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ABSTRACT We have investigated the charge photogeneration dynamics at the interface formed between single-walled carbon
nanotubes (SWNTs) and poly(3-hexylthiophene) (P3HT) using a combination of femtosecond spectroscopic techniques. We demonstrate
that photoexcitation of P3HT forming a single molecular layer around a SWNT leads to an ultrafast (~430 fs) charge transfer between
the materials. The addition of excess P3HT leads to long-term charge separation in which free polarons remain separated at room
temperature. Our results suggest that SWNT-P3HT blends incorporating only small fractions (1 %) of SWNTs allow photon-to-charge
conversion with efficiencies comparable to those for conventional (60:40) P3HT—fullerene blends, provided that small-diameter tubes

are individually embedded in the P3HT matrix.
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rganic photovoltaic (OPV) cells have been demon-

strated as low-cost alternatives to silicon-based

cells, offering the possibility of low temperature
“reel-to-reel” fabrication, necessary for viable large-scale
power generation.'! The majority of OPV devices utilize
exciton dissociation at the interface between two materials
which exhibit a type-1I heterojunction alignment,” resulting
in interfacial charge separation and free polarons in the
materials. However, it has been shown that for many OPV
materials such as polymer—polymer blends, exciton dis-
sociation leads to the formation of an interfacial bound
geminate charge pair, termed an exciplex.’~” This species
can be strongly bound and long-lived, significantly lowering
charge separation efficiencies.

Single-walled carbon nanotubes (SWNTSs) are promising
candidates for use in OPVs because of their large aspect
ratios, high carrier mobilities and their controllable solubi-
lization in polymer solution.®~'° Despite this, devices based
on SWNT blends with conjugated polymers have to date
shown poor performance.''~'* However, these results may
be explained by recent experimental'® and theoretical'®
studies demonstrating that a type-Il heterojunction only
exists for certain interfaces, such as between small diameter
semiconducting SWNTs and regioregular poly(3-hexylth-
iophene) (P3HT). Even for such blends, energy transfer from
the polymer to the SWNTs may compete effectively against
charge transfer.
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In this letter, we show that charge transfer across the
interface between individually dispersed SWNTs wrapped
in a monolayer sheath of P3HT occurs on an ultrafast (430
fs) time scale. Generated charge pairs relax into a bound
interfacial charge-transfer state or via nonradiative recom-
bination of excitons within the nanotubes and no long-lived
free polarons are observed. However, in the presence of an
excess P3HT network, charge separation at room temper-
ature is long-lived and comparable to that in a conventional
P3HT-fullerene blend. This is the first time such blends have
been studied using femtosecond time resolution, and we
observe a charge transfer time three-magnitudes faster than
reported previously.'”'® In addition, significant long-term
charge separation is observed for the first time in SWNT-
polymer blends. We conclude that charge separation is only
possible if small-diameter semiconducting tubes are indi-
vidually embedded in an excess P3HT matrix. Our findings
explain the poor polymer—SWNT device behavior to date
and provide a promising route to incorporation of SWNT-
polymer blends into OPVs.

In recent work, Schuettfort et al.'® synthesized a highly
purified nanohybrid structure consisting of a SWNT coated
with a monolayer of P3HT. In these purified nanohybrids,
the P3HT organizes into a sheathlike morphology on the
tubes, aligned at an approximate angle of 48° with respect
to the SWNT axis®® and at a distance of twice the van der
Waals radius (0.34 nm) from the nanotube;!? this is shown
schematically in Figure 1b. In addition, a small number of
isolated P3HT nanocrystals of typical dimensions of 3—5 nm
are observed attached to the P3HT sheath enveloping the
tubes, as shown by atomic force microscopy (AFM) (Figure
1c,'”) and transmission electron microscopy (TEM)'' im-
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FIGURE 1. (a) Chemical structure of P3HT. (b) Schematic diagram of a (6,5) SWNT coated with a monolayer of sheath P3HT. Sulfur atoms are
colored blue, the carbon backbone is red and the side-chains are green. (c) AFM image showing the isolated nanotubes coated with P3HT
sheath and the scattered P3HT nanocrystals. Inset: Heights of AFM slices marked on image, where Line 1 is the black solid line and Line 2 is
the broken red line. The heights are consistent with nanotubes of diameter 0.7—0.9 nm coated with a monolayer of P3HT and with nanocrystals

of typical dimensions 3—5 nm on the sheath.

ages. These morphologies will be referred to as P3HT sheath
and P3HT nanocrystals, respectively.

