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S
emiconducting single-walled carbon
nanotubes (s-SWCNTs) have remark-
able optoelectronic properties such as

band gap tunability,1 strong optical absorp-

tivity,2 ultrafast charge transport mobility,3

solution-processability, and excellent

chemical stability.4 Overall, the outstanding

properties of these semiconductors make

them highly attractive absorbers for next-

generation photovoltaic and photodetec-

tor applications.4

The optical band gap, Eg, of s-SWCNTs

can be tuned to optimize absorption of dif-

ferent spectral ranges by tailoring the distri-

bution of their diameters, d. For example,

efficient absorption of the solar spectrum

can be achieved by tuning d � 7�12 Å re-

sulting in Eg � 1.0�1.3 eV,1,4 near the

Shockley�Queisser optimum for a single-

junction photovoltaic device. Alternatively,

Eg � 1.0 eV can be achieved enabling ab-

sorption deeper into the infrared for photo-

detector applications by tuning d � 12 Å.

In addition to band gap tunability, thin films

of s-SWCNTs have strong optical absorptiv-

ity � � 105 cm�1 at their band gap,2,4 allow-

ing for the collection of incident radiation

in films as thin as 100 nm. Recent measure-

ments of multiple exciton generation in car-

bon nanotube transistors5 suggest photo-

voltaic efficiencies in excess of the

Shockley�Quiesser limit may potentially

be achieved with s-SWCNT-based devices.

Furthermore, the mobility of free charges in

s-SWCNTs exceeds 104 cm2 V�1 s�1, facilitat-

ing the collection of photogenerated

charges once they are separated.3,4 Addi-

tionally, recent advances in the sorting of

SWCNTs have provided access to the prop-

erties of s-SWCNTs with negligible presence

of metallic SWCNTs, which are anticipated

to compromise the performance of
s-SWCNT-based devices.6

Overall, the outstanding properties of
s-SWCNTs render them highly attractive
semiconductor absorbers for next-
generation photovoltaic and
photodetector applications. However, one
challenge that still impedes the develop-
ment of s-SWCNT-based devices is that
electron�hole pairs photogenerated in
s-SWCNTs are bound as excitons.7 The exci-
ton binding energy, EB, significantly exceeds
room temperature thermal energy kBT, and
as a result, the spontaneous separation of
photogenerated charges in s-SWCNTs is not
efficient without an external mechanism to
drive their dissociation.

Previously, exciton dissociation has been
accomplished in individual s-SWCNT field
effect transistors and p�n junctions via a
field-dissociation mechanism.8,9 In such de-
vices, dissociation occurs in strong fields
arising from band bending near
metal�nanotube Schottky contacts or due
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ABSTRACT Semiconducting single-walled carbon nanotubes (s-SWCNTs) have strong near-infrared and visible

absorptivity and exceptional charge transport characteristics, rendering them highly attractive semiconductor

absorbers for photovoltaic and photodetector technologies. However, these applications are limited by a poor

understanding of how photogenerated charges, which are bound as excitons in s-SWCNTs, can be dissociated in

large-area solid-state devices. Here, we measure the dissociation of excitons in s-SWCNT thin films that form planar

heterojunction interfaces with polymeric photovoltaic materials using an exciton dissociation-sensitive

photocapacitor measurement technique that is advantageously insensitive to optically induced thermal

photoconductive effects. We find that fullerene and polythiophene derivatives induce exciton dissociation,

resulting in electron and hole transfer, respectively, away from optically excited s-SWCNTs. Significantly weaker

or no charge transfer is observed using wider gap polymers due to insufficient energy offsets. These results are

expected to critically guide the development of thin film s-SWCNT-based photosensitive devices.

KEYWORDS: carbon nanotube · exciton · dissociation · photocapacitor ·
photovoltaic
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to split gate biasing.5,10 While individual s-SWCNT de-
vices have invaluably aided in understanding nanotube
photophysics, the absolute absorbance of a single nano-
tube is insufficient for large-area photovoltaic and pho-
todetector applications. In contrast, large-area films of
many nanotubes with an optical density �1 are needed
to more realistically implement s-SWCNTs as the opti-
cally absorptive components of photosensitive devices.

