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ABSTRACT: We demonstrate single-walled carbon nanotube (SWCNT)/
P3HT polymer bulk heterojunction solar cells with an AM1.5 efficiency of
0.72%, significantly higher than previously reported (0.05%). A key step in
achieving high efficiency is the utilization of semiconducting SWCNT's
coated with an ordered P3HT layer to enhance the charge separation and
transport in the device active layer. Electrical characteristics of devices with
SWCNT concentrations up to 40 wt % were measured and are shown to be
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strongly dependent on the SWCNT loading. A maximum open circuit

voltage was measured for SWCNT concentration of 3 wt % with a value of 1.04 V, higher than expected based on the interface band
alignment. Modeling of the open-circuit voltage suggests that despite the large carrier mobility in SWCNT's device power conversion
efficiency is governed by carrier recombination. Optical characterization shows that only SWCNT with diameter of 1.3—1.4 nm can
contribute to the photocurrent with internal quantum efficiency up to 26%. Our results advance the fundamental understanding and

improve the design of efficient polymer/SWCNTs solar cells.
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ingle-walled carbon nanotubes (SWCNTSs) are attractive nano-

materials for the development of organic solar cells due to
their high carrier mobility, intrinsic one-dimensionality, and
tunable optical and electronic properties." The success of bulk
heterojunction (BHJ) solar cells based on the fullerene derivative
PCBM? has encouraged numerous attempts to replace fullerenes
with SWCNTs as electron acceptors with the aim of improving
the transport in the polymer blend and the overall device ef-
ficiency. BH]J solar cells using conjugated polymers as donors and
SWCNTs as acceptors have been reported by several groups,376
but increasing their power conversion efficiency has proven chal-
lenging; three key factors affecting the device performance are
the nanotubes electronic structure, their diameter, and the
morphology of the active layer, as discussed below.

Semiconducting SWCNTs (s-SWCNTs) display type-II align-
ment and ultrafast charge transfer with conjugated polymers such
as P3HT,” ' and it has been suggested that they can act as
efficient acceptors at the interface with P3HT.*® By contrast,
recent investigations showed that metallic SWCNTs (m-SWCNTs)
in the active layer have detrimental impact on the photocurrent,”
and theoretical studies have predicted that the band alignment
of P3HT/m-SWCNTs is unfavorable for charge separation.® So
far, most reported BHJ polymer/SWCNTs solar cells have been
based on a typical mixture of nonenriched two-thirds semicon-
ducting and one-third metallic SWCNTs* ° and have shown
significantly lower efficiencies than fullerene-based devices. For
example, P3OT/SWCNTs BH]J cells reported by Kymakis et al.
showed a record AML.5 power conversion efficiency of 0.05%.”
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Their work suggested that metallic nanotubes are responsible for a
large drop in the device efficiency at relatively low SWCNT concen-
tration (2 wt %) with an optimal nanotube loading of ~1 wt %4

The SWCNT diameter (d) crucially influences the nanotube
optical properties, as well as the charge and exciton transport in
the active layer. The use of s-SWCNT of larger diameter would
be advantageous due to their lower exciton binding energy that
scales as ~1/d"" and because of the larger carrier mobility in the
diffusive transport regime that scales as d”."* On the other hand,
small-diameter tubes (d < 1 nm) are predicted to have larger band
offsets and thus more efficient exciton dissociation.'” A trade-off
between these two aspects is expected to yield optimal results at
intermediate nanotube diameters (e.g,1.3 nm < d < 1.5 nm).

Finally, optimization of the active layer morphology is re-
quired for the prevention of nanotube bundling, defined here as
the formation of m-scale aggregates of nanotubes. SWCNT ag-
gregation reduces the amount of interface available for charge
separation, alters the properties of the isolated tubes, and allows
only for low concentrations of SWCNTs to be achieved. How-
ever, the study of the electrical and optical properties of P3HT/
SWCNTs devices with the aim of understanding different
regimes for exciton and charge carrier dynamics requires use of
a wide range of nanotube concentrations.

