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We report the photoinduced conductivity changes measured on a system composed of single-wall
carbon nanotubes 共SWNTs兲 modified by a semiconducting poly共amidoamine兲 dendrimer
共PAMAMC兲 characterized by highly aromatic end groups. Under illumination hole injection into
SWNTs prevails over the photoinjection of electrons from PAMAMC to SWNT holes, and film
photoconductivity is observed. This system was incorporated as an electroactive component within
a conducting polymer 关poly共3-octylthiophene兲兴, providing improvements in the photoelectrical
properties of the composite. Such supramolecular structures consisting of dendrimer-functionalized
carbon nanotubes provide the means for an approach toward the preparation of photoactive
materials of high current interest. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2196147兴
I. INTRODUCTION

Following the determination of the unique physical
properties of single-walled carbon nanotubes 共SWNTs兲,1–4 it
is important to mention that, in general, it is still very difficult to obtain SWNTs with a satisfying structure allowing for
possible technological applications. Indeed, SWNTs grow
mainly in the form of ropes consisting of individual graphene
cylinders that are held together by strong van der Waals
forces. Their affinity to adhere to each other makes as-grown
SWNTs insoluble in common solvents. Two of the key challenges that are in the way of realizing multifunctional nanostructures made out of carbon nanotubes are a reliable control over their surface chemistry 共i.e., through either covalent
or noncovalent modification兲, and dispersion in terms of
length and diameter.
Supramolecular assembly, which combines the outstanding photophysical properties of SWNTs with the unique
structural features of dendrimers, would generate fascinating
studies in supramolecular chemistry and materials sciences.
On this regard, it was previously demonstrated5–8 how dendrimers containing C60 play two major roles depending upon
their architecture and functionalities: they increase the solubility of C60 in organic solvents, and they isolate C60 from
the external environment such as oxygen. At this stage several key challenges arise around the possibility to substitute
C60 with SWNTs with donor or acceptor functions in these
nanohybrids.
As we previously reported,9 supramolecular semicona兲
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ducting dendrimeric structures consisting of commercial
poly共amidoamine兲 modified by adding substituted naphthalenediimides as end groups9 关poly共amidoamine兲 共PAMAMC兲兴 noncovalently interacting with single-walled carbon
nanotubes have been synthesized.
Here we report the study of the photoelectrical properties
of this system in thin film transistor geometry and the incorporation of PAMAMC-modified SWNTs as an electroactive
component within an organic conducting polymer in order to
enhance the photoconductivity.
II. EXPERIMENTAL DETAILS

SWNTs were obtained from Carbolex Inc. and consisted
of ⬇70– 90 vol % carbon as SWNTs of 50 nm– 1 m in
length and 0.8– 2 nm in diameter. Noticable amount of
SWNTs bundles was found.
PAMAMC was a laboratory preparation synthesized by
reaction between the amino terminal groups of a generation
three dendritic poly共amidoamine兲 and the hydrochloride salt
of a monoimide monoanhydride: details for the synthesis and
reaction with poly共amidoamine兲 end groups are reported in
the aforementioned Ref. 9 and in the original work.10
Noncovalent interactions between PAMAMC and
SWNTs have been achieved by sonication of the two elements of the couple in a solvent for PAMAMC: a mixture
1 : 1 共vol/ vol兲 of CH3OH and CHCl3. The sample was analyzed and used after centrifugation in order to remove undissolved SWNTs.
For the preparation of the nanocomposite, poly共3octylthiophene兲 共P3OT兲 was purchased from Sigma-Aldrich
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Co. P3OT 共60 mg兲, was dissolved in 25 ml of
CH3OH / CHCl3 共1 : 1 vol/ vol兲. The PAMAMC-SWNTs was
then added to P3OT solution 共1 : 1 w / w兲. The PAMAMCSWNTs/P3OT blend was then sonicated for 2 h.
Scanning electron microscopy 共SEM兲 micrographs of the
samples were obtained by a Leo Stereoscan 440 microscope,
while a Jeol Jem 2010 microscope was used for TEM analysis.
Atomic force microscopy 共AFM兲 was carried out in tapping mode at room temperature in ambient conditions.
Samples for the AFM study were prepared by depositing a
drop of the solution of PAMAMC-SWNT/P3OT blend onto a
glass that was then allowed to dry in vacuum 共10−1 Pa兲 for
12 h.
The transport properties were measured in a thin-film
transistor geometry. Source-drain electrodes were fabricated
using e-beam lithography technique on a 250-nm-thick thermal silicon oxide on a Si wafer. The electrodes consisted of
a 40 nm bottom layer of Al coated with 40-nm-thick layer of
Au. The device geometry was fixed with the source-drain
channel length of 8 m and channel width of 100 m. Two
types of devices were prepared. The first device was obtained
depositing PAMAMC from a CH3OH / CHCl3 solution
共4 l兲 onto SiO2 / Si wafer with previously patterned electrical contacts. The second device was obtained by positioning
a solution of PAMAMC-SWNTs in CH3OH / CHCl3 共4 l兲.
We measured the source-drain current 共ISD兲 as a function of
the gate voltage 共VG兲 under gate voltage sweep for both
types maintaining the drain voltage fixed at 0.5 V. The conductivity was monitored as a function of exposure time to
ultraviolet-visible 共UV-vis兲 radiation obtained with a xenon
lamp 共230 nm⬍  ⬍ 700 nm, intensity of 85 mW/ cm2兲.
The photoelectrical properties of PAMAMC-SWNTs and
PAMAMC-SWNT/P3OT blends was monitored for on/off
light illumination cycles as a function of exposure to UV-vis
radiation. The electrical measurements in this case were performed on thin film geometry obtained by drop casting of the
CH3OH / CHCl3 solutions onto patterned electrical contacts
共electrode distance 3 m兲 at room temperature.