In thin films, the dissociation of excitons in
s-SWCNTs can be accomplished through the formation
of a staggered gap donor/acceptor, type-II heterojunc-
tion between the s-SWCNTs and a second semiconduc-
tor in which the energy offsets at the heterointerface
exceed EB. In this scenario, exciton dissociation at the in-
terface results in charge transfer from the s-SWCNTs to
the second semiconductor. The separated charges on
opposite sides of the interface have different chemical
potentials and can be harvested for photovoltaic en-
ergy conversion or used to generate a current for
photodetector applications.

Here, the question we have sought to answer is:
What materials commonly utilized in polymer photovol-
taic devices have the appropriate energetics to form a
staggered gap donor/acceptor type-II heterojunction
with s-SWCNTs with sufficient energy offsets to achieve
exciton dissociation and charge separation in thin films?
Prior measurements of photogenerated charge separa-
tion in complexes between s-SWCNTs and polymers or
molecules in solution do not necessarily translate to
solid-state thin films due to differences in the polariz-
ability and the local environment that immediately sur-
round the s-SWCNTs, affecting charge screening and
EB.11 In thin films, the experimental characterization of
charge separation at nanotube/semiconductor inter-
faces has been confounded by two effects. First, the
prevalence of m-SWCNTs in as-produced nanotube ma-
terial has been problematic because m-SWCNTs rap-
idly quench excitons in films. Second, the optical excita-
tion of nanotube thin films is known to induce a
photoconductivity that arises from thermal effects, in-
dependent of exciton dissociation.12 As a result, the ma-
terials pairings necessary to achieve s-SWCNT exciton
dissociation and charge separation in s-SWCNT thin
films are poorly understood.

Here, we have studied exciton dissociation at
s-SWCNT/semiconductor heterojunction interfaces in
thin films using a novel photosensitive capacitor mea-
surement technique that can sensitively measure
charge transfer away from optically excited s-SWCNTs
to the semiconductor. Because this technique measures
the buildup of separated charge rather than a photo-
conductivity, it is advantageously insensitive to photo-
thermal induced changes in conductivity that have
plagued previous thin film measurements. Addition-
ally, we have implemented postsynthetically sorted
s-SWCNTs in our studies rather than mixed as-produced
nanotubes in order to more clearly characterize the

conditions necessary to achieve exciton dissociation in
the semiconducting tubes without the effects of neigh-
boring metallic tubes. Our work is unique from previ-
ous investigations of nanotubes in photovoltaic
devices13�16 where nanotubes have fulfilled secondary
roles, for example, as electrode materials or as materi-
als for accepting, transporting, and collecting charge. In
contrast, here, we are specifically seeking to learn how
to exploit carbon nanotubes at the center of photovol-
taic device functionality, specifically as semiconductor
optical absorbers.

We have specifically examined exciton dissociation
and charge transfer at s-SWCNT heterojunction inter-
faces with archetypical polymeric photovoltaic materi-
als including fullerenes, poly(thiophene)s, poly(phe-
nylene vinylene)s, and poly(fluorene)s. These polymeric
photovoltaic materials can be easily incorporated into
device stacks with s-SWCNTs via solution-processing or
vacuum thermal evaporation. Additionally, the energy
levels of these materials have been well-characterized
in literature, which facilitates the prediction of which
materials should form type-II heterojunction with
s-SWCNTs. We have also characterized s-SWCNT/poly-
carbonate heterojunctions for comparison with the
findings of Pradhan et al.,17 who have suggested that
exciton dissociation and charge transfer occur between
the two materials.

In the photoactive capacitors, planar thin-film
s-SWCNT/semiconductor heterojunctions are sand-
wiched between a transparent conducting anode and
an insulating polymer film that is capped by a metallic
cathode. The role of the insulating polymer film is to act
as the dielectric of the photosensitive capacitor that
charges when there is an exciton dissociation-
generated photocurrent. The technique avoids mislead-
ing thermally induced photoconductive effects be-
cause a direct current does not flow through the capaci-
tor device.