To address these device performance factors, in this Letter we
investigate P3HT/SWCNTs solar cells by utilizing high-purity
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s-SWCNTs with diameters in the 1.2—1.7 nm range. Nanotube
bundling was prevented by forming nanofilaments of SWCNT's
coated by an ordered P3HT layer prior to active layer deposition.
This approach enabled us to measure and model the electrical
and optical properties of the active layer for a wide range of
nanotube loadings (up to 40 wt %). We find that nanotubes of
specific diameter and chirality can act as efficient acceptors with
internal quantum efficiency (IQE) of 26%, and that the open
circuit voltage (Voc), dark-saturation current (Jp), short-circuit
current (Jsc), and series resistance (Rg) are strongly affected by
the SWCNT's concentration with competing effects giving a max-
imum power conversion efficiency of 0.72% at 3 wt % nanotube
loading.

P3HT/s-SWCNT nanofilaments used in the solar cells active
layer were prepared starting from a solution of P3HT and high
purity s-SWCNT (98% purity IsoNanotube-S powder from
Nanolntegris, nominal diameter 1.2—1.7 nm). s-SWCNT were
dissolved in 1,2-dichlorobenzene in concentration of 5 mg/mL
and sonicated for 30 min, and a separate solution of P3HT
(10 mg/mL, in 1,2-dichlorobenzene) was also prepared. The
composition of the active layer was regulated by mixing together
the two solutions in different proportions under stirring to
achieve a 1,2-dichlorobenzene solution of P3HT/s-SWCNT
with nanotube concentration of 0, 0.5, 1, 3, 5, 10, 20,40 wt %. P3HT/
s-SWCNT nanofilaments were prepared by progressively in-
creasing the solvent polarity by the addition of cyclohexanone to
favor P3HT aggregation onto the SWCNTs. Cyclohexanone
(5—10 vol %) was quickly injected into the P3HT/s-SWCNT
solution and aged overnight without stirring. The resulting solution,
containing P3HT/s-SWCNT nanofilaments, showed no visible
aggregation even after several days, and was used within 1—2 days
of preparation to deposit the active layer.

For devices preparation, a PEDOT/PSS hole transporting
layer was first deposited onto the ITO contact. Next, active layers
consisting of both P3HT /s-SWCNT nanofilaments and, for com-
parison, a mixture of P3HT/s-SWCNT were spin-cast from
solution using s-SWCNT weight fractions x = 0, 1, 2, 3, S, 10,
20, and 40 wt %. Unless noted otherwise, active layers were not
thermally annealed (when thermal annealing was performed,
samples were heated at 140 °C for 10 min). A thin layer of BCP
was used between the top Al metal electrode and the active layer
to block the diffusion of excitons and holes to the metal electrode,
as well as to reduce the damage of the active layer during the
metal evaporation.

The wavelength-dependent quantum efficiency was measured
using a lock-in amplifier with the sample under illumination from
monochromatic light generated by a Xenon arclamp coupled to a
monochromator and chopped at 40 Hz. Transmittance and
absorbance spectra of the device active layer were measured
with a Cary 5000 UV—vis-NIR dual-beam spectrophotometer.
Photoluminescence (PL) spectra were acquired at room tem-
perature with a Cary Eclipse Fluorescence spectrometer with an
excitation wavelength of 400 nm, and then normalized to the
spectral response of the detector. Samples illumination was perfor-
med using a solar simulator lamp with 100 mW/cm® intensity and
spectral distribution given by an AML.5 global filter. A JEOL 2010
FEG analytical transmission electron microscope (TEM) operated
at 200 kV was used for structural analysis. Device surface morphol-
ogy was investigated using a Digital Instruments Dimension 3000
atomic force microscope (AFM) operated in tapping mode.