Five thin-film samples were studied: (1) a bulk P3HT
control, (2) P3BHT—NT nanohybrids as described above
prepared using the methods described by Schuettfort et al.,'”
and (3) asamplereferred toin the followingas P3HT—NT(1 %)
consisting of an overall concentration of 1 % SWNTs wrapped
in a P3HT sheath surrounded by excess P3HT, or network
P3HT. Finally, sample (4), a conventional 60:40 blend of
P3HT—[6,6]-phenyl-Ce;-butyric acid methyl ester (PCBM)
and sample (5) a film of SWNTs embedded in an inert gelatin
matrix were prepared to allow comparative studies. Further
details of sample preparation and all measurement tech-
niques employed are given in the Supporting Information.

Absorption measurements (Perkin-Elmer Lambda 9 UV—
vis-NIR Spectrophotometer) of the films are presented in
Figure 2. For the P3HT-containing samples, the spectral
region between 350—650 nm is dominated by P3HT ab-
sorption of similar magnitude. As expected, the nanotube
E, transitions in the region 950—1350 nm do not appear
in the bulk P3HT control and the nanotube E,, transitions
are clearly seen in the NT-gelatin control (400—800 nm). A
photoluminescence excitation (PLE) map for the PABHT—NT
film samples is also presented in Supporting Information.
Together, these measurements demonstrate that (6,5) semi-
conducting nanotubes are the dominant species in the films.
The manufacturers (SouthWest NanoTechnologies) specify
that less than 10% of the nanotubes are metallic.

Figure 3 shows the steady-state photoluminescence (PL)
spectra for the different samples excited at 400 nm. Signifi-
cant NT emission (950—1100 nm) is only observed from the
P3HT—NT sample and exhibits a large red shift relative to
the empirical values deduced by Weisman et al.>' This red
shift is a direct result of the type-II heterojunction alignment
of the materials as predicted by Kanai and Grossman'® and
observed by Schuettfort et al.'” The observed NT emission
probably results from the transfer of excitations from P3HT
to the NTs as 400 nm photons are predominantly absorbed
by the P3HT and none of the van Hove singularities of the
nanotubes present fall into this region.
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FIGURE 2. Absorption spectra for P3HT (blue circles), PBHT—NT (red
squares), PBHT—NT(1%) (green triangles) and P3HT—PCBM (black
diamonds) samples as spun-cast on quartz, along with that for the
gelatin-NT sample (orange inverted triangles). The gray dashed
vertical line shows the excitation wavelength used for time-resolved
measurements (400 nm), while the gray dotted vertical line shows
the probe wavelength for transient absorption measurements (730
nm). Inset: Region clearly showing the E;; nanotube peaks in the
P3HT—NT(1 %) sample.
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All three P3HT-containing samples show emission associ-
ated with P3HT (Figure 3, 600—900 nm) but with very
different intensities and spectral shapes. The pure P3HT
control sample shows a PL spectrum typical for aggregated
P3HT, whose lamellar structure permits efficient electronic
coupling between parallel chains leading to a red shift in the
emission®*?* and the suppression of the lowest (0-0) peak
in the Franck—Condon series associated with the C—C
stretch vibration.?*~27 Such suppression has been shown to
result fundamentally from the high symmetry of the en-
semble state comprising a number of identical chains over
which the excitation becomes delocalized.?® In contrast, the
P3HT emission from the P3BHT—NT sample shows a clear
0-0 emission peak and a blue shift with respect to the bulk
P3HT emission. This suggests that for the PABHT—NT sample,
emission originates from the P3HT sheath, which comprises
a polymer monolayer whose w—a interactions are with the
NT only, and therefore is not subject to emission quenching
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FIGURE 3. Steady-state PL spectra for P3HT (blue circles) and
P3HT—NT (red squares, x4000) samples. Data were taken with an
InGaAs detector above 745 nm and a Si CCD below and carefully
scaled to match and allow comparison. The gray dashed lines
indicate the detection wavelength used for the TCSPC and up-
conversion measurements for each sample, namely the 0-0 P3HT
transition wavelength in the bulk P3HT (660 nm) and P3HT—NT (620
nm) samples. Inset: Magnified view of the P3HT emission from the
samples, including that from the P3HT—NT(1%) sample (green
triangles, x40).

arising from such symmetry constraints. Additional P3HT
nanocrystalline aggregates present in the PSBHT—NT samples
(Figure 1) do not appear to contribute to the emission,
probably because the PL quantum efficiency for the chainlike
P3HT sheath is 10 % as opposed to <1 % for aggregates®®~>°
and their small size and proximity to the NT will also cause
some PL quenching. For the PBHT—NT(1 %) sample, the
P3HT emission has a shape between that for the P3BHT—NT
and the bulk P3HT samples but resembling more closely the
latter, suggesting a dominant contribution from aggregated
network P3HT.

