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On account of their nano-scale size, large aspect ratio and
high conductivity, single-walled carbon nanotubes (SWNTs)
have emerged as an attractive choice for conducting compos-
ite materials.'1" Composites incorporating SWNTs show per-
colation dominated conductivity with a much lower volume
threshold (volume fraction =~ 107°), compared to those with
nanoparticles."!'*! Two-thirds of SWNTs are p-type semicon-
ductors with holes as the charge carriers. Using the hole-
blocking nature of SWNTs, conducting polymers having
SWNTs as dopants are effectively used as the hole buffer-
ing[14] and electron transport[IS] layers in organic light-emitted
diodes (OLEDs). For the active layer of OLEDs and organic
photovoltaic (OPV) devices, incorporation of SWNTs en-
hances the charge separation and facilitates charge transport,
hence improving the performance, i.e., the short circuit cur-
rent, the filling factor and power conversion efficiency.'61
However, since SWNTs are a mixture of metallic and semi-
conducting nanotubes with a small bandgap (= 0.6 eV), both
electrons and holes in the composite matrix prefer™! to trans-
fer onto and then be quenched on the SWNTSs. Directly incor-
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porating SWNTs into active layers of OLEDs and OPV de-
vices does not facilitate the electron/hole separation, nor does
it improve the performances of devices. On the other hand,
semiconductor nanoparticles, possessing large and tunable
bandgaps (1-2 eV), can be incorporated into conducting poly-
mers to form hybrid solar cells.”*?* Holes are transported
along the polymer chains and electrons hop along the nanopar-
ticle network. However, nanoparticles with large volume frac-
tions are needed® because of their high percolation threshold
(>=30%). By contrast, the volume fraction for the conducting
polymer is small, leading to low hole mobility and hence limit-
ing the solar cell efficiency. Semiconductor nanorod-polymer
hybrid solar cells benefit from the quasi-one-dimensional
(1-D) electron transport along the rods, a mechanism which al-
lows the use of a smaller volume fraction of nanorods and a
larger volume fraction of polymer to conduct holes with higher
mobilities.[>>2¢! Although Alivisatos et al.”7?! have demon-
strated that longer nanorods lead to higher energy conversion
efficiency, nanorods of larger lengths and uniformly distribut-
ed diameters are difficult to fabricate.**=?

Semiconductor nanoparticle-SWNT hybrids have been the
subject of recent interest as a consequence of the develop-
ment of methodsP*** for the chemical modification of
SWNTs. Such hybrids are well suited for use in optoelectronic
devices, given the tunable bandgap of nanoparticles, quasi-
one-dimensional (1-D) transport of SWNTs, and the ease of
chemical fabrication. As part of a drive towards finding appli-
cations, an examination of the charge transfer (CT) between
the various components of the hybrids is needed. By using
such hybrid materials as photo-electrodes, efficient electron
transfer from semiconductor nanoparticles, such as CdS,
CdSe, and CdTe (donor) to SWNTs (acceptor) has been dem-
onstrated by several groups[SS“m] to lead to increased photon
generated current (Fig. 1). The CT also results in photolumi-
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Figure 1. Schematic illustration of the light-induced charge excitation in
a semiconductor nanoparticle and subsequent CT onto a SWNT, followed
by charge transport along the SWNT.
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nescence quenching of semiconductor nanoparticle solu-
tions.***! However, there is no work quantifying the magni-
tude of CT in the hybrids. SWNT field-effect transistors
(FETs) have been widely used*'*?! to study the CT from
various analytes to SWNTs. In this communication, we use
network transistors to study the CT from self-assembled py-
rene-functionalized CdSe (pyrene/CdSe) nanoparticles on
CVD-grown SWNTs and discuss the incorporation of such hy-
brids into OPV devices.