The device architecture used in this work is shown in Figure 1a.
In the active layer, s-SWCNT's work as electron acceptors due to
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Figure 1. (a) Schematic of the solar cells used in this work (see details in
the text). (b) Band alignment diagram for P3HT/s-SWCNTs interfaces
used in this work. The positions of the SWCNT energy levels were
determined based on the s-SWCNT diameter distribution and corre-
sponding energy gap values from ref 14. The data used for SWCNT are
derived from LDA density functional theory calculations, and slightly
underestimate the nanotube electronic gaps and thus the band offsets, as
discussed in ref 14. HOMO and LUMO band widths of 0.3 eV were used
for P3HT.

Figure 2. (a) Bright-field TEM image of a mixture of P3HT/
s-SWCNTs nanofilament sample with SWCNT concentration x = 3 wt %.
(Inset) Schematic image of a P3HT (green)/s-SWCNT (red) nanofila-
ment prepared in this work. (b) AFM phase image of P3HT/s-SWCNT
nanofilaments in a sample with SWCNT concentration x = 3 wt %
showing the wormlike morphology of the active layer.

their higher electron affinity compared to P3HT. For the s-SWCNT
used here, there are roughly 50 types of semiconducting SWCNT
of different diameter and chirality (see Supporting Information),
whose work functions are expected to be close to 4.5 eV based
on the diameter size being greater than 1 nm."* The n™ electro-
nic transition energy (E,,) specular to the Fermi level in the
s-SWCNT was estimated using density functional theory data
from Akai et al.'* Figure 1b shows the band alignment in the
active layer with data for the polymer taken from Kanai et al." for
the case of nonannealed P3HT deposited on ITO, and for
s-SWCNT E,,,, states up to n = 3.1

Figure 2 shows the active layer morphology resulting from the
nanofilament preparation procedure described above. TEM
(Figure 2a) and AFM (Figure 2b) images show formation of a
film with wormlike morphology at the micrometer-length scale,
composed of nanofilaments with average diameter of ~10 nm,
significantly larger than the original 1—2 nm diameter of the
isolated SWCNT. This suggests that a nanofilament structure is
formed, constituted of up to a few SWCNTs coated by P3HT
polymer layers (inset of Figure 2a), as further supported by photo-
absorption measurements (see below). By contrast, TEM images
of mixtures of P3HT/s-SWCNT spin-cast from solution show a
typical amorphous morphology with SWCNT embedded in a
P3HT matrix (not shown).

To assess the impact of the structural ordering in the P3HT/
s-SWNT nanofilaments, we next performed photoabsorption and
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Figure 3. (a) Optical photoabsorption of a thin layer of P3HT/
s-SWCNT nanofilaments with SWCNT concentration x = 3 wt %,
showing contributions to the absorbance from P3HT in the visible and
from SWCNTs in the infrared (shaded blue and brown, respectively).
(b) PL intensity measurements for different P3HT/s-SWCNT mor-
phologies. The nanofilament morphology (red curve) shows stronger
quenching of the PL in the visible part of the spectrum compared to a
simple mixture of P3HT and s-SWCNT (blue curve).

PL measurements on the device active layers. The photoabsorp-
tion spectrum of P3HT/s-SWNT nanofilaments (Figure 3a)
shows a strong absorption peak at 610 nm indicating a high degree
of structural order in the polymer layer'® in support of our model
of the nanofilament structure. Figure 3b compares PL spectra of
three different thin film samples deposited on ITO: a film of
pristine P3HT nanofilaments prepared with the method described
above but in the absence of SWCNTSs, a random s-SWCNT/
P3HT mixture, and a P3HT/s-SWCNT nanofilament sample,
both with s-SWCNT concentration of 3 wt %. The PL quenching
of the P3HT /s-SWCNT nanofilaments is larger than in the case
of the random P3HT/s-SWCNT mixture spin-cast from solution
(Figure 3b), suggesting that well-ordered P3HT layers in the
nanofilament configuration form an intimate contact with the
s-SWCNTs and can improve the dissociation of excitons gener-
ated in the polymer.

