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1. Introduction

Assembling composites of organic semiconductors and carbon nanotubes is a key approach
for constructing a wide range of applications, such as the photoelectric conversion devices,
biosensors, and electron storage devices (Liu et al., 2008; Chen et al., 2003). To assemble such
composites, it is important to develop a method of solubilizing carbon nanotubes because
they have low solubility in most solvents. Many groups have explored the solubilization
properties of carbon nanotubes after chemical modifications involving their covalent
bonding to organic materials (Chen et al., 1998; Baskaran et al., 2005). Carbon nanotubes
with covalently linked porphyrin antennae have been developed as potential
supramolecular donor-acceptor complexes for applications such as the photovoltaic devices
and light-harvesting systems (Guldi et al., 2006). There have also been reports of
noncovalent functionalizations of single-walled carbon nanotubes (SWNT) with aromatic
compounds such as porphyrin or polyfluorene (Murakami et al., 2003; Tomonari et al., 2007;
Nakashima, 2006; Nish et al., 2009). The solubilization mechanism involved n-n interactions
between the side walls of the SWNT and aromatic compounds. Since charges can be injected
from porphyrin into single-walled carbon nanotubes upon an irradiation of light, the
composite has been used as photochemical solar cells (Chitta et al., 2007; Guldi et al., 2005;
Hasobe et al.,, 2006). Sun and coworkers showed that porphyrine could adsorb on
semiconducting single-walled nanotubes due to noncovalent interactions which might
become an efficient method for the mass separation of semiconducting single-walled
nanotubes from metallic single-walled nanotubes (Li et al., 2004). Bao and coworkers
showed an enhancement of mobilities and high on/off ratio in organic semiconductor-CNT
composites FET devices (Liu et al., 2008). Although fabricating ultrathin films from SWNT-
chromophore composites is an important challenge in the development of optoelectronic
device applications, there have been few reports on nanostructured assembled ultrathin
films, particularly ultrathin films fabricated from noncovalently adsorbed carbon nanotube-
chromophore composites.
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112 Carbon Nanotubes - From Research to Applications

In this chapter, we introduce the fabrication of nanostructured SWNT-organic
semiconductor ultrathin films by a layer-by-layer (LbL) self-assembly approach and an
enhancement of the photocurrent generation in the nanostructured corganic
semiconductors-SWNT ultrathin films. The LbL self-assembly method, initially reported
by Decher, is one of the most convenient techniques for fabricating molecularly controlled
ultrathin multilayer films (Decher, 1991). The adsorption process involves the alternate
deposition of cationic and anionic species from a solution (Baba et al., 2000, 2006, 2010;
Advincula et al., 2003; Sriwichai et al. 2008). Both positively and negatively charged
water-soluble organic semiconductor molecules were used for the solubilization of the
SWNT. To investigate the composite ultrathin films properties, surface plasmon
spectroscopy, UV-vis. spectroscopy, and fluorescence spectroscopy were employed as
well as the cyclic voltammetric properties were studied. The photocurrent measurements
were performed in photoelectrochemical cells in KCl aqueous solution using methyl
viologen from chromophore-SWNT composite films on gold electrode as the electron
acceptor molecule.

On the other hand, another important challenge for the nano-device applications is to
pattern carbon nanotubes-organic semiconductor nanocomposites in large-scale. Patterned
carbon nanotubes/thiol suspensions have been reported using both “top-down” and
“bottom-up” techniques (Yan et al., 2007; Whang et al., 2004). Many groups have reported
the microcontact-printed pattern with a variety of materials (Xia et al., 1998), since the first
report by Kumar and Whitesides (Kumar & Whiteside, 2002). Recent reports have shown
that selective and aligned carbon nanotubes were possible on functionalized surfaces by
microcontact printing or PDMS transfer printing (Rao et al., 2003; Tsukruk et al., 2004; Ko et
al., 2004; Ding et al., 2006; Meitl et al., 2004). While the microcontact printing technique is a
versatile method to fabricate microstructured composite, “top-down” technique such as dip-
pen nanolithography is also an attractive method as nanoscale manipulation of carbon
nanotubes (Piner et al., 1999; Ginger et al., 2004). In the dip-pen nanolithography technique,
AFM cantilever is inked with organic materials, which are then transferred to flat surfaces.
Recently, Wang and co-workers have demonstrated that the microcontact printing and
parallel dip-pen nanolithography technique allows one to pattern single-walled carbon
nanotubes functionalized with COOH-terminated self-assembled monolayers (Wang et al.,
2006). Another method, called fountain-pen nanolithography (FPN), has a potential to be
effective large-area patterning technique, in which the modified AFM cantilever serves as a
micro-pipet. In FPN method, the liquid ink is filled in reservoirs on AFM cantilevers, and
then flows onto the surface when in contact with the surface (Kim et al., 2005). In this
chapter, we also introduce the pattern formation and assembly of single-walled carbon
nanotubes/ organic semiconductor composites. Microcontact printing (uCP) was done by a
standard procedure. The PDMS stamp was inked with single-walled carbon nanotubes-
organic semiconductor molecule in ethanol by drop-cast technique, dried under nitrogen,
and applied to a cleaned glass slide surface. The dip-pen nanolithography and fountain-pen
nanolithography techniques were also used for micro/nanopatterning of the composites
and large-area pattern formation, respectively.