The surfaces of CdSe nanoparticles are functionalized
with a pyrene derivative (see Supporting Information) of di-
hydrolipoic acid in H,O/N,N-dimethylformamide (DMF) so-
lution. The pyrene/CdSe nanoparticles were characterized
(see Supporting Information) by 'H NMR spectroscopy and
transmission electron microscopy (TEM). The 'H NMR spec-
tra show characteristic proton resonances for the pyrene de-
rivative and TEM images indicate that the average diameter
of the pyrene/CdSe nanoparticles is 3.7 nm with a distribution
of 1.2 nm. The pyrene units attached to the surface of the
CdSe nanoparticles associate with the surfaces of SWNTs by
means of n-n interactions to facilitate the formation of the py-
rene/CdSe-SWNT hybrids.*%! Solutions of the hybrids are
prepared simply by adding SWNT powder into pyrene/CdSe
nanoparticle solutions, followed by sonication at room tem-
perature for eight hours. TEM images reveal that pyrene/
CdSe nanoparticles are attached randomly to the walls of
SWNTs. TGA measurements indicate that the weight percen-
tages of pyrene units in the pyrene/CdSe nanoparticles and
the hybrids of SWNTs with pyrene/CdSe nanoparticles are
ca. 38 and 20 wt%, respectively. Therefore, the weight per-
centage of the pyrene/CdSe nanoparticles in the hybrids is
ca. 53 wt%.

In UV-vis experiments (see Supporting Information), grad-
ual decreases of the absorption peak intensities of the pyrene/
CdSe nanoparticles (0.10 g L™) around 380 nm (characteristic
absorption peak of pyrene units) upon addition of SWNTs
(0-0.10 g L") in DMF at 25 °C indicate that the pyrene units
become attached to the surfaces of SWNTs. The decrease in
absorption results from the interaction between the pyrene/
CdSe nanoparticles and the SWNTs.! We used 410 nm as
the excitation wavelength (/) in all fluorescence experi-
ments. The solutions of pyrene/CdSe nanoparticles (0.1 g L™)
and pyrene/CdSe-SWNT hybrids (0.1 g L™') in DMF at room
temperature show (Fig. 2a) orange yellow and dark brown
colors, respectively. In the presence of light (A.x = 410 nm),
the pyrene/CdSe nanoparticle solution shows strong fluores-
cence but the hybrid solution reveals that fluorescent quench-
ing is operative. The fluorescence intensity of the pyrene/
CdSe nanoparticle solution decreases significantly and the
peak blue-shifts about 8 nm on the stepwise addition of a
SWNT solution. Figure 2b shows the changes in the fluores-
cence of the pyrene/CdSe nanoparticle solution (0.15 g L™)
upon addition of SWNTs in DMF (from a to j = 0- 0.2 g L™)
at 25 °C. The strong dependence of quenching on the SWNT
concentration implies that a CT process exists in the system.
In such hybrid systems, the light generates electron-hole pairs.

[43-45]
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Figure 2. a) i) 0.1 g L™ pyrene/CdSe nanoparticle in DMF solution.
ii) 0.1 g L' pyrene/CdSe-SWNT hybrids in DMF solution. iii) Photolumi-
nescence of the solution i) after excitation with 410 nm of light.
iv) Quenched fluorescence of solution ii) after excitation with 410 nm of
light. b) Changes in the fluorescence of the pyrene/CdSe nanoparticles
(0.15 g L") upon addition of SWNTs (from a to j = 0, 0.01, 0.02, 0.05,
0.08,0.10,0.12, 0.15, 0.18, 0.20 g L™') in DMF at 25 °C, Aex = 410 nm.

The generated excitons tend to combine; meanwhile, the elec-
trons or holes are transferred partially to the SWNTs, depend-
ing on the distance and the energy barriers between the py-
rene/CdSe nanoparticles and the SWNTs. In other words, the
formation of pyrene/CdSe-SWNT hybrids in solution favors
the electrons or holes transfer from quantum dots (donor) to
the SWNTs (acceptor), such that the exited electrons or holes
enter the SWNTSs, rather than be emitted.