Central to the understanding and modeling of the exciton and
charge carrier dynamics in the nanofilament active layer is the
study of the electrical and optical properties of fabricated devices,
and we next investigated their dependence on SWCNT con-
centration. Figure 4a shows operating characteristics of nonan-
nealed P3HT/s-SWCNT nanofilament devices at different
nanotube concentrations (the results were obtained by averaging
measurements from more than 20 devices for each nanotube
concentration with a standard deviation of 4—5%); we report the
complete set of results in Table 1, and the I—V curve for the
device with highest efficiency in the Supporting Information.
Both the open-circuit voltage and the short-circuit current density
are seen to increase with nanotube loading at low SWCNT
weight concentrations (x < 3%), until a peak value of Vo = 1.04 V
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Figure 4. (a) Experimental values of the open-circuit voltage (red
curve) and short-circuit current (black curve) as a function of the
SWCNT weight fraction in the active layer for P3HT/s-SWCNT
nanofilament based solar cells. The standard deviation on the currents
and voltages is 4—5% based on measurements from more than 20
devices for each nanotube concentration. (b) Comparison of the
experimental values of the open-circuit voltage (red curve) and a fit
based on a biased diode eq 2 (green curve). For SWCNT concentrations
x > 1% the dependence of Vo on Jsc and Jp is well captured by the
diode equation in a regime with significant carrier recombination.

Table 1. Electrical Properties of Devices with Different
Nanotube Loadings”

s-SWCNT
concentration (wt %) Voc (V) Jsc (mA/cm?) Jo (uA/cm?)

0.29 599 x 10° 1.99
0.5 0.52 6.54 x 1072 0.57

0.79 1.14 0.43
3 1.04 1.99 0.01
5 0.97 1.46 0.11
10 0.85 0.86 0.32
20 0.48 3.53 x 1072 3.20
40 0.37 6.54 x 10> 21.10

“ Measured device characteristics at different SWCNT loadings for cells
with s-SWCNT/P3HT nanofilaments in the active layer and prepared
without thermal annealing. A large increase is seen in the dark saturation
current above the optimal concentration x = 3%, accompanied by a
decrease of the open-circuit voltage and short-circuit current.

and Jsc = 1.99 mA/cm? is achieved at x & 3 wt %, a SWCNT
concentration value three times larger than the previously re-
ported optimal concentration for mixed metallic and semicon-
ducting SWCNTs devices.* Notably, for the best device with x ~
3 wt % we measured an AMLS power conversion efficiency of
0.72%, which represents an increase by a factor of 15—20 over
previously reported devices where both semiconducting and me-
tallic SWCNTs were employed in combination with a polymer.*¢
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Table 2. Series Resistance of Devices with Different Active
Layer Morphology”

active layer morphology series resistance (k€2/cm?)

no nanofilaments with thermal annealing 1.5 x 10"
no nanofilaments no thermal annealing 19 x 10°
with nanofilaments with thermal annealing 34 x 10
with nanofilaments no thermal annealing 32

“The heat treatment increases the series resistance by an order of
magnitude both in the presence and in the absence of nanofilaments in
the active layer. The series resistance decreases by three orders of
magnitude by using P3HT/s-SWCNT nanofilaments without thermal
annealing compared to the typical annealed film deposited from solution
without SWCNT's passivation.

For the same SWCNT concentration (3 wt %), we also ob-
serve an increase in the Jsc by a factor of ~350 compared to
devices where only P3HT was used in the active layer (see x = 0
entry in Table 1), a clear sign that at least a fraction of the
s-SWCNTs form type-II heterojunctions and can effectively
dissociate excitons in the active layer. The increase in Vo and
Jsc at small SWCNT concentrations (x < 3 wt %) can be
attributed to the incipient formation of a continuous percolating
network in the SWCNT phase that allows charge extraction out
of the device, similar to the behavior observed in BH] blends
based on nanowires.'” At SWCNT fraction higher than 3 wt %
both Jsc and Vo decrease for increasing nanotube concentra-
tion, while J, increases by over 3 orders of magnitude (see Table 1).
We analyze here these effects by focusing on the decrease of the
open circuit voltage for SWCNT concentrations above x = 3 wt %.