To measure exciton dissociation using the capaci-
tors, a time-modulated exciton population is gener-
ated on the s-SWCNTs using a spectrally resolved time-
modulated light source. In the absence of a driving
force for dissociation, excitons photogenerated on
s-SWCNTs recombine without separation and a charge
buildup on the capacitor is not detected. In contrast,
charge will build up on the capacitor if there is elec-
tron or hole transfer from the photoexcited s-SWCNTs
to the donor or acceptor materials. In this case, charge
evolution and buildup can be quantified by either
measuring the transient photovoltage on the capacitor
or by characterizing the transient charging and dis-
charging current in response to the pulsed illumination.

RESULTS AND DISCUSSION
High-quality s-SWCNTs were prepared from pow-

ders of SWCNTs grown by a high-pressure carbon mon-
oxide conversion (HiPCO) process, purchased unpuri-
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fied from Unidym (d � 8�12 Å.) Isolation of

semiconducting species from polydisperse, electroni-

cally heterogeneous as-produced HiPCO powder was

achieved through a procedure similar to that of Nish

et al.,18 selectively solubilizing s-SWCNTs through a

wrapping interaction between high chiral angle

s-SWCNTs and poly(9,9-dioctylfluorene-2,7-diyl) (PFO).

Excess PFO was removed from the dispersions via sev-

eral iterations of differential s-SWCNT sedimentation

(Figure 1a). The E22 optical cross-section-full width half

max product of Tsyboulski et al.2 (8.4 � 107 nm cm2

mol�1) was used to determine the s-SWCNT concentra-

tion considering the (8,6), (7,6), (7,5), (8,7), and (9,7)

chiralities,19 and it was determined that the final

s-SWCNT solutions had a PFO:s-SWCNT mass-ratio tun-

able from 4:1 to 1:1, depending on the specific solvent

used for PFO removal. Absorption due to spurious me-

tallic nanotubes in the range of 450�600 nm was not

detected, indicating the high purity of the semicon-

ducting species.

To fabricate the photosensitive capacitors, planar

thin films of s-SWCNTs (�7 nm) were cast onto the

transparent anode (indium�tin oxide, ITO) via a doctor-

blading technique. A scanning electron micrograph

demonstrates a doctor-bladed film of PFO wrapped

s-SWCNT (Figure 1B) with a 1:1 weight ratio of PFO:s-

SWCNT. The s-SWCNT remain well isolated, as deter-

mined from the persistence of sharp E11 and E22 absorp-

tion peaks in the films (Figure 1A). The root-mean-

square (rms) roughness of the films was 4.4 nm as

compared to 2.2 nm for bare ITO (Figure S1, Support-

ing Information).

Following the deposition of the s-SWCNTs, thin

films of the polymeric photovoltaic materials were de-

posited on top of the s-SWCNTs by either vacuum ther-

mal evaporation or spin-casting from solution to form

the planar heterojunctions. Poly(vinylpyrrolidone) (PVP)

dielectric films (2.0 � 0.5 um) were then spun-cast

atop the heterojunctions from a methanol solution

and 50 nm Ag was evaporated for the cathode. Two

subsets of active interfaces were fabricated, one which

was annealed at 130 °C both before and after dielectric

deposition, and one which was not annealed at all.

A schematic demonstrating the measurement tech-

nique is shown in Figure 2. Excitons are selectively

photogenerated on specific (n,m) chiralities of

s-SWCNTs by tuning the excitation wavelength into

resonance with E11 band gap transitions present from

1000 to 1350 nm. The s-SWCNTs can alternatively be ex-

cited at their E22 transitions (500�700 nm) or at phonon

sidebands associated with either the E11 or E22 transi-

tions. s-SWCNT exciton dissociation and charge trans-

fer are expected when 	EA � EB or 	IP � EB, in which

	EA is the difference between the electron affinity (EA)

of the s-SWCNT and the possible electron acceptor

and 	IP is the difference between the ionization poten-

tial (IP) of the s-SWCNT and the possible hole acceptor.