Figure 3 also shows that in the presence of nanotubes
significant quenching of the sheath P3HT emission is ob-
served. The intensity differences of the emission are striking;
the spectrum from bulk P3HT is of the order of 4000 times
more intense than from P3HT—NT and 40 times more
intense than for the P3HT—NT(1 %). These observations
suggest that the intimate contact between sheath P3HT and
the nanotubes leads to highly efficient quenching of the
excitations placed on the P3HT.

To determine the speed and mechanism for the quench-
ing of photoexcitations on the P3HT we conducted both
time-resolved PL and transient absorption measurements
with subpicosecond time resolution. As detailed below, the
former allowed us to determine the dynamics of photoex-
citation quenching on P3HT while the latter yielded informa-
tion about the time-scales and extent of the free charge
generation.

Time-resolved photoluminescence of the P3HT in the
samples was measured using two techniques: time-cor-
related single photon counting (TCSPC) with time resolution
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FIGURE 4. Normalized PLUC results for the samples following 400
nm sample excitation (0.15 uJ/cm? fluence). The emission from the
P3HT sample (blue circles) was detected at 660 nm and that for the
P3HT—NT (red squares) was detected at 620 nm where detection
wavelengths correspond to the P3HT 0-0 transition in each sample.
Similar dynamics are also observed for the bulk sample when excited
at 620 nm. Appropriate fits give fast time constants of 0.43 and 1.7
ps for PBHT—NT and P3HT samples, respectively, including a slow
component for the P3HT sample only. Inset: TCSPC decay curves at
the same probe wavelengths used for PLUC following excitation at
400 nm (9 nJ/cm? fluence). The P3HT—NT(1%) (green triangles)
sample was also detected at 660 nm.

of ~120 ps and photoluminescence up-conversion (PLUC)
with resolution of 220 fs. Measurements were taken at the
peaks corresponding to the steady-state P3HT 0-0 transition
in each sample, that is, 620 nm for the P3BHT—NT sample
and 660 nm for the pure P3HT and P3HT—NT(1 %) samples.
Figure 4 shows the time-resolved PL decay measured for
bulk P3HT and P3HT—NT samples using the high-resolution
PLUC technique (the PBHT—NT(1 %) PLUC data exhibit a
very similar behavior to the bulk P3HT sample over the
displayed time window and hence are not shown). Low-
resolution TCSPC data (inset) for the bulk P3HT and P3HT—
NT(1 %) samples display a faster PL decay for the latter with
monoexponential fits yielding lifetimes of 689 and 508 ps,
respectively. However, the TCSPC technique is unable to
time-resolve the PL from the P3HT—NT sample sufficiently
since the measured decay (r ~ 117 ps) is identical to the
system response function. On the other hand, the PLUC data
reveal ultrafast PL decay components for the three samples.
To extract time constants for these ultrafast components,
the PL decay for the P3BHT—NT sample was fitted with a
single exponential, and that for the P3HT sample with the
sum of two exponentials with one of the two time-constants
set to that of the observed long-term decay (689 ps). These
functions were convoluted with a Gaussian system response
function of width 220 fs with best fits obtained shown in
Figure 4 as solid lines.

For bulk P3HT, a fast initial component with time con-
stant of 1.7 ps is extracted, which is likely to be caused by
initial excitation relaxation processes mediated, for example,
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by vibrational or torsional cooling and migration through a
density of states associated with energetic disorder.?”>' =%
Following such relaxation, the emission from bulk P3HT is
generally long-lived, as would be expected. In contrast, the
sheath emission in the PBHT—NT sample decays completely
to zero with an ultrafast time constant of 0.43 ps. This
extremely rapid decay of the P3HT emission from P3HT—NT
films is consistent with the factor 4000 quenching of its time-
integrated emission relative to that of the bulk P3HT (Figure
3), as discussed previously.