In order to ascertain the direction of CT between the py-
rene/CdSe nanoparticles and the SWNTs, the composite films
were made by filtrating the solution through 100 nm alumina
filter membranes. Figure 3a shows the SEM image of the
composite film, where the pyrene/CdSe nanoparticles are at-
tached to the SWNTs. Silver paint contacts are made on the
film with dimensions of 1 x 1 cm?, and the resistance of the
film is monitored by applying a 100 mV bias voltage. The re-
sistance increases when the light is turned on and decreases
when the light is turned off (Fig. 3b), the light source being a
light-emitting diode (LED) with an intensity (I) of 40 W m™
and excitation wavelength (4ex) of 410 nm. The data have
been fitted with an exponential formula, leading to time con-
stants of 94 and 273 s for the increase and decrease, respec-
tively. Since SWNTs are hole-transport materials, the increase
of the resistance with the light on indicates that the direction
of the electron transfer is from the nanoparticles to the
SWNTs, a process which causes a decrease in hole concentra-
tion on the SWNTs. Later, we will learn that the time constant
for the hybrids of self-assembled nanoparticles on the SWNTs
is about 3.3 s, which is much less than that of the composite, a
situation which may be a result of the fact that the SWNTs
are separated by the pyrene/CdSe nanoparticles in the com-
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Figure 3. a) An SEM image of the pyrene/CdSe-SWNT composite on an
alumina filter. b) Light-induced change of the resistance of a pyrene/
CdSe-SWNT composite film. | = 40 Wm™ and 1 = 410 nm. Assuming
exponential time dependence, the time constants for the resistance in-
crease and decrease are 94 s and 273 s, respectively.

posite film, leading to a longer time for reaching the charge
equilibrium. The disparity between the large time constants
found for the film (tens of seconds) and those found by
others™! in the CdS-SWNT hybrid solution (several nanose-
conds) is not yet understood.

In order to investigate the CT in the pyrene/CdSe-SWNT
hybrids, FETs were fabricated using CVD-grown SWNT net-
works as the channels on silicon wafers with a 500 nm thick
SiO, dielectric. An AFM image (Fig. 4a) reveals that the
average length of the SWNTs is approximately 2 pm and the
diameter is approximately 1.5 nm. The density of the network
was chosen to be 1.5 tubesum™ — just above the percolation
threshold to avoid too many conduction paths through the
metallic SWNTs, a situation which would reduce the on/off ra-
tio of the transistor characteristics.*®!! The lift-off lithogra-
phy process was used to pattern the e-beam-deposited Pd con-
tact pads on top of the network of SWNTs. Oxygen plasma
was used to etch away the SWNTs outside the source-drain
channels. Since the channel is 200 um long and 1000 pm wide
— approximately 100 times longer than the SWNTs — the net-
work, rather than the contact resistance between Pd and net-
work, dominates the overall resistance.’"! The pyrene/CdSe
nanoparticles are self-assembled onto SWNT networks after
the manner shown in Figure 4b. The silicon wafers with
SWNT networks were soaked in pyrene/CdSe nanoparticle
DMF solutions overnight, washed with H,O briefly, and
blown dry with N,. We observed that the pyrene/CdSe nano-
particles become coated uniformly only onto the SWNT sur-
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faces and do not stick to the SiO; surface (Fig. 4c). The height
of the SWNTs after coating is approximately 5.0 nm (Fig. 4d),
a distance which indicates that the height of the pyrene/CdSe
nanoparticles is approximately 3.5 nm. The nanoparticle size
agrees well with the TEM data (see Supporting Information),
a fact which indicates that the monolayer of pyrene/CdSe
nanoparticles only becomes assembled onto one half of the
surface of the SWNTs, the other half being directed towards
the SiO, surface. We tried drop-casting solutions of pyrene/
CdSe nanoparticles onto the source-drain channel of the de-
vices and found that they shorted from source/drain to gate as
a consequence of the leakage by pyrene/CdSe nanoparticles
through the pinholes on the SiO, dielectric. Devices fabri-
cated by the self-assembly protocol do not exhibit a leakage
problem, confirming our purposed mechanism that the sur-
face-functionalized CdSe nanoparticles only assemble along
the nanotubes.