After their dissociation, the free electronic carriers are

able to diffuse away from the interface due to a non-

equilibrium concentration gradient, resulting in a

charge buildup on the capacitor. The work function off-

set between the anode and cathode also adds a drift

component to the transport, which can be modulated

with application of an external bias.

The measured zero-bias, spectrally resolved

charging-current photoresponsivity of nanotube/an-

nealed polymer or unannealed fullerene material pairs

is shown in Figure 3A. Annealing was observed to im-

prove the photoresponsivity of polymer devices but

not fullerene devices. (The unannealed polymer and an-

nealed fullerene nanotube/material pairs are com-

pared in Figure S2, Supporting Information.) Photocur-

rent responses were observed to be linearly dependent

on photon flux, and in the saturation regime of fre-

Figure 1. (A) Normalized optical absorptivity of PFO-wrapped s-SWCNTs in chloroform solution (dotted, red) and in thin
films (solid, blue). (B) SEM micrograph of a thin film of 1:1 PFO:s-SWCNTs on ITO coated glass.

Figure 2. Photosensitive capacitor measurement circuit and
energy band diagram. Photogenerated excitons on
s-SWCNTs are dissociated at interfaces with acceptors when
�IP or �EA � EB.
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quency dependence (Figure S3, Supporting Informa-

tion).

The heterojunctions consisting of s-SWCNTs and

fullerene derivatives and s-SWCNTs and poly-

(thiophene) derivatives demonstrated the largest

photoresponsivity (Figure 3A). The spectrally averaged

photoresponsivity in the near-infrared (NIR, 900�1400

nm), resulting from excitation of the s-SWCNTs at their

E11 band gaps, was 58 � 27, 93 � 45, 12 � 3, 5 � 2, and

11 � 6 
A W�1 (x̄ � �) for s-SWCNTs interfaced with

C60, [6,6]-Phenyl C61 butyric acid methyl ester ([C61]-

PCBM), poly(3-hexylthiophene) (P3HT), regiorandom

P3HT (rr-P3HT), and poly(3-octylthiophene) (P3OT), re-

spectively. In the NIR, the measured photoresponse

matches the s-SWCNT thin film absorption spectrum

(modulated by microcavity effects) indicating that the

photoresponsivity arises from excitons originally gener-

ated on the s-SWCNTs rather than excitons on the other

materials, none of which have significant absorptivity

in the NIR. In comparison with the fullerene derivatives

and poly(thiophene) derivatives, zero or weak photo-

responsivity in the NIR (�1 
A W�1) was observed for

s-SWCNT thin films interfaced with polycarbonate, PFO,

or a control without a donor or acceptor (referred to

as PVP); and a small photoresponse (3 � 2 
A W�1) was

observed for the s-SWCNT/poly(2-methoxy-5-

(3=,7=dimethyloctyloxy)-1,4-phenylenevinylene)

(MDMO-PPV) sample.

In addition to a signal in the NIR, a photoreponsiv-

ity was also observed in response to excitation of the

s-SWCNTs at their E22 and E11 � phonon sideband tran-

sitions, from 500 to 800 and 800 to 900 nm, respec-

tively, and in response to optical excitation of the poly-

meric semiconductor materials in the visible spectrum.

The E22 � phonon sideband transitions were not re-

solved due to spectral congestion. Overall, no appre-

ciable spectral broadening was observed in the

s-SWCNT photoresponsivity compared with their thin

film absorptivity. For example, the full width half max

of the photoresponsivity of the (8,6) E11 at 1200 nm was

37 � 11 and 41 � 6 meV for the poly(thiophene) and

fullerene derivative based devices, respectively, com-

pared with 38 � 5 meV in absorption.