Our observations can be compared with previous results
by Geng et al.'” and Chen et al.'® who studied P3HT and
poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) wrapped SWNTs,
respectively, using TCSPC to conclude that energy transfer
occurred on a time scale of order 400—500 ps. However,
these studies were based on films that had a large amount
of excess free polymer dominating the emission. The TCSPC
data for the film containing excess P3HT, PABHT—NT(1 %),
shows a decay of the residual P3HT emission of 508 ps that
is only slightly faster than the bulk P3HT (689 ps), probably
due to regions of excess polymer far from an interface with
a NT, in agreement with these previous studies. However,
as we demonstrate below, the low resolution of TCSPC
masks the fast exciton quenching processes occurring di-
rectly at the polymer—NT heterointerface. Therefore, only
the use of the PLUC technique has allowed us to observe the
true polymer exciton quenching in the presence of NTs,
which is three orders-of-magnitude faster than suggested by
the previous studies.

To determine whether the P3HT emission quenching in
the blend samples is caused by charge separation at the
interface, we conducted ultrafast transient absorption mea-
surements on the samples. The presence of free charges was
monitored as a function of time after excitation by measur-
ing the pump-induced changes in transmission of a probe
at a wavelength of 730 nm, the peak of the absorption for
the P3HT delocalized polaron.>* The exciting pump pulse
was at a photon wavelength of 400 nm and had a fluence of
50 ujlcm? at the focus.

Figure 5 displays the transient absorption (—AT/T) data
obtained for the four P3HT-containing samples. P3HT—PCBM
blends are known for their significant photon-to-charge
conversion ratios,”® and the expected well-known trend for
the PBHT—PCBM (60:40) control sample is observed with a
long-lived absorption arising from charge separated polaron
pairs.>®?” The transient response from the P3HT bulk
sample is also consistent with previously reported observa-
tions showing an initial decreased absorption that has been
attributed to stimulated emission from excitons originating
from some regions of regiorandom P3HT.*®7%37 Exciton—
exciton annihilation processes, which are significant with the
fluences used here,® cause a fast decay of the absorption
signal, which may also contain a very small transient
component arising from charge absorption originating from
internal hot exciton dissociation intrinsic to the polymer.’?~*!
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FIGURE 5. Relative transmission changes for varying pump—probe
delays for the P3BHT—PCBM (black diamonds), P3HT (blue circles),
P3HT—NT (red squares), and P3BHT—NT(1 %) (green triangles) samples
when excited at 400 nm and probed at 730 nm. A pump fluence of
50 uJ/cm? was used. Solid lines are a guide to the eye.

As expected, no long-term charge-separated state exists for
the bulk P3HT sample.

The P3HT—NT signal shows no negative stimulated emis-
sion signal but rather an increased absorption that, in
contrast to P3BHT—PCBM, decays relatively quickly to zero.
The absence of the stimulated emission signal is expected
given that PLUC data show the quenching of sheath P3HT
excitons on an ultrafast time scale of 400 fs. In addition, the
P3HT nanocrystals attached to some of the NTs (Figure 1)
are highly regioregular with no regiorandom domains, and
thus very low stimulated emission rates should be ex-
pected.?®?%37 The strong absorption signal has an ultrafast
(~350 fs) rise and a decay that occurs on several time scales.
These data suggest that fast quenching of the P3HT emission
in PBHT—NT films is accompanied by a rise in the presence
of free charges on the P3HT. However, these free charges
are clearly not long-lived with the majority of the charge
absorption disappearing within 10 ps after excitation and
most of the rest decaying within another ~100 ps. The free
holes must therefore be rapidly transferred to states with low
quantum efficiency, to account for the strong (4000x) PL
quenching. These could either be the nanotube excitons,
which are known to have strong Auger recombination at
high excitation intensities**~*> occurring on a time scale of
1—5 ps or bound charge-transfer complexes formed across
the interface, similar to exciplexes, which are known to have
low radiative efficiencies.>*” Figure 3 shows that although
weak in absolute terms, the nanotube PL becomes relatively
more significant due to its shorter exciton lifetimes (~100
ps*##34%) whereas no exciplex emission, which should occur
in a similar wavelength region, is obviously visible. The NT
emission is expected to dominate since exciplex lifetimes
are known to be of order nanoseconds and above.>*”
Nevertheless, such exciplex-like states have been shown to
play a significant role in a variety of polymer-containing
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blends with type-Il heterointerfaces®~” and are thus likely
to be also of importance here.