2.1 Solubilization of SWNT with water-soluble organic semiconductors
To examine the solubility of organic semiconductors-SWNT composites, UV-vis. absorption
spectra were measured in aqueous solution. As organic semiconductor molecules, cationic
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Fig. 1. Schematic drawing of the fabrication of nanostructured alcian blue, pyridine variant
(AB)-SWNT/ phthalocyanine-3,4’,4”,4""-tetrasulfonic acid tetrasodium salt (CuPS)-SWNT
LbL films. From Ref. [Baba et al. 2010] with permission.

alcian blue, pyridine variant (AB; Aldrich) and anionic Copper phthalocyanine-3,4’,4”,4""-
tetrasulfonic acid tetrasodium salt (CuPS; Aldrich) molecules were used (shown in the inset
of Fig. 1). Figure 2(a) shows the UV-vis. absorption properties of AB and AB-SWNT
composites after sonication for 3 h and after sonication (3 h)/centrifugation (1 h at rotation
speeds of 7000 and 10000 rpm) in aqueous solution. Figure 2(b) shows the spectra for CuPS
and CuPS-SWNT composites after sonication and after sonication/centrifugation. In the
absorption spectra of both composites, peaks due to the Soret band (340 - 350 nm) and Q-
band (610 - 620 nm) were clearly observed. After the sonication, an increase in the baseline
of the broad absorption band was observed, indicating that both metallic SWNTs (400 - 600
nm region, corresponding to M;i;) and semiconducting SWNTs (600 - 950 nm,
corresponding to Sy, transitions) were complexed with both AB and CuPS molecules. Since
the bundles or aggregated complexes were mostly removed by centrifugation, the baseline
gradually decreased as the rotation speed increased. On the other hand, the addition of
SWNTs to AB or CuPS resulted in decreases in the peak intensity for both the Soret band
and the Q-band, accompanied by a redshift of ca. 1 nm. These results suggest that an
interaction between SWNTs and AB or CuPS is induced. The decrease in the peak intensities
should be due to a decrease in the density of trapped electrons in AB or CuPS because they
are transferred to SWNTs. Peak intensities then increased slightly as the rotation speed
increased because of the removal of bundles or aggregates, in good agreement with the
behavior of the baseline. Similar results were recently observed for SWNT-imidazole-
porphyrin, SWNT-methyl viologen and SWNT-TiO2 (Kongkanand & Kamat, 2007)
composites, which acted as donor-acceptor nanohybrid or electron storage systems in the
SWNTs with Fermi level equilibration. Since a large number of SWNTs were removed at a
higher rotation speed, a rotation speed of 6000 rpm was chosen for the fabrication of LbL
films.
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Fig. 2. UV-vis. absorption properties. (a) AB (0.25 mg/ml) and AB (0.1 mg/ml)-SWNT (0.25
mg/ml) composites after sonication for 3 h and after sonication (3 h)/centrifugation (1 h at
rotation speeds of 7000 and 10000 rpm) in aqueous solution. (b) CuPS (0.25 mg/ml), CuPS
(0.25 mg/ml)-SWNT (0.25 mg/ml) composites after sonication for 3 h, and after sonication
(3 h)/centrifugation (1 h at rotation speeds of 7000 and 10000 rpm) in aqueous solution.
From Ref. [Baba et al. 2010] with permission.