A subset of the E11 and E22 optical transitions ap-

pear missing or suppressed in the photoresponsivity

spectra. These suppressed peaks are explained by

microcavity effects resulting from spectrally varying in-

terference of the incident and reflected radiation at the

heterojunction interface. Small variations in the PVP

thickness spectrally shift the interference from substrate

to substrate. For instance, decreasing the PVP thick-

ness from 2.0 to 1.95 um shifts a deconstructive interfer-

ence peak in the E11 spectral region from 1144 to 1116

nm. For this reason, interference effects are separately

considered for each device. To demonstrate the effects

of destructive interference, the optical intensity in a

s-SWCNT/P3OT device at the heterointerface has been

calculated by using an optical transfer matrix approach

with layer thicknesses of 150, 7, 30, 1910, and 50 nm

for ITO, s-SWCNT, P3OT, PVP, and Ag, respectively, and

is demonstrated in Figure 3B. The absence of strong E22

contributions to the photoresponsivity at 655 and 800

nm and the suppressed E11 transitions at 1050 and 1280

nm correspond to spectral regions of strong destruc-

tive interference in the SWCNT/P3OT photoresponsiv-

ity.

An external bias was utilized to determine the polar-

ity of charge transfer for the devices in which s-SWCNT

exciton dissociation was observed. From the energy

diagram in Figure 1, it is expected that a positive bias

applied to the Ag should enhance (inhibit) electron

(hole) extraction from the s-SWCNTs resulting in a larger

(smaller) photocurrent transient due to the drift compo-

nent of free carrier transport. The measured effect of

the external bias on the responsivity was small (�10%

of the overall signal); however, by measuring the direc-

tion of the change in responsivity with bias, the charge

transfer polarity could be determined. Qualitatively,

the measured photoresponsivity of the s-SWCNT/C60

and s-SWCNT/[C61]-PCBM photosensitive capacitors in-

creased with the application of a positive bias to the

Ag, indicating electron transfer from photoexcited

Figure 3. (A) Magnitude of the exciton dissociation driven current responsivity for various 1:1 wt ratio PFO:s-SWCNT/semi-
conductor heterojunctions measured using photoactive capacitor devices. Responses are offset but not scaled. (B) Respon-
sivity of s-SWCNT/P3OT (black, solid) device compared with calculated, spectrally resolved optical intensity in P3OT (blue,
dotted) and in s-SWCNT (red, dashed) for a device stack of glass/ITO (100 nm)/s-SWCNT (7 nm)/P3OT (30 nm)/PVP (1900
nm)/Ag (50 nm).
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s-SWCNTs to the fullerenes (Figure 4). In contrast, the

measured photoresponsivity of s-SWCNT/P3HT and

s-SWCNT/P3OT photoactive capacitors decreased with

the application of a positive bias to the Ag, indicating

hole transfer from the s-SWCNTs to the poly(thiophene)

derivatives.

The driving force for exciton dissociation and the po-

larity of charge transfer can be predicted by compar-

ing the energy levels of the s-SWCNTs with the energy

levels of the polymeric semiconductor materials, also

considering the exciton binding energy. We use the

work function calculations of Barone et al.20 and the ex-

citon binding scaling relationship of Perebeinos et al.21

with a relative permittivity r � 4.0 to estimate the en-

ergetics of the s-SWCNTs. Accordingly, EB, EA, and IP for

the (8,6), (7,6), (7,5), (8,7), and (9,7) chiralities of

s-SWCNTs range from 0.2 to 0.26 eV, 3.79 to 3.93 eV,

and 5.04 to 5.12 eV, respectively. Therefore, comple-

mentary materials with an EA � 4 eV or IP � 4.9 eV

should be capable of inducing s-SWCNT exciton disso-

ciation and electron or hole transfer, respectively, for

s-SWCNTs in this diameter range. Louie et al.22 have cal-

culated an EA for C60 of 4.05 eV suggesting a 	EA � EB

(Table 1). Literature values for the IP of the poly-

(thiophene) derivatives vary from 4.7 to 5.0 eV suggest-

ing a 	IP � EB. These offsets are thus approximately suf-

ficient for exciton dissociation and are consistent with

our observations of electron transfer from the SWCNT
to the fullerenes and hole transfer to the poly-
(thiophene) derivatives.