However, the PBHT—NT(1 %) sample containing excess
P3HT shows significantly different behavior. During the first
10 ps the data reveal enhanced transmission arising from
stimulated emission caused by the majority of carriers which
are excited in the network P3HT (including some regioran-
dom) regions. The subsequent dynamics are similar to those
for the PBHT—PCBM sample: a rapid growth in the free
polaron absorption indicates an effective charge separation
process with a rise time of 20—30 ps reflecting the migration
time of excitons to the heterointerface. The peak value of
the charge absorption signal is also similar to that observed
for the PBHT—PCBM sample. Accounting for differences in
sample absorption at the excitation wavelength, we estimate
that the peak charge generation efficiency in the P3HT—
NT(1 %) sample is 40% of that found for the standard
P3HT—PCBM blend with an optimized mass ratio.”® The fact
that the quenched PL data show a dominant contribution
from aggregated network P3HT indicates there are oc-
casionallargeregionsof purelybulk P3HTinthe PSHT—NT(1 %)
sample. The small fraction of P3HT excitons formed in these
domains are unable to reach a P3HT—NT interface before
recombining and hence do not contribute to free charge
generation. Therefore, further optimization of both the film
morphology and the P3HT—NT blend ratio may result in an
even higher charge-generation being obtained. Removal of
any remaining metallic nanotubes (<10 %), which are liable
to lead to energy transfer, would also improve the charge
generation. The free-charge absorption for the PABHT—NT(1 %)
sample also shows a slight decline over the time window (1
ns) investigated. However, an accurate determination of the
charge lifetime in these systems will require measurements
over microsecond time scales, for example, as those de-
scribed in ref 6.

To understand the dynamic processes occurring at the
polymer—NT heterointerface, we consider the schematic
shown in Figure 6. For an exciton excited within the poly-
mer, charge transfer at an interface will result in the electron
being clearly confined to the nanotube. The energy offset
controlling the hole behavior is, however, marginal. As a
result, although the hole is most likely to reside on the
polymer side of the interface, it probably also has a signifi-
cant probability for activated transfer to the NT. For the
sheath morphology, the hole located on the polymer is
geometrically constrained to be in close proximity to the
nanotube and the formation of a bound state charge-transfer
compelex (or “exciplex”) is therefore a likely scenario.
However, such a charge-transfer state at the interface will
differ from those typically observed for polymer—polymer
heterojunctions, where it exists across two strands with
similar dimensions in which fairly localized particles have
similar effective masses. For the NT—polymer interface, in
contrast, the electron on the nanotube is delocalized around
the tube and has a mass for motion along the tube of only
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FIGURE 6. Scheme to illustrate the observed charge generation
dynamics for a P3HT sheath monolayer around a (6,5) SWNT with
an excess of P3HT acting as a surrounding network. A bound exciton
is created on the network P3HT and migrates to a sheath-P3HT—NT
interface within ~25 ps. At the interface the exciton dissociates and
an electron is transferred to the nanotube while the hole remains
on the P3HT. This produces free polarons (blue). In the presence of
the network P3HT, the hole can migrate away from the interface
(blue) and immediate charge separation is achieved. In the absence
of network P3HT, the free polarons form a weakly bound exciplex
or recombine nonradiatively as excitons within the nanotubes (both
processes represented by dotted line). Vacuum energy level values
are as described in refs 19 and 47 with a slightly larger bandgap for
sheath P3HT than network P3HT in line with observed absorption
(Figure 2) and PL (Figure 3) data.

one-tenth of the free electron mass.*® There is therefore a
large mismatch in both wave function spread and particle
masses for an exciplex composed of a charge pair across a
nanotube—polymer interface. We estimate conservatively
that this will reduce the binding energy of any exciplex by a
factor of order 4*° compared to polymer—polymer hetero-
junction analogues® where binding energies are typically
100—200 meV. In summary, examination of the band
structures leads to the conclusion that at the NT—polymer
interface, the generated charge pairs will experience weak
Coulomb interactions and comprise an electron wave func-
tion that is delocalized along the NT and a hole wave function
that is mainly located on the polymer but may cross over
into the NT. The charge pairs may therefore decay either
through recombination of the charges across the interface,
or while they are both located on the NT.