The device configuration we have employed for resistance
and transistor measurements is illustrated in Figure 5a. First,
we measured the network resistance between the source and
drain with zero-gate voltage. The resistance measurement was
carried out by applying a 100 mV bias with a Keithley
2400 apparatus: the data were recorded every 100 ms. The
network resistance responded quickly to the turning on and
off of the LED. When the light was on, the sheet resistance in-
creased and stayed high until the removal of the light. In or-
der to eliminate the possibility that the change of the resis-
tance was a result of the response of the SWNT network
itself, we carried out a control experiment for the SWNT net-
work without the coating of pyrene/CdSe nanoparticles and
did not observe any detectable resistance change. A typical
curve is plotted in Figure 5b, where I=40 Wm™ and
A =410 nm. The data in the sharp increase region were en-
larged and shown to fit well to an exponential equation, pro-
ducing a time constant of 3.3 s. Such a long time constant has
also been observed for other SWNT hybrids, such as the
SWNT-poly{(m-phenylene-vinylene)-co-[(2,5-dioctyloxy-p-phe-
nylene)]} (PmPV) polymer® with CdS nanoparticles;*"! they
are at least 10 times longer than the recently reported[53] data
for single crystal semiconductor nanoribbons. This long time
constant, measured from the resistance, may not reflect the
CT dynamics from the pyrene/CdSe nanoparticles to the
SWNT, simply because of the fact that the charge reconfigura-
tion over the entire network lasts until it reaches an equilibri-
um state. The same measurement on CdSe nanoparticles on
an individual SWNT would shine light on the CT dynamics in
the CdSe-SWNT hybrid.

The resistance change was found (Fig. 5c) to be a function
of the light intensity where the excitation wavelength of the
LED is 410 nm. As the light intensity increases, the sheet re-
sistance also increases and becomes saturated at 16 Wm™.
Such a saturation has been observed in a SWNT-porphyrin
hybrid system[54] and for CdSe-TiO,*! at light intensities of
40 W m™ and 500 W m™2, respectively. The fact that the resis-
tance change is a function of the light intensity indicates
clearly that it is caused by the incident light on the hybrid net-
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Figure 4. a) An AFM image of CVD-grown SWNTs with an average length of 2 um and a diameter of 1.5 nm. b) Schematic drawing of the noncovalent
bonding between surface-functionalized CdSe nanoparticles and a SWNT. c) An AFM image of self-assembled pyrene/CdSe nanoparticles on SWNTs.
d) Cross section analysis of c). The height of the hybrid is approximately 5.0 nm, indicating the average pyrene/CdSe nanoparticle size is approximately

3.5 nm.

work. The CT dynamics in the network system is governed by
the electron-hole pair generation, the CT onto the SWNTs,
and the electron-hole recombination in the CdSe nanoparti-
cles. As the light intensity increases, more excitons are gener-
ated. More electrons are transferred to the SWNTs and the
resistance increases further. Meanwhile, the electron-hole
pairs tend to combine and the electron-hole combination
events increase as more excitons are generated. As the light
reaches a particular intensity, an equilibrium state is attained
and the saturation of the increase in the resistance is ob-
served. The saturation of CT can help the optimization of the
CdSe-SWNT hybrid OPV devices. The resistance change also
shows (Fig. 5d) a strong dependence on the LED wavelength,
provided the light intensity is 40 W m™. When exciting the hy-
brid network with 585 nm LED, no detectable change in the
resistance is observed. As the LED wavelength approaches
the excitation wavelength (410 nm) of pyrene/CdSe nanopar-
ticles, the change in the resistance increases. Although the ex-
citation experiment shows emission only at 410 nm, the sheet
resistance changes when LEDs with other wavelengths, such
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as 470 nm, are used. The response of the hybrid network to
light with wavelengths other than the excitation wavelength is
a consequence of the size distribution of the pyrene/CdSe
nanoparticles (see Supporting Information). The bandgaps
are proportional to the inverse square of the average nanopar-
ticle size. The clear correlation between the change of sheet
resistance and the intensity/wavelength of the light provide di-
rect evidence that the light-induced change in the electronic
structure of pyrene/CdSe nanoparticles is coupled with the
CT through the SWNT network.

To study the CT from the pyrene/CdSe nanoparticles to the
SWNTs in the FET, the transfer characteristic (/yq versus V)
of the transistor was measured by applying 100 mV and
sweeping the gate voltage between +20 and —20 V in steps of
0.5 V. Figure 6a shows the transfer curves of the SWNT net-
work transistor before and after the assembly of the pyrene/
CdSe nanoparticles. The on and off currents decrease by a fac-
tor of 50 after the coating with the pyrene/CdSe nanoparti-
cles, while the on/off ratio remains nearly unchanged
(1877 and 1736, respectively). The calculated motilities are

Adv. Mater. 2008, 20, 939-946
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Figure 5. a) The schematic drawing of a SWNT FET with a coating of pyrene/CdSe nanoparticles on top of SWNTs. b) The resistance of a SWNT-FET
device vs time monitored under zero gate voltage, | = 10 Wm™ and / = 410 nm. c) The resistance of the device vs time for different light intensities
(I from 1.6 to 80 Wm™), where the LED excitation wavelength is 410 nm with a 15 nm width/half max. d) The resistance vs time for LEDs with differ-

ent wavelengths, | = 40 wWm™
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Figure 6. a) The transfer curve of the SWNT-FET before and after the as-
sembly of pyrene/CdSe nanoparticle. The transistor curve after adding
pyrene/CdSe nanoparticles both tilts and left-shifts, developments which
indicate that the pyrene/CdSe nanoparticles introduce barriers to CT in
the SWNT network and donate electrons onto the SWNTs. b) The transfer
curves of the pyrene/CdSe-SWNT-FET when the light is off and on,
4 =410 nm and | = 40 W m™. The curve is horizontally shifted to the left
after shining light on the network, a response which is a consequence of
the CT from the pyrene/CdSe nanoparticles to the SWNTs when the light
is switched on.
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15.4 and 6.9 cm’ 'V, respectively. As a control, we tried to
carry out the coating experiment of SWNTs with CdSe nano-
particles (Aldrich) in the FET and did not observe any appre-
ciable change of transfer curve since the CdSe nanoparticles
without the attached pyrene units are not immobilized on the
surfaces of SWNTs under the same experimental conditions.
The pyrene/CdSe nanoparticles assembled on top of the
SWNTs have two effects. First, they act as charge scattering
potentials and decrease the carrier mobility («) which is de-
fined as the ratio of the slope of I4—V, curve to its initial
slope. Second, the thermally excited electrons in pyrene/CdSe
nanoparticles at room temperature are transferred to the
SWNTs as the nanoparticles self-assemble onto SWNTs, a
process which decreases the hole concentration (n) and shifts
the threshold voltage of the transfer curve to the left.[”! The
current at zero gate voltage decreases by a factor of 200 after
the assembly of the pyrene/CdSe nanoparticles. Since the
tube-tube contact resistance is dominant in the SWNT net-
work, such a large change in the resistance is, most likely, a
consequence of the modification of the tube contact by the
pyrene/CdSe nanoparticles. The operation voltage range from
the on to off states decreases from 40 to 15 V in the measure-
ment range after coating the devices with nanoparticles, a re-
sult which may be related to the modification of tube-tube
contact by the pyrene/CdSe nanoparticles.