III. RESULTS AND DISCUSSION

The SEM study of pristine SWNT network reveals a
large number of cross-linked nanotube bundles 关Fig. 1共a兲兴.
The SEM micrograph of SWNT-modified PAMAMC
关Fig. 1共b兲兴 puts in evidence that the addition of dendrimer to
carbon nanotubes leads to partial unroping of SWNTs
trapped in the PAMAMC matrix.
The inset of Fig. 1共b兲 compares a solution of pristine
PAMAMC 共A兲 and a solution of PAMAMC-modified
SWNTs in CH3OH / CHCl3 after centrifugation 共B兲. From
this image it is evident that the nanotubes are well dispersed
in the sample B; no sedimentation has been observed even
after ten days.
Moreover, the TEM observation 共Fig. 2兲 allowed direct
imaging of SWNT sidewalls showing the intimate interaction
between PAMAMC and carbon nanotubes. Figure 2共a兲
shows clean sidewalls of pristine nanotubes, while the den-
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FIG. 1. 共a兲 SEM image of a specimen of pristine SWNTs; 共b兲 SEM micrograph of PAMAMC coating SWNTs. The inset shows the solubility in organic solvent: PAMAMC in CH3OH / CHCl3 共A兲, PAMAMC-SWNTs in
CH3OH / CHCl3 共B兲.

drimer adsorption on SWNT sidewalls is responsible of the
coating evidenced in Fig. 2共b兲 and of the solubilization phenomenon reported above.
Figure 3共a兲 shows the gate dependence of the conductance for the PAMAMC transistor light-on and light-off
events. The time dependence 共upper inset兲 reveals that, under
illumination, the current at negative gate bias 共p channel兲
remains unchanged while the current at positive gate bias 共n
channel兲 increases. The above results clearly show that the
conducting dendrimer behaves like a n-type semiconductor.11
The illumination results in the excitation of electrons to the
conduction band, followed by a transfer of electrons from the
conduction band to the defective, oxidized carbon sites.
Figure 3共b兲 plots the transistor characteristics for SWNT
modified with PAMAMC. From Isd vs Vg measurements, we
found that the ensemble in the device appeared of p type,
exhibiting an overall electrical conductance decrease when
the gate voltage was swept from −10 to 10 V. The nonelectrical depletion of FET device at positive gate voltage was
due to the conduction of small percentages of metallic nanotubes in the ensemble. In this device, under UV-vis light, the
increase of the current at negative biases is achieved at the
expense of a slight current variation at positive bias current,
which is due to p-type conduction 共upper inset兲. It should be
mentioned that 共data not shown兲 a decrease of the p channel
was observed for pristine SWNTs due to the oxygen
photodesorption under illumination. The lower conductivity
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FIG. 3. 共a兲 Gate dependence of the source-drain current 共ISD兲 共drain voltage
fixed at 0.5 V兲 under light-on and light-off steps for PAMAMC. Upper inset
shows the time dependence of p-channel 共averaged between −7 and −10 V
gate voltage兲 and n-channel 共averaged between +7 and +10 V gate voltage兲
current in log scale under illumination. 共b兲 Gate dependence of the sourcedrain current 共ISD兲 共drain voltage fixed at 0.5 V兲 under light-on and light-off
steps for PAMAMC-modified SWNTs. Upper inset shows the time dependence of p-channel 共averaged between −7 and −10 V gate voltage兲 and
n-channel 共averaged between +7 and +10 V gate voltage兲 current under
illumination.
FIG. 2. 共a兲 TEM micrograph of the specimen of pristine SWNTs and 共b兲
TEM image of PAMAMC coating SWNTs.

of the PAMAMC-SWNT film with respect to neat PAMAMC, is due to the injection of electrons into the SWNT
holes, which is a well-known phenomenon for bulk p-type
semiconductors.12–15 Visible illumination also generates
holes in SWNT via a withdrawal of electrons from nanotubes
by photoexcited PAMAMC. The increase of the p-type channel at negative gate biases observed in Fig. 3共b兲 is consistent
with this mechanism. Thus, two processes occur under illumination of the hybrid system explaining why the photoconductivity of PAMAMC-modified SWNT film in Fig. 4 first
increases and then, in darkness, decreases to values that are
lower than they were before UV-vis exposure. In darkness,
back-electron transfers from PAMAMC to SWNTs outnumber the photoinduced holes of the SWNTs.
With the view to construct supramolecular nanotube
composite, whose properties could be of interest in nanotechnology 共e.g., molecular switches and solar cells兲, we became
interested in nanotube-containing conducting polymers.
Figure 5共a兲 shows an AFM phase image of a
70-nm-thick PAMAMC-SWNT/P3OT film. The phase image
in tapping mode AFM gives information concerning the loss
in energy of the tip upon contact with the surface. From the
image in Fig. 5共a兲 it is apparent that there are two materials
present, or at least two phases, evidenced by the darker and
the lighter regions. We note that the length scale of phase

separation is of the order of 10 nm, matching the short exciton diffusion length in polymeric semiconductors. Contrary
to what reported on Fig. 1共b兲, SEM analysis 关Fig. 5共b兲兴 performed on PAMAMC-SWNT/P3OT film demonstrates that
the surface becomes almost uniform. Moreover, as reported
in Fig. 5共c兲, the nanotubes onto PAMAMC-SWNTs/P3OT
system show a “bumpy and spiky” material appearing on
their sidewalls, underlining the good affinity between
PAMAMC-SWNTs electroactive component and the conducting polymer.
A critical factor for improving the efficiency of solar
cells is to match the photon flux spectrum from the sun with
the absorption of the donor/acceptor blend.16–18

FIG. 4. Evolution of the PAMAMC-SWNT film normalized current 共Idark is
the initial resistance of the sample in darkness兲 under light-on and light-off
steps.
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FIG. 6. Normalized UV-vis absorption of the pristine PAMAMC, P3OT
polymers and the blend of PAMAMC-SWNT/P3OT 共1:1, w/w兲, in thin films
drop-cast from CH3OH / CHCl3 onto glass.

to composite sample, no signal appears and the typical peaks
do not undergo any shift, although a difference in their intensity is evident. This change together with the AFM image
关Fig. 5共a兲兴 suggests modifications in the electronic structure
of P3OT as a consequence of PAMAMC-SWNT introduction.
The typical photoelectrical response of PAMAMCSWNTs and PAMAMC-SWNT/P3OT blend in thin films for
the on/off light illumination cycles in air is shown in Fig. 7.
The main feature in the photoelectrical temporal behavior of
interest is a fast rise/decay of the photocurrent in response to
the on/off illumination step together with an enhanced decrease of resistance for the PAMAMC-SWNT/P3OT blend
under illumination. Notably, the stability of the photocurrents
to on/off cycling shows a moderate change both for the
PAMAMC-SWNT/P3OT blend and for the PAMAMCSWNT sample. These observations are presumably consistent with an O2 photodesorption as the main cause of the
photocurrent changes. We cannot rule this effect out, and it is
currently under investigation. In the inset of Fig. 7 the photoelectrical response for SWNTs modified by P3OT is also
reported. Even if the conductivity is higher, it is evident how
the “on” current variation is lower than that of the
PAMAMC-SWNT/P3OT blend, with the photoelectrical response that shows a relaxation time.
IV. CONCLUSIONS

In conclusion, SWNTs with noncovalently linked conducting dendrimer have been prepared and characterized as

FIG. 5. 共Color online兲 共a兲 AFM phase image of a 70 nm PAMAMC-SWNT/
P3OT film deposited onto a glass substrate. 共b兲 SEM image of a PAMAMCSWNT/P3OT film deposited onto a glass substrate. 共c兲 TEM image of a
PAMAMC-SWNT/P3OT blend.

The UV-vis spectrum of the pristine PAMAMC, the
P3OT polymer and the PAMAMC-SWNT/P3OT 共1:1, w/w兲
blend in thin films is shown in Fig. 6. The PAMAMC and
P3OT alone exhibit significant absorptions into the UV and
visible region, respectively. PAMAMC-SWNT/P3OT blend
exhibits a very wide absorption range, with the absorption
peaks of the blend at about 365– 382 nm, which corresponds
to the PAMAMC. Going from pristine PAMAMC and P3OT

FIG. 7. Temporal photoelectrical current response of PAMAMC-SWNTs
and PAMAMC-SWNT/P3OT blends in thin films with on/off step illumination in air. For the PAMAMC-SWNT hybrid system the lamp was switched
on at about 150 s and switched off at about 2600 s. The inset shows the
temporal photoelectrical current response of P3OT-SWNT blend in thin
films with on/off step illumination in air.
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potential supramolecular donor-acceptor complexes. We
have achieved the control over the active components of organic optoelectronic devices using conducting polymer and
self-organization of hybrid materials. We consider this to be
a general and widely applicable strategy for controlled assembly of photoactive structures.
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