The addition of network polymer, as in the P3BHT—NT(1 %)
sample, will significantly alter this picture by allowing the
hole to migrate away from the interface thus eluding such
recombination processes. In addition, the expanded dielec-
tric environment of the complex may subtly alter the
energetic level alignment at the interface making stable
charge separation more favorable and further decreasing the
exciplex binding energy. As a result, efficient long-lived
charge separation is expected once additional P3HT is added
to the individually polymer-wrapped nanotubes.
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In the P3BHT—NT sample, the PLUC data show that the
exciton which is created on the sheath P3HT is quenched
on a time scale of 0.4 ps, and transient absorption traces
indicate that free polarons are produced within this time.
These then decay away on a time scale of order 10—100 ps.
We attribute these observations to the ultrafast charge
dissociation of P3HT excitons at the heterointerface. How-
ever, because the nanotubes are wrapped by individual
P3HT chains, the positive charge on the P3HT cannot move
away from the interface and the generated charge pair will
decay through recombination of the charges either across
the interface, or while they are both located on the NT.

When the network P3HT is added, the majority of exci-
tons are generated initially in the network P3HT. Transient
absorption data show that free charges form in P3HT on a
time scale of 20—30 ps (signal rise time), as the excitons
move to an interface between a sheath-P3HT layer and a NT.
This value is consistent with the quenching of the time-
integrated polymer PL intensity by a factor of 40 relative to
the bulk P3HT sample. At the interface, rapid dissociation
of the exciton into free polarons again occurs but the
majority of free holes generated are now long-lived. This is
consistent with the picture that holes on the P3HT are now
able to migrate away from the P3HT—NT interface thereby
eluding capture. Therefore, the excess P3HT network pro-
vides a medium allowing extraction of the free holes and
effective charge separation, in accordance with the predic-
tions by Schuettfort et al.'?

It is emphasized that the scheme presented in Figure 6
is only valid for small diameter nanotubes that establish a
defined type-Il alignment with P3HT and for the case of well-
dispersed nanotubes. For larger diameter tubes, the align-
ment becomes type-l and, as observed experimentally,'”
energy transfer becomes the dominant process. Lioudakis
et al.°® also conducted transient absorption studies on
polymer—NT films, but examined larger diameter HiPCO
nanotubes dispersed by P3HT. Consequently, their data do
not show any evidence of charge separation even with the
same polymer—SWNT ratio as that used in the work pre-
sented here. Our study has shown, therefore, that signifi-
cantly improved photovoltaic devices need to utilize sus-
pensions of these purified, small diameter nanohybrids
incorporated at small volume fraction in a polymer matrix.
Devices to date have yet to satisfy both conditions since all
have so far incorporated larger diameter HiPCO, arc-
discharge or chemical vapor deposition tubes.''™'*

In conclusion, we have investigated the charge photoge-
neration dynamics at the interface formed between small-
diameter semiconducting SWNTs and a monolayer coating
of P3HT."'? Despite the poor performance shown by devices
to date, such blend materials are promising candidates for
usein OPVsowingtotheir type-Il heterojunctionalignment,'>'®
high mobilities, and large aspect ratios.®>' We have dem-
onstrated that photoexcitation of the sheath P3HT leads to
an ultrafast electron transfer to the nanotube on a time scale
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of 400 fs. Since the remaining hole on the P3HT is confined
to this single molecular layer, either a bound charge-transfer
complex forms across the interface or nonradiative recom-
bination occurs on the nanotube and no generation of free
charge occurs. However, the introduction of an excess of
P3HT surrounding the molecular complexes allows transport
of the hole away from the interface, leading to long-term
charge separation. Our results suggest that small diameter
SWNT—P3HT nanohybrids act as efficient charge generation
interfaces for use in photovoltaic devices, provided that they
are embedded in a matrix with a sufficient excess of P3HT.
The nanotube—polymer interfaces can provide comparable
or better dissociation interfaces than all-polymer junctions.
In addition, nanotubes offer greater electron mobility and
longer percolation paths than conjugated polymers, suggest-
ing that polymer—nanotube composites may be more ef-
fective active media in OPVs than polymer—polymer or
polymer—fullerene blends. Significantly, we have demon-
strated that the presence of only 1% nanotubes is able to
produce a similar efficiency of charge separation to that
observed in an optimized 60:40 blend of P3HT—fullerene
for which the fullerene electron acceptor does not contribute
to light absorption. These findings thus establish a promising
route for developing efficient OPV devices utilizing poly-
mer—SWNT blends.
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