In the absence of s-SWCNT in the film and thus for an ITO/
P3HT/Al device with intermediate blocking layers, the measured
Voc of 0.29 V (see x = 0 entry in Table 1) is in agreement with
the metal—insulator—metal model* with an interface loss of 0.1
eV, given a 0.4 eV difference in the work function of ITO and Al
When nanotubes are introduced and a percolation network is
established, the picture changes dramatically, giving rise to an
anomalously large Voc. Despite a modest SWCNT-LUMO/
P3HT-HOMO interface gap of A & 0.2—0.3 €V inferred from
the flat band diagram (Figure 1b), a large open-circuit voltage of
1.04 V is measured at x = 3%. A similar effect (Vo =0.75 V) was
observed by Kymakis et al. for PZOT/SWCNT devices in the
presence of both metallic and semiconducting nanotubes and
was attributed to a regime in which the value of the interface gap
controls Voc."'® Recent models set the interface gap as the
upper limit for Voo, but the Vo values observed here for
s-SWCNT/P3HT are much larger than the interface gap and
thus cannot be explained within such models, and we discuss here
a possible explanation for this behavior.

The Vo can be related to A, Jsc, and Jp by a diode equation20

Voc = nkeTIOg<JSDC) (1)

where e is the electron charge, T is the absolute temperature, k is
the Boltzmann constant, n is the diode ideality factor, and the
dark current Jp = Joe /"™ depends exponentially on the inter-
face gap with a coeflicient ], that can be interpreted as an elastic
tunneling current and is related to the overlap of the frontier
orbitals in the donor and the acceptor, and the density of states at
the HOMO and LUMO levels.” In our devices, we observe a
strong dependence of Jp on the SWCNT concentration that

increases by a factor of 2500 from x = 3 wt % to x = 40 wt % (see
Table 1) despite a value for the interface gap A expected to be
relatively insensitive to the SWCNT concentration. This sug-
gests that Jp depends strongly on factors other than the interface
gap A in our case, and we hypothesize that ] and Vo are
regulated by carrier recombination mechanisms other than thermal
generation of electron—hole pairs across the donor—acceptor
interface, leading to corrections to eq 1.

Similar to our measurements, Kymakis et al. also observed an
increase of the dark current by a factor of 10 when the SWCNT
weight fraction was increased from 1 to 5 wt % and suggested that
alonger conjugation length is achieved in the polymer-SWCNT's
blend compared to the pristine polymer device, inducing an
increased tunneling rate J, across the interface.* This effect has
recently been shown both theoretically and experimentally,”' but
it can account only for a small part of the increase of J, measured
in our case (a factor of ~20 based on increase in ], calculated
using data from ref 21 vs a factor of ~2500 measured when the
nanotube concentration is increased from x = 3 wt % to x = 40 wt %).
We note that an increase in the SWCNT concentration leads to a
nanotube network that constitutes a larger part of the active layer,
and multiple effects (e.g., the formation of a large number of
nanotube—nanotube junctions and of confined polymer domains)
modify the transport and the interface electronic and molecular
structure in the blend, with an overall decrease of the carrier dif-
fusion length confirmed by a drop in Jsc and by the correspond-
ing large increase in Jp.