The transfer characteristics of the pyrene/CdSe-SWNT hy-
brid network with and without light (40 W m™ intensity and
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410 nm wavelength) are plotted in Figure 6b. Firstly, the
SWNT-FET transfer curve was obtained in the dark. After
the LED had been switched on for 10 min, the transfer curve
was measured again. Clearly, the transfer curve shifts to the
left when the light is on without tilting. For the hybrid net-
work, the scattering potential barriers caused by the pyrene/
CdSe nanoparticles remain unchanged when the light is on or
off. The carrier mobility on the SWNTs does not depend on
the electronic configuration of pyrene/CdSe nanoparticles.
Therefore, no tilt of the transfer curve is observed. When the
light is on, there are more electron-hole pairs in the pyrene/
CdSe nanoparticles besides the thermal excited pairs. There-
fore, more electrons transfer from the pyrene/CdSe nanopar-
ticles to the SWNTSs, causing the transfer curve to shift further
to the left by 2.9 V. Together with the assumption of the fully
coverage of the pyrene/CdSe nanoparticles on the SWNTs, a
situation which is confirmed by the AFM image, the CT num-
ber per pyrene/CdSe nanoparticle can be calculated as fol-
lows. The total CT of the network is C x V, where C is the total
capacitance of the SWNT network and V is the shift value
(here is 2.9 V). C is estimated from the total capacitance of
each individual SWNT. The capacitance of each SWNT is
calculated using the formula®! C = 2Lneeo/In((2h/r) where
L =2 pum, h = 500 nm, and r = 1.5 nm for the SWNT and
& = 4.1 for SiO,. The SWNT density is 1.5 umz and the size of
the pyrene/CdSe nanoparticle is 3.7 nm. We obtained the an-
swer that the CT is 2.2 electron per pyrene/CdSe nanoparticle.
This value corresponds to the maximum amount of CT since
the light intensity was 40 W m™, exceeding the saturation in-
tensity of 16 Wm™. For comparison, previous studies>** on
NH; and porphyrin have revealed maximally 0.04 electrons
per NH; molecule and 0.37 electrons per porphyrin. This
large amount of CT per pyrene/CdSe nanoparticle may be a
result of the bigger size of the pyrene/CdSe nanoparticles
compared to the porphyrin and NH; molecules.

The effective CT from the pyrene/CdSe nanoparticles to
SWNTs in the hybrid has the potential for applications in
polymer hetero-junction photovoltaic devices. Currently, the
highest efficiency of an organic solar cell® is ca. 5% in
poly(3-hexylthiophene) (P3HT) and 1-(3-methoxycarbonyl)-
propyl-1-phenyl[6,6]Cs; (PCBM), although a 10% efficiency
was predicted®! for such a system. In the P3BHT-PCBM sys-
tem, holes transport along the P3HT polymer chains and elec-
trons hop along the PCBM only. High weight percentage[57]
(optimally ca. 80 %) of the quasi-zero-dimensional (0-D)
PCBMs is needed in the system in order to facilitate the elec-
tron transport along the PCBM. Therefore, one disadvantage
of such systems is the low weight percentage for polymers,
such as P3HT, to carry holes and hence the hole mobility is
limited. Quasi-1-D objects, such as semiconductor nanocrys-
tals, have been incorporated into conjugated OPVs to facili-
tate electron transport.”’?’ The conductance close to the per-
colation threshold for the systems with quasi-0-D and quasi-1-
D objects are plotted in Figure 7a. For OPVs with quasi-0-D
objects, the volume percolation threshold™ is 30 %. For ex-
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Figure 7. a) The dependence of the conductance for quasi-0-D objects
(such as nanoparticles) and quasi-1-D objects (such as nanotubes) on
the volume fraction near the percolation threshold. The composite with
quasi-1-D objects (such as pyrene/CdSe-SWNT hybrids) has a much low-
er percolation threshold than that with quasi-0-D objects (such as nano-
particles). b) A schematic model for a hybrid OPV device incorporating a
conducting polymer and pyrene/CdSe-SWNT hybrids, where the conduct-
ing polymer carries holes and the pyrene/CdSe-SWNT hybrids carry elec-
trons. The SWNTs are fully covered by semiconductor nanoparticles.
c) The energy diagram for the OPV device where light leads to the excita-
tion of electron/holes in both the semiconductor nanoparticles and in
the polymer.
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ample, the volume fraction of fullerene derivatives, such as
PCBM in OPVs, must be larger than 30% in order that the
electrons can be transported from the bulk to the electrodes.
However, the volume threshold is much lower in composites
with quasi-1-D objects, where it depends[59] on the diameter
(D) and the length ratio (L) (i.e., 0.3 % for D/L = 0.01). Here,
we propose (Fig. 7b) an OPV structure with SWNTSs covered
by pyrene/CdSe nanoparticles. Both the polymers (such as
P3HT) and the semiconductor nanoparticles absorb light in
complementary ranges. For example, while P3HT absorbs
strongly in the range of 450-600 nm, which the size of semi-
conductor nanoparticles can be tuned to absorb light outside
this range. Since the CT from the nanoparticle will saturate
for certain light intensities (i.e., 16 W m™ for CdSe in this
work), it is necessary to incorporate hybrids using several
nanoparticles with different bandgaps. The D/L ratio is about
50 for D of 8 nm and L of 400 nm, and the percolation thresh-
old is 0.6 % for hybrids carrying electrons to electrodes. We
have designed solar cells with 50 volume percent of P3HT as
the hole transport component and 50 % semiconductor nano-
particle-SWNT hybrids for the electron transport component.
The 50 % electron transport component comprises different
types of nanoparticles to cover the wavelength range, in a
complementary fashion, with P3HT coverage. The CT dy-
namics are plotted in Figure 7c. The excited holes on the
nanoparticles will transfer onto P3HT, just as in the CdSe/
P3HT system and the electrons will transfer onto either me-
tallic or semiconducting SWNTs. Solar cells incorporating the
nanoparticle-SWNT hybrid will have advantages of (i) high
electron/hole mobility, (ii) large exciton life time because of
the effective charge separation from the nanoparticles to the
SWNTs, and (iii) efficient light absorption. Recently, Raf-
faelle et al.l® have fabricated organic solar cells incorporating
CdSe quantum dot-SWNT complexes. The devices, however,
showed limited efficiency, a situation which is a result of the
recombination of electrons and holes on the SWNTs since the
nanoparticles only cover a small portion of the SWNT sur-
face.’” In our proposed solar cells, it is essential that the
SWNTs surface are fully covered by the nanoparticles for two
reasons. Firstly, such hybrids can facilitate the electron trans-
fer, while blocking hole transfer to the SWNTSs, thus prevent-
ing electron/hole recombination because of the small bandgap
associated with the SWNTs. Secondly, such hybrids will avoid
the device short problem caused by the SWNTs. The SWNTs,
which are micrometers long and highly conducting, can easily
short the anode and cathode. By fully coating the SWNTs
with pyrene/CdSe nanoparticles, the resistance between an-
ode/cathode and the hybrid is large enough to avoid the short
problem.