2.2 Fabrication of LbL ultrathin films

First, UV-vis. spectroscopy was performed to monitor the AB-SWNT/CuPS-SWNT
multilayer formation. As schematically shown in Fig. 1, 0.5 bilayer indicates 1 layer of AB-
SWNT or CuPS-SWNT composites. As can be seen in Figure 3, the change in absorbance for
the first bilayer was larger than that for the subsequent bilayers. This result suggests that the
AB-SWNT and CuPS-SWNT composites are poorly charged; thus, the amount of deposition
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on the APS-functionalized surface is larger than that on the composites. From second
bilayer, the UV-vis. absorbance exhibited a monotonic increase with the number of
bilayers,as shown in the inset, suggesting the successive deposition of the film during the
assembly of the multilayers. As discussed in the previous section, the UV-vis. spectra of AB-
SWNT and CuPS-SWNT in solution exhibited peaks at approximately 331 nm and 611 nm
and at 338 nm and 630 nm, respectively. On the other hand, the Soret absorption band and
Q-band in the multilayered film were observed at 334 nm and 619 nm, respectively, almost
superpositions of the peaks due to the two phthalocyanine molecules (AB and CuPS).
Furthermore, it should be noted that the baseline of the absorption at approximately 500 nm
increased with the number of bilayers, while the baseline of the AB-CuPS LbL film (without
SWNTs) remained almost constant (see supporting information), indicating that a well-
ordered SWNT-phthalocyanine composite film was fabricated. SPR spectroscopy was also
employed in order to study the in situ adsorption process of the composites. The stepwise
increase in reflectivity with increasing number of bilayers indicated the deposition of a
constant amount of AB-SWNT/CuPS-SWNT. The film thickness for the 5-bilayer film was
estimated to be ca. 14.0 nm on the assumption of a dielectric constant of 2.1 +i0.2, giving an
average thickness of 2.8 nm for each bilayer.
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Fig. 3. UV-vis. spectrum of AB-SWNT/CuPS-SWNT LbL film on glass slide as a function of
number of bilayers. (0.5 bilayer indicates 1 layer of AB-SWNT (or 1 layer of CuPS-SWNT).)

The inset shows the absorbance of the UV-vis. peaks at 617.5 nm as a function of number of
bilayers. From Ref. [Baba et al. 2010] with permission.

2.3 Photocurrent properties of LbL films

To study the photocurrent performance of the organic semiconductior molecules-SWNT
LbL films, we prepared a photoelectrochemical cell. As the organic semiconductor
molecules, cationic sodium copper chlorophyllin (SCC) and anionic 5,10,15,20-tetrakis (1-
methyl-4-pyridinio) porphyrin tetra(p-toluenesulfonate) (TMPyP) were used. The
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photocurrent measurements were performed in KCI (5 mM) and methyl viologen (100 mM)
aqueous solution. Methyl viologen was used as an electron acceptor molecule. Figure 4
shows the photocurrent response of 20 bilayers of TMPyP-SWNT/SCC-SWNT LbL film
upon irradiation by visible light (490-740 nm), measured at —0.2 V. For comparison, the
photocurrent response in 10 and 20 bilayers of TMPyP/SCC LbL film (no SWNT) was also
measured under the same conditions (Figure 4(a)). As shown in this figure, upon irradiation
by visible light in Q-band absorption region of chromophores, the cathodic current
increased and when the irradiated light was turned off, the current shifted back to almost
the initial level, although some fluctuation was observed. The amount of current increase for
the TMPyP-SWNT/SCC-SWNT LbL film electrodes was 1.5-2 times more than the increase
for the TMPyP/SCC LbL film, indicating that the SWNT is responsible for the enhancement
of the photocurrent generation in the chromophore-layered films. These results suggest that
the noncovalently adsorbed SWNT with chromophores provide effective charge separation
in LbL films upon irradiation of visible light in Q-band absorption region. Once the excited
electrons reach the SWNT from the choromophores, they are effectively transferred to
methyl viologen in the solution. A schematic illustration of the photocurrent generation at
the chromophores-SWNT electrodes is shown in Fig. 4(b) (Imahori et al., 2000; Guldi et al.
2005). It should be noted that the photocurrent generated in the multilayered system
increases as the number of bilayers increases. Since the mechanism of the charge separation
from the photoexcited state and the charge transfer to the methyl viologen is responsible for
the presence of the SWNT, there should be SWNT pass-way to methyl violegen electrolyte
solution in multilayered system. One possibility is that the TMPyP-SWNT/SCC-SWNT LbL
films form a bulk hetero-like structure, so that the charge separation and the electron
transfer can be generated in multilayered system. This explanation is reasonable because the
chromophore-SWNT composite is not a well-ordered film structure. Furthermore, it is well
known that LbL films often have interpenetrated structures (Decher, 1997; Yoo et al., 1998).
Another possibility is that the electrons are transferred from SWNT to methyl viologen
inside the film, since such small molecules can exist inside LbL films in electrolyte solution.
This is reasonable because LbL films usually contain electrolytes in aqueous solution (Jiang
et al., 2007; Baba et al. 2002). These results indicate that the TMPyP-SWNT/SCC-SWNT LbL
multilayered film should have potential for effective photocurrent generation.