For SWCNT concentrations higher than x = 1%, we found
that the open circuit voltage can be related to the dark and short-
circuit currents using a modified diode equation

VOC = nkTTIOg(]]S—C> + W (2)

D

where W = 0.76 eV is a biasing constant used here to match the
value of V¢ for & = 3 wt %, and we set n = 2 for a regime where
carrier recombination is dominant.*’ With this choice, we find
that for x > 1 wt % the dependence of Voc on the SWCNT
concentration through the values of Jsc and Jp can be well
captured by the simple diode eq 2 (see Figure 4b). The excellent
agreement between our data and eq 2 strongly supports our
hypothesis that Vo is regulated by carrier recombination pro-
cesses with Jp, that does not depend exponentially on the value of
the interface gap A associated with the P3HT/s-SWCNT inter-
face, that is too small here to account for the observed V¢ at
intermediate concentrations. In general, modeling and under-
standing the origin of the V¢ is highly complex,22 and these
aspects of P3HT/s-SWCNT blends deserve further investiga-
tion. For example, the physical origin of the correction W used
here could be due space-charge effects, hot-carriers, parallel
diodes, or their combination.

The transport properties and electrical device characteristics
are further affected by the active layer morphology. As discussed
above, the P3HT/s-SWCNT nanofilaments play a key role in
improving transport in the device, as we further verify through
measurement of the series resistance for devices with a range of
nanotube loadings. The measured series resistances are summar-
ized in Table 2 for devices with nanofilaments morphology and
for devices prepared by spin-casting of a mixture of P3HT and
s-SWCNT, both with and without thermal annealing. The series
resistance decreased by 3 orders of magnitude in nanofila-
ment devices without annealing compared to devices based on
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Figure 5. (a) Internal quantum efficiency of a device with s-SWCNT
concentration x¥ = 3 wt.%, shown here in the spectral range of
800—1600 nm (the main contribution to the IQE in the visible region
corresponding to P3HT is not shown). A peak IQE of 26% is achieved
for wavelengths in the range of 1300—1400 nm. The inset shows ab-
sorption in the active layer due to the SWCNT's, obtained by subtracting
the P3HT spectrum from the spectrum of a PSHT-SWCNT sample, as
explained in the Supporting Information. (b) External quantum effi-
ciency showing features similar to the IQE (main contributions corre-
sponding to P3HT and s-SWCNTs are shaded blue and brown,
respectively). For clarity, the curve was multiplied by a factor of 25 in
the near-infrared part of the spectrum.

a spin-cast mixture of P3HT and s-SWCNT with postdeposition
annealing. This suggests that carrier transport is strongly depen-
dent on the active layer morphology and is not controlled by
ballistic conduction in the s-SWCNT phase but rather occurs in
the diffusive regime in both the SWCNT and the P3HT phases.
Thus, even in the presence of an acceptor with high carrier
mobility like SWCNT carrier transport in the active layer seems
to be a limiting factor for the device efficiency. In this perspective,
the nanofilament morphology and its consequent enhancement
of the molecular order in the P3HT phase and prevention of the
SWCNT bundling play a critical role in improving the carrier
transport. Moreover, thermal annealing degrades the transport
properties in P3HT /s-SWCNT nanofilament devices as seen by
the increase of the series resistance in annealed samples (Table 2),
opposite to what observed in PCBM-based organic solar cells®
where thermal annealing favors the formation of extended PCBM
domains and enhances the carrier mobility in the P3HT and
PCBM phases. This difference in the response to thermal treat-
ments can be attributed to the presence of preformed nanofila-
ments in the active layer of our devices, where the P3HT and
SWCNT morphology is efficient for charge transport and exciton
dissociation, without need for further microstructure adjustments
as in PCBM-based cells. On the contrary, thermal annealing can
favor SWCNT aggregation and can modify the nanofilament
structures, causing detrimental effects in the transport as ob-
served here.

Combined studies of carrier transport and exciton formation,
dissociation, and dynamics provide a comprehensive picture of
the phenomena occurring in the P3HT/s-SWCNT active layer.
To this end, we accompany our study of the electrical transport