Weak exciton dissociation at the s-SWCNT/MDMO-
PPV interface sheds light onto the maximum IP energy
level allowable to extract photoexcited holes. An IP �

5.3 eV is expected for MDMO-PPV, which is 0.3�0.5 eV
more electronegative than P3HT or P3OT. Accordingly,
exciton dissociation and hole transfer from the
s-SWCNT to the PPV derivatives should be inhibited by
an energy barrier of up to 0.2 eV in addition to EB. The IP
of PFO is even deeper (5.8 eV), further inhibiting exci-
ton dissociation and charge transfer, which is consistent
with our results. The wide band gap of poly(carbonate)
and poly(vinylpyrrolidone) results in larger energy barri-
ers at the heterojunction interface, inhibiting s-SWCNT
exciton dissociation and electron or hole transfer, which
is consistent with our measured results.

It is important to note that despite the predictive
power of the IP/EA comparisons, the measurement of
such energy levels is nontrivial and accompanied by a
measurement uncertainty of up to 0.4 eV.23 Further-
more, quantitative comparison of charge transfer effi-
ciency at the interface between s-SWCNTs and semi-
conductors is affected by several higher order factors.
For example, the IP/EA levels of polymeric electronic
materials are highly morphology dependent24 and will
likely be perturbed due to electronic and steric interac-
tions with the s-SWCNTs, as well as surface dipoles and
local disruptions in molecular packing. Variation in free
carrier extraction efficiency will also have a secondary
effect on the measured photoresponsivity and is af-
fected by morphology and crystallinity, which is vari-
able from material to material. For instance, these sec-
ondary factors may account for the small difference in
the observed photoresponsivity among the different
poly(thiophene) derivatives. Nonetheless, while some
deviation from the predicted energy offsets is expected,
our results are well described by the predicted energy
offsets to first order.

The strong exciton dissociation photocurrent meas-
ured at the s-SWCNT/C60 interface observed here agrees
with previous measurements of exciton dissociation at
SWCNT/C60 interfaces in photodetector devices fabri-
cated by Arnold and Zimmerman et al.25 Our results also
extend beyond that of Arnold and Zimmerman
et al.25 and show that the fullerene derivative [C61]-
PCBM and poly(thiophene) derivatives are potential
electron and hole acceptors, respectively, that can be
paired with s-SWCNTs to achieve the dissociation and
separation of photogenerated charges in s-SWCNTs, as
well. In particular, these new findings are important be-
cause whereas C60 is not solution-processable, [C61]-
PCBM and the poly(thiophene) derivatives can be dis-
solved at relatively high concentrations in solvents such
as chlorobenzene. As a result, it should be possible to
fabricate blended heterojunction devices for photovol-

Figure 4. Bias dependent responsivities for s-SWCNTs inter-
faces with poly(thiophene) derivatives and fullerene deriva-
tives. An arrow denotes the direction of increasing bias (on
Ag) from �5 V (solid, blue) to �5 V (dotted, red) in 2.5 V
steps. Responsivity curves are offset but not scaled.

TABLE 1. Comparison of Measured Photoresponsivity
Averaged over the Range 900�1400 nm with Expected
Energy Offsets

material
averaged nir

Photoresponsivity
[�A W�1]

carrier extracted
from SWCNT

ionization
potential

[eV]

electron
affinity

[eV]

s-SWCNT 3.7�4.1 4.9�5.3
C6022 58 � 27 e� 6.2 4.0
[C61]-PCBM29 93 � 45 e� 6.1 3.8
P3HT24,30,31 12 � 3 h� 4.7 2.1
rr P3HT24 5 � 2 h� 5.0 2.2
P3OT32 11 � 6 h� 5.0 2.2
MDMO-PPV33 3 � 2 5.3 2.8
PVP �1 n/a n/a
polycarbonate �1 n/a n/a
PFO34 �1 5.8 2.2
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taic and photodetector applications that will overcome
the expected intertube exciton diffusion bottleneck in
s-SWCNT thin films.