2.4 Patterning of organic semiconductor-SWNT composites

By using the solubilized SWNT-AB composites, a variety of patterning techniques were
examined. First, microcontact printing technique was used to fabricate the patterned SWNT-
AB composites. In this patterning, Si substrates were cleaned by piranha solution to create
hydrophilic and negatively charged surface (Chrisey et al., 1996; Moriguchi et al., 1999; Im et
al. 2000) as the AB molecule is positively charged. Figure 5 shows AFM topography images
of SWNT-AB composites on Si substrates after the patterning by pnCP method using 1um
line and 5 pm line PDMS stamps. In both cases, the patterned linewidth almost
corresponded to the linewidth of PDMS stamps. In the case of patterning using 1 um
linewidth, the height was a few nm, which is slightly larger than the diameter of SWNT,
indicating that the monolayer of SWNT-AB composites was transferred onto Si surface. As
can be seen in this Figure, SWNT ranging from 500 nm to 3 um in length were complexed
with AB molecules. One can find the fact that the SWNT-AB composites with the length
larger than 1 pm were confined to stay inside the 1 um line space, resulting in the alignment
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Fig. 4. (a) Photocurrent response upon irradiation by visible light (490-740 nm) to 20 bilayers
of TMPyP-SWNT/SCC-SWNT and TMPyO/SCC (no SWNT) LbL film measured at —0.2

V(b) A schematic illustration of photocurrent generation at the chromophore-SWNT
electrodes. From Ref. [Baba et al. 2010] with permission.

of SWNT along the direction. In the case of pCP using 5 um linewidth, the SWNT-AB
composites were more densely assembled on Si surface and contained a lot of longer SWNT
as compared to 1 pm linewidth pattern. The schematic illustration is also shown in the
figure. The average height of the pattern was ca. 15 nm which implies several SWNT-AB
composites were overlaid on the surface. From these results, one can expect that the SWNT-
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AB composites with length longer than the linewidth of PDMS hardly adsorb onto PDMS
surface during the inking process, resulting in the random alignment after the patterning.

20.0 30.0

m

1 ymlinewidth

Fig. 5. AFM topographic images of y-contact-printed SWNT-AB composites (1 um linewidth
(a) and 5 um linewidth (b)), and schematic diagram of SWNT-AB alignment. From Ref.
[Baba et al. 2009] with permission.