with characterization of the optical absorption of the active layer
as well as the quantum efficiency in the solar cell devices (Figure S).
Based on the Kataura plot”* and the nominal SWCNT's diameter
range, optical absorption from the s-SWCNT's in our sample is
predicted to occur in two bands at approximately 800—1200 nm
(8,5 transitions) and 1400—2000 nm (S, transitions). An
optical absorption spectrum of the pristine s-SWCNTs in 1,
2-dichlorobenzene matches this prediction (see Supporting In-
formation). Interestingly, the interaction with P3HT in the active
layer significantly changes the SWCNT absorption. Subtracting
the P3HT absorption spectrum from the absorption spectrum of
the P3BHT-SWCNT active layer (Figure Sa, inset), we find that
both the §;; and S,, SWCNT absorption peaks were significantly
blue shifted and now centered, respectively, at 1200 and 900 nm
(vs 1600 and 1000 nm for the pristine SWCNTs). Such dramatic
change can be explained either by the formation of a charge-
transfer excited state or by a hybridization between the valence
subbands in the SWCNT and the PZHT LUMO band, of particular
relevance for the E;; levels of the nanotubes due to their near
degeneracy with the PBHT LUMO band (as supported by the
greater shift in the S, transitions compared to the S,,).

The external and internal quantum efficiencies (EQE and
IQE, respectively) were measured for optimal devices with
nonannealed nanofilament morphology in the active layer at 3
wt % SWCNT (Figure Sa,)b). The EQE shows a main contribu-
tion from P3HT for photon wavelength of 500—600 nm with an
EQE around 25% indicative of effective dissociation of excitons
generated within the polymer, which is in agreement with the PL
quenching shown in Figure 3. The nanotubes also contribute to
the photocurrent and carrier generation in the near-infrared, as
confirmed by the analysis of the IQE and EQE in the spectral
region at A > 800 nm shown in Figure S. All tested devices showed
rather efficient photoconversion in the range 1300—1400 nm
with a maximum IQE value of 26% at 1350 nm. On the basis of
the absorption spectrum of the SWCNT in the active layer
(Figure Sa, inset), we infer that the SWCNTs forming type-1I
heterojunctions favorable for charge separation have a diameter
of 1.3—1.4 nm, that is, roughly the average diameter in the sample.
SWCNTs falling in this diameter range and that are expected to
contribute to the energy generation in the device (likely together
with others of similar diameter) have chiral numbers (n,m) of (11,9),
(12,7), (12,8), (13,6), (14,6), (154), (162), (163), (17,0) and
(17,1) (see Supporting Information).

These results are in agreement with previous predictions that
smaller diameter nanotubes improve the band offset and thus the
charge separation,' an effect in competition with the larger mobi-
lity and smaller exciton binding energy that would suggest the use
oflarger diameter tubes. The near absence of IQE signal from the
region of 4 = 800—1100 nm also indicates that the S,, transitions
do not contribute significantly to the photocurrent in our device
in spite of the larger band offset. A similar effect has been ob-
served in s-SWCNT/Cg, devices** and may be related to a dif-
ferent exciton decay dynamics for such excitations in the active layer.

In summary, P3HT/s-SWCNT solar cells with a range of
nanotube concentrations and active layers morphologies were
investigated. We found that a maximum device power conversion
efficiency of 0.72% is achieved for nanofilament active layer
morphology with x = 3 wt %. Key components for this improve-
ment over previous SWCNT-based devices are the near absence
of metallic tubes in the active layer and the use of nanofilaments
of P3HT/s-SWCNT that induce a high degree of order in the
P3HT phase and prevent SWCNT aggregation. We find a strong
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dependence of the dark current and the open-circuit voltage on
the SWCNT concentration, with a large value of Vo of 1.04 V
for the optimal SWCNT concentration of 3 wt %, in spite of a
small and concentration-independent interface gap of ~0.3 eV.
This suggests that charge and exciton transport and recombina-
tion strongly depend on the morphology and SWCNT weight
fraction in the active layer. We show that P3HT/s-SWCNT
heterojunctions can generate photocurrent from photons ab-
sorbed both in the P3HT and in the s-SWCNT and achieve an
IQE of 26% in the near-infrared. These results motivate further
investigation of P3HT/s-SWCNT solar cells to understand the
distinct operational mechanisms from the PCBM-based counterpart.
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