Previously, Schuettford et al. have indirectly charac-
terized P3HT/s-SWCNT heterojunctions in solution via
optical spectroscopy of P3HT wrapped SWCNT
nanohybrids.26,11 Specifically, the authors have ob-
served that the E11 transitions of s-SWCNTs red-shift
when they are wrapped by P3HT in solution. The au-
thors have argued that this red-shift is evidence that the
two materials form a type-II heterojunction. While our
observation of strong photoresponsivity in P3HT/s-
SWCNT thin film heterojunctions supports the type-II
heterojunction picture, we have not observed a red-
shift of the E11 transitions in any of our devices. An in-
depth comparison of our findings with those of
Schuettford et al. is complicated by the fact that (1) we
measure in thin films whereas they measure in solution,
(2) we more directly measure the charge transfer
whereas they utilize indirect spectroscopic measures,
and (3) our s-SWCNT samples are wrapped by PFO, not
P3HT. It may be that discrepancies regarding the red-
shift result from differences in polarizability in the solid-
state versus in solution, or more likely, the partial-
monolayer of the PFO wrapper buffering the s-SWCNT/
P3HT interface in our samples, which is expected to
allow contact between the P3HT and the s-SWCNT but
to disrupt the P3HT packing and alter the polarization of
the nanotubes.

The lack of an observed charge transfer between
photoexcited s-SWCNTs and polycarbonate in our stud-
ies conflicts with the findings of Pradhan and co-
workers,17 who have argued that photogenerated exci-
tons on s-SWCNTs dissociate in polycarbonate compos-
ites. Our results suggest that the photoconductivity ob-
served by Pradhan et al. may originate from thermal
and/or bolometric effects, and not exciton dissociation.
Previous measurements with terahertz spectroscopy27

have suggested that free carriers are generated with
�10% efficiency in neat s-SWCNT films even without
the implementation of a type-II heterojunction. In con-
trast with this terahertz spectroscopy work, we do not

observe a photoresponse in the absence of a type-II
heterojunction. This absence of a response suggests
that if photogenerated excitons are dissociated in the
bare s-SWCNTs films, the lifetime of resulting free carri-
ers is sufficiently short that these charges rapidly re-
combine prior to their spatial separation.

CONCLUSION
In conclusion, exciton dissociation and interfacial

charge transfer from semiconducting single-walled car-
bon nanotubes (s-SWCNTs) to a variety of polymeric
photovoltaic materials have been studied using a
photoactive capacitor measurement technique. It has
been shown that photogenerated excitons on
s-SWCNTs in thin films are dissociated at interfaces
with C60, [C61]-PCBM, P3OT, regioregular and regioran-
dom P3HT. Photocurrent bias dependencies reveal that
fullerene and poly(thiophene) derivatives serve as elec-
tron accepting and hole accepting materials to
s-SWCNTs, respectively. In contrast, insufficient band
offsets for dissociation and charge transfer result when
s-SWCNTs are paired with wider gap materials such as
MDMO-PPV, PVP, polycarbonate, and PFO. From these
results, it is anticipated that photodetector and photo-
voltaic devices with near-infrared photoresponsivity out
to 1350 nm can be fabricated from pairings of P3HT/s-
SWCNT, P3OT/s-SWCNT, or s-SWCNT/[C61]-PCBM. Addi-
tionally, this work suggests the use of isolated
s-SWCNTs as intermediate near-infrared “dyes” in P3HT/
[C61]-PCBM blends as a means for achieving broader
absorption in polymeric photovoltaic devices. In this
case, photogenerated electrons and holes on the
s-SWCNTs would transfer to the [C61]-PCBM and P3HT
phases, respectively. Beyond the polymeric photovol-
taic materials characterized here, it is further anticipated
that a host of other materials exist with the appropri-
ate energetics to dissociate excitons on s-SWCNTs, en-
abling the use of these high-mobility semiconductor
absorbers in a wide range of solution-processed photo-
voltaic and photodetector technologies that are sensi-
tive to a broad spectrum of radiation spanning the vis-
ible and infrared.

