8.4 x 107" for 0, to 4.9x 107 for 5, and 1.1 x 10~ % S/cm for 20wt%,
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FIGURE 2 Scanning electron microscope images of (a) pristine single-wall
nanotubes, (b) after acid treatment, (c¢) dispersed in MEH-PPV, (d) magnified
image of (c).

respectively. On the other hand, in the case of non-treated CNTs dispersed
into the polymer, the conductivity cannot be evaluated due to a short-
circuit. Thus, the acid-treatment was revealed to be effective for improve-
ment of dispersibility, as a result, high electric conductivity depending on
the CNT concentration was obtained.

Figure 4 shows a current mode AFM image of the composite films on an ITO
substrate. The bright area corresponds to high conductivity area. On the
whole, this distribution of bright areas agreed with the distribution of CNT
clusters observed by SEM, and covered the area to a certain extent. Therefore,
the obtained high conductivity is not due to a pinhole shortcircuit between two
electrodes, but due to dispersion of highly conductive CNTs.

Next, we applied this composite film for a photovoltaic device. Unfortu-
nately, a single layer device of the composite did not show a photovoltaic
effect owing to large dark current. Therefore, we fabricated a layered
device of a spin-coated composite film and a deposited Me-PTC film
(Fig. 1), and compared the photovoltaic effect with a MEH-PPV/Me-PTC
device including no CNT. The I-V characteristics under illumination are
shown in Figure 5. The positive voltage corresponds to positively bias of
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FIGURE 3 Current-voltage characteristics of the carbon nanotube-polymer
composite film sandwiched by ITO and aluminum electrode. The concentration of
nanotubes are shown in the figure.

FIGURE 4 Current AFM image of the composite film on an ITO glass substrate.
The contrast of image corresponds to the local current under applied voltage of 10 V.
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FIGURE 5 Current-voltage characteristics of the photovoltaic cell under
illumination of a solar simulator (AM1.5) from the ITO side. (a) ITO/composite
film/Me-PTC/Al, (b) ITO/MEH-PPV/Me-PTC/Al. The positive voltage corresponds
to positive bias of the ITO electrode.

the ITO electrode. As a result, the device using the CNT-polymer composite
showed about three times higher value of short-circuit photocurrent (curve
(a), 11.1 pA/cm®) than that not including CNT (curve (b), 3.4 pA/cm?).
Both devices showed the almost same open circuit voltage around 0.7 V.
Thus, dispersion of CNTs into the polymer layer was revealed to enhance
the short-circuit current.

There are two aspects in the effect of dispersing CNTs into polymers.
One is a transporting effect, which utilize the high conductivity and high
mobility of CNTs and improves the collection efficiency of photogenerated
carriers to the electrodes. The other is a charge transfer effect, which
assist the photogeneration of electrons and holes based on some
electronic interactions between nanotubes and polymers. To investigate
this point, an action spectrum of this device was measured under illumi-
nation from the ITO side (Fig. 6). The action spectrum showed a valley
around a wavelength of 500nm, corresponding to the absorption peak
of MEH-PPV. On the other hand, photocurrent peak at 580nm corre-
sponds to the absorption peak of Me-PTC. These results clearly show that
the photogeneration occurs at the MEH-PPV/Me-PTC interface. In other
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FIGURE 6 Action spectrum of the photovoltaic cell using the composite film under
monochromatic light illumination from the ITO side. Absorption spectrum of the
film is also shown.

words, photogeneration does not occur at the bulk of the composite film.
This result leads us to a conclusion that dispersion of CNTs into the poly-
mer improved carrier transportation and collection efficiency of the
photogenerated carriers.

There are some difficulties to use the composite films for photogenera-
tion leading to a single-layered photovoltaic cell. For that purpose, it is
important to enhance semiconducting characteristics of the composite
films. As well known, carbon nanotubes can be both metallic and semicon-
ducting, depending on the periodic unit of carbon bonding. In addition,
CNTs usually contain considerable amount of metal particles as a catalyst.
Therefore, the composite films show metallic properties rather than semi-
conducting, which results in deterioration of photovoltaic effect. For
practical application of CNTs for organic electronics, one has to remove
metallic nanotubes and metal particles, and enhance semiconducting char-
acteristics of the CNT-polymer composite.

CONCLUSION

In conclusion, single-wall carbon nanotube-polymer composite films were
prepared by using acid cutting method to improve the dispersion. The com-
posite films showed high electric conductivity depending on the concentration
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of nanotubes. The photovoltaic cell composed of the composite film and
deposited pigment film showed higher short-circuit photocurrent three times
larger than that not including nanotubes. This improvement was attributed to
enhancement of carrier transport in the polymer film.

REFERENCES

[1] Curran, A., Ajayan, P. M., Blau, W. J., Carroll, D. L., Coleman, J. N., Dalton, A. B,
Davey, A. P., Drury, A., McCarthy, B., Maier, & S. Strevens. (1998). A. Adv. Mater., 10,
1091.

[2] Stéphan, C., Nguyen, T. P., Chapelle, M. L., Lefrant, S., Journet, C., & Bernier, P. (2000).
Synthetic Metals, 108, 139.

[38] Woo, W. S., Czerw, R., Webster, S., Carroll, D. L., Ballato, J., Strevens, A. E., O'Brien, D., &
Blau, W. (2000). J. Appl. Phys. Lett., 77, 1393.

[4] Kilbride, B. E., Coleman, J. N., O'Brien, D. F., & Blau, W. (2001). J. Synthetic Metals, 121,
1227.

[6] Ago, H., Petritsch, K., Shaffer, M. S. P., Windle, A. H., & Friend, R. H. (1999). Adv. Mater.,
11, 1281.

[6] Kymakis, E. & Amaratunga, G. A. (2002). J. Appl. Phys. Lett., 80, 112.

[7] Liu, J., Rinzler, A. G., Dai, H., Hafner, J. H., Bradley, R. K., Boul, P. J., Lu, A., Iverson, T.,
Shelimov, K., Huffman, C. B., Rodriguez-Macias, F., Shon, Y.-S., Lee, T. R., Colbert, D. T.,
& Smalley, R. E. (1998). Science, 280, 1253.