In conclusion, we have demonstrated effective CT from py-
rene/CdSe nanoparticles to SWNTs by using both fluores-
cence quenching experiments and transistor measurements.
The magnitude of the CT shows a strong dependency on the
light intensity and wavelength and reaches a maximum of
2.2 electrons per pyrene/CdSe nanoparticle. The SWNTs act
as electron acceptors and the pyrene/CdSe nanoparticles act
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as electron donors. On account of the small bandgaps of semi-
conducting SWNTs, the CT phenomena for semiconducting
nanotubes will also be similar to those of metallic SWNTs.
The next step will be to study the CT from the CdSe nanopar-
ticles to the SWNTs with different chiralities by using individ-
ual SWNT transistors. In the present work, we only study the
average effect of the CT from the pyrene/CdSe nanoparticles
to SWNTs with different chiralities.

Furthermore, we have speculated on the incorporation of
such acceptor-donor hybrids into organic solar cells in an at-
tempt to improve the performance of the devices. Further
studies on such unique hybrid systems are required. Examples
include time-resolved fluorescence to probe the dynamics of
the CT in solution, temperature dependent transport mea-
surement to study the CT barrier between nanoparticles and
SWNTs with different chiralities, as well as investigations of
OPYV devices incorporating fully covered SWNTs with semi-
conductor nanoparticles. Moreover, the methods we have
used to study the CT and determine the magnitude of the CT
can be applied to other semiconductor nanoparticle-SWNT
hybrids. In the wake of our investigations on pyrene/CdSe
nanoparticles, we will study fully the CT between the SWNTs
and pyrene-modified semiconductor nanoparticles such as
CdS, CdTe, and CdSe/CdS and obtain their CT magnitudes
from FET measurements. We will then be in a position to
evaluate critically the role of CT in these semiconductor nano-
particle-SWNT hybrids.

Experimental

Experimental details are available in the Supporting Information.
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