In order to fabricate a smaller size pattern of SWNT-AB composites, dip-pen
nanolithography technique was applied. A silicon AFM cantilever was inked with SWNT-
AB composites after the Si cantilever was cleaned by UV ozone cleaner. Figure 6(a) shows
confocal laser microscopy image of the AFM cantilever after soaking with SWNT-AB
composites ink solution in ethanol. A large black area at the left side is the cantilever tip,
and the rest of the black area shows the adhesion of SWNT-AB composites on the AFM
cantilever. As shown in this Figure, the composites were dispersed on AFM cantilever,
though they were not homogenous dispersion. Furthermore, in order to confirm the
presence of the SWNT-AB composites, AFM image of the inked AFM cantilever was taken
by a tapping mode measurement (Fig. 6(b)). In order to prevent the interference between the
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inked AFM cantilever tip and the probing AFM cantilever tip during the tapping mode
AFM measurement, the right side (squared area) was chosen to be observed. As shown in
this figure, the SWNT-AB composites ranging from ca. 500 nm to 3 um in length were
indeed observed on the inked AFM cantilever, indicating that the inking with SWNT-AB
composites in ethanol resulted in the adhesion onto Si AFM cantilever. Then, the nanoscale
transfer of the composites onto a flat Si surface was attempted by using the inked AFM
cantilever. Unlike a conventional DPN patterning technique using thiol molecules, SWNT-
AB composites were hardly transferred onto Si surface at relative humidity of up to 70 %.
Hence, DPN was driven at relative humidity of 70-80 %. A contact mode AFM was used for
the writing, and the pattern was read out by a tapping-mode AFM measurement. Although
it is hard to discern each nanotube, the patterned SWNT-AB composites were observed after
DPN as shown in Fig. 7. One limitation in this measurement was the fact that the same
cantilever was used for both the writing and reading, which should be improved by using a
different cantilever (McKendry et al., 2002), hence the image in high resolution could not be
obtained for this time. At the condition, it was possible to write 110 nm line in width. The
height between A-B was about 11 nm which corresponds to several SWNT-AB composites,
while the height of the circled area almost corresponds to a monolayer of SWNT-AB
composites.

€)

5.00 pm 10.00 x 10.00 pm

Tip of cantilever =

5t MN

000 2.07 [um]

Fig. 6. Confocal laser microscopy image (a) and AFM topographic image (b) of SWNT-AB
nanocomposites on AFM dip-pen cantilever.

As another strategy to fabricate micro/nanopatterning of SWNT-AB composites, a fountain-
pen nanolithography technique was also attempted. The fountain-pen nanolithography has
been done using microfluidic-based cantilevers. Aqueous SWNT-AB composites ink was fed
in reservoir and was delivered to the top of the cantilever through the microchannel. As
shown in Fig. 8, the composites solution was observed on the top of the cantilever which
was delivered through the microchannel. In order to prevent the evaporation of aqueous
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Fig. 7. AFM topographic image on Si after dip-pen nanolithography of SWNT-AB
nanocomposites and the schematic illustration. From Ref. [Baba et al. 2009] with permission.

SWNT-AB solution from the microchannel at room temperature, a small amount of glycerin
was added in the composites solution. The patterning was performed to demonstrate the
capability of the technique. As shown in Fig. 8, the dots of 8 um diameter or the lines of 1.5
um width and of 140 pm length was obtained in the CCD image, although the AFM image
was not obtained due to the difficulty of finding the patterned area with another AFM
instrument. In this experiment, 1 line or 1 dot was written within a few seconds after the
cantilever was in contact with the surface, which showed the ability of large scale assembly
of carbon nanotubes.

3. Conclusion

We have shown several assembly and patterning techniques of single-walled carbon
nanotubes (SWNT)-organic semiconductor molecules composites. The organic
semiconductor molecules-SWNT LbL films were fabricated with a convenient method that
uses noncovalently adsorbed carbon nanotube-organic semiconductor composites. SWNT
were solubilized with water-soluble charged organic semiconductor molecules, which were
then used for electrostatic LbL multilayer fabrication. UV-vis. spectroscopy revealed the
constant deposition of composite films. Cyclic voltammetry showed that the electroactivity
of the hybrid film is enhanced by the incorporation of SWNT in the layered film. The slopes
obtained from the peak currents for three film structures indicate that the SWNT facilitate
electron transfer to the electrode/electrolyte solution. Organic semiconductor-SWNT LbL
film electrodes exhibit an enhancement of photocurrent generation as compared with
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Fig. 8. CCD images of aqueous SWNT-AB composites in microchannel (top view) (a),
patterned line (b), and patterned dots (c). From Ref. [Baba et al. 2009] with permission.

Organic semiconductor LbL (no SWNT) film electrodes, suggesting efficient charge
separation and electron transfer in the system. These results suggest that the noncovalently
adsorbed organic semiconductor-carbon nanotube composite is effectively assembled to
form nanostructured films, which should provide new opportunities for photoelectric
conversion devices. Furthermore, the pattern with 1 pm linewidth of the composites was
obtained by microcontact printing method which tended to align the line direction.
Nanometer scale patterns of SWNT- AB composites with 10 nm height was also obtained by
dip-pen nanolithography on silicon surfaces. Fountain-pen nanolithography was also
utilized for a possible application to fabricate large-scale patterning technique for organic
semiconductor-carbon nanotubes composites.
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