MATERIALS AND METHODS
s-SWCNT Solutions. HiPCO (1 mg/mL) grown SWCNT (Unidym,

raw powder) were sonicated using a horn-tip sonic dismembra-
tor for 45 min in a 10 mg/mL solution of PFO (American Dye
Source) in toluene. Bundles and catalyst material were removed
through a 1 h centrifugation at 30 000 g in a fixed angle rotor
(Eppendorf FA-45-24-11-HS.) The supernatant (top 90% of a 3 cm
vial) was extracted and centrifuged for 24 h at 30 000 g. Over
this period, isolated s-SWCNT moved a total distance of 1 cm, ac-
cumulating in a “pellet” with �90% yield. The PFO-rich superna-
tant was removed and discarded. The pellet was redispersed
through a low power, horn microtip sonication in toluene, and
repelleted in the centrifuge to remove residual free polymer re-
sulting in a pellet with a 4:1 weight ratio of PFO:s-SWCNT. A 1:1
weight ratio of PFO:s-SWCNT was achieved by redispersing the

pellet into chlorobenzene and repelleting at 30 130 g, resulting
in a sedimentation rate of 0.5 cm per 24 h period. The final pel-
let was redispersed into chloroform to result in a stable, PFO-
wrapped s-SWCNT solution.

Photocapacitor Device Fabrication. ITO on glass substrates were
first cleaned through a standard degreasing procedure, involv-
ing iterative bath sonication in acetone, trichloroethylene, and
isopropanol, before 20 min of UV/ozone exposure. Clean ITO-
coated substrates and s-SWCNT solutions were then transferred
to a nitrogen glovebox where s-SWCNT films were cast via
doctor-blading at 65 °C with a substrate clearance of 0.2 mm.
After deposition, films were then annealed at 130 °C for 1 h to re-
move excess solvent. Polymer films (PFO, regiorandom P3HT,
regioregular-P3HT, and regioregular-P3OT all purchased from
ADS, and MDMO-PPV, Polycarbonate, and [C61]-PCBM pur-
chased from Sigma Aldrich) were spun atop CNT films at 1000
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rpm from 10 mg/mL solution in chlorobenzene ([C61]-PCBM, 20
mg/mL). A control sample was made by spinning neat chloro-
benzene in the same conditions, and was later used to test the
PVP/s-SWCNT interface. C60 was evaporated from a thermal
source (background pressure of 1 � 10�6 Torr), and deposited
at a rate of 1.0 Å s�1 to a final thickness of 30 nm. A 2 
m film of
PVP was spun from a 125 mg mL�1 methanol solution at 2000
rpm. Two subsets of active interfaces were fabricated, one sub-
set that was annealed at 130 °C before and after dielectric depo-
sition and one subset that was not annealed at all. Devices were
completed with the thermal evaporation of 50 nm silver with a
background pressure of 10�6 Torr. Absorption spectra were meas-
ured after each phase of fabrication and indicate that the
s-SWCNT films were robust to the brief presence of chloroben-
zene during subsequent spin-casting; therefore, the resulting de-
vice architectures are considered planar.

Photocapacitor Characterization. Optical absorption was meas-
ured using a home-built setup consisting of a tungsten�halogen
light source and a Horiba Jobin Yvon monochromator in conju-
gation with a modulated 4 kHz chopper wheel and detected us-
ing a calibrated Ge reference cell and a Stanford Research Sys-
tems SR830 lock-in amplifier. The same setup was modified to
measure spectrally resolved responsivity of the photoactive
capacitors.

Calculation of Interference Effects. Electromagnetic radiation in-
tensity has been calculated for normal incidence on the given
device structure based on work done by Peumans et al.28 PVP
and P3OT thicknesses were measured through standard profilo-
metry techniques (1900 and 30 nm, respectively) and CNT film
thickness (7 nm) was approximated through a calculation using
absorption data with optical cross section information from
Tsyboulski et al.2
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