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P
olymer photovoltaic cells have
drawn significant interest as poten-
tial alternatives to their inorganic

counterparts due to potential economic ad-

vantages and efficiencies in large-area fabri-

cation processes.1�3 Considerable efforts

have focused on enhancing the energy con-

version efficiency,3�6 where the best de-

vices constructed to date consist of a mix-

ture of polythiophene derivatives (electron

donor) and C60 fullerenes (electron accep-

tor), called a bulk heterojunction (BHJ) type,

where the maximum energy conversion ef-

ficiency has reached approximately 7% to

date.5�7 In parallel, there have been studies

devoted to designing hybrid systems incor-

porating nanomaterials such as carbon

nanotubes,8�11 inorganic nanowires and

nanorods,12�16 and nanoparticles.17�19 It is

hypothesized that the introduction of car-

bon nanotubes, in particular, to polymeric

semiconductor materials, will improve en-

ergy conversion efficiency due to the higher

carrier mobility and ballistic conduction

pathways provided by the nanotube.20 To

date, however, both multiwalled carbon

nanotubes (MWNTs)8 and single-walled car-

bon nanotubes (SWNTs)9�11 BHJ photo-

voltaic cells have suffered from much lower

efficiencies compared to conjugated poly-

mer/fullerene BHJ photovoltaic cells.5,6 The

reasons for this disparity remain an open re-

search question. To address this, in this

work we fabricate a highly idealized inter-

face consisting of isolated, electronically

contacted chemical vapor deposition (CVD)-

grown SWNTs contacting a spin-coated

p-type poly(3-hexylthiophene) (P3HT) layer.

This planar nanoheterojunction device pro-

vides a simpler and better defined sub-
strate for exciton dissociation than typical
bulk junctions, and is therefore ideal for
answering these questions.

It is suspected that some major issues
limiting the device performance of carbon
nanotube solar cells are bundling/aggrega-
tion of nanotubes during polymer disper-
sion and the coexistence of metallic and
semiconducting nanotubes,21,22 which are
key obstacles for exciton dissociation into
free carriers. A nanoheterojunction formed
by individual SWNTs and polymer can elimi-
nate these variables from the efficiency
evaluation. Moreover, P3HT and semicon-
ducting SWNTs were recently presented
theoretically and experimentally to form a
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ABSTRACT There is significant interest in combining carbon nanotubes with semiconducting polymers for

photovoltaic applications because of potential advantages from smaller exciton transport lengths and enhanced

charge separation. However, to date, bulk heterojunction (BHJ) devices have demonstrated relatively poor

efficiencies, and little is understood about the polymer/nanotube junction. To investigate this interface, we

fabricate a planar nano-heterojunction comprising well-isolated millimeter-long single-walled carbon nanotubes

underneath a poly(3-hexylthiophene) (P3HT) layer. The resulting junctions display photovoltaic efficiencies per

nanotube ranging from 3% to 3.82%, which exceed those of polymer/nanotube BHJs by a factor of 50�100. The

increase is attributed to the absence of aggregate formation in this planar device geometry. It is shown that the

polymer/nanotube interface itself is responsible for exciton dissociation. Typical open-circuit voltages are near 0.5

V with fill factors of 0.25�0.3, which are largely invariant with the number of nanotubes per device and P3HT

thickness. A maximum efficiency is obtained for a 60 nm-thick P3HT layer, which is predicted by a Monte Carlo

simulation that takes into account exciton generation, transport, recombination, and dissociation. This platform

is promising for further understanding the potential role of polymer/nanotube interfaces for photovoltaic

applications.

KEYWORDS: single-walled carbon nanotubes · polymer hybrid solar cells · organic
photovoltaics · well-aligned carbon nanotubes · n-doping of carbon
nanotubes · Monte Carlo modeling · exciton diffusion
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type-II heterojunction in P3HT/SWNT nanohybrids,22,23

which makes the P3HT/SWNT system a promising can-

didate for organic photovoltaics.

In this work, we report a hybrid planar solar cell

based on regioregular P3HT (RR-P3HT) and individu-

ally, laterally aligned SWNTs forming a well-defined

interface in which the energy conversion efficiency

per nanotube reaches 3%. In our system, ultralong,

well-aligned SWNTs prepared by CVD serve as direct

pathways to an Al electrode for charge collection

and rule out unexpected performance deterioration

from tube�tube junctions between metallic and

semiconducting nanotubes. The highest performing

devices are fabricated by polyethylene imine (PEI)

coating on the SWNTs in order to convert the SWNTs

from p to n type. The photovoltaic properties of the

P3HT/SWNT hybrid nanoheterojunction devices

were found to depend on the number of SWNTs

and the thickness of P3HT layer with a trend de-

scribed using a kinetic Monte Carlo (KMC) model of

exciton diffusion and reaction.

RESUITS AND DISCUSSION
Figure 1a shows a schematic of the planar nano-

heterojunction solar cell based on a P3HT film depos-

ited by spin-coating it onto laterally aligned carbon

nanotubes. These SWNTs were grown by CVD and char-

acterized prior to device fabrication. As shown in Fig-

ure 1b, the analysis of a series of SEM images recorded

along the length of SWNTs reveals perfectly aligned

growth of millimeter-long SWNT arrays similar to those

produced previously.24�26 Figure 1c is a representative

AFM image of a single SWNT with a diameter of 1.6 nm.

The AFM measurements indicate that the SWNTs tested

in this work have a diameter distribution of 1.0�2.5

nm. The Raman spectrum in Figure 1d shows obvious

radial breathing mode (RBM) and G-mode features.

Also, since there is no detectable defect-induced D-mode

peak, we conclude that chemical defects, which may

also be important centers for exciton dissociation or

recombination,27�31 are largely absent. To directly ex-

plore how the Fermi level in the SWNT influences the re-

sulting photovoltaic effect, we converted the SWNT in

Figure 1. Hybrid planar nanoheterojunction solar cell based on conjugated polymer and carbon nanotubes. (a) Schematic of pla-
nar heterojunction solar cell based on a P3HT film on laterally aligned SWNTs. The device has a width of 0.5 mm, a length of 1 mm,
and a height of 15�260 nm, depending on the P3HT thickness. (b) A series of SEM images of laterally aligned ultralong SWNT ar-
rays on a Si wafer with a SiO2 layer, grown by CVD. (c) AFM image (top) and height profile (bottom) of a single SWNT with diam-
eter of �1.6 nm. (d) Raman spectrum of a typical CVD-grown SWNT utilized in the device, free of a measurable D-peak, obtained us-
ing a 633 nm laser for excitation. (e) Transfer curves of SWNT FET before (blue) and after (red) PEI coating on SWNT, demonstrating
p-type and n-type operation, respectively.
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some devices from p- to n-type using a 20 wt % PEI solu-
tion in methanol.32,33 The arrays were tested as field-effect
transistors (FET) with a back-gate geometry to verify the
change in the Fermi level. The resulting transfer character-
istics in Figure 1e confirm that the arrays were either con-
verted to n-type devices after the PEI coating or remained
p-type without additional coating.

The P3HT/SWNT heterojunction was completed by
spin-coating a P3HT layer onto the PEI-coated or un-
coated SWNT arrays (Supporting Information, Figure
S1). Figure 2a shows the electrical characteristics of the
devices with a P3HT thickness of 60 nm in the dark.
The P3HT alone shows an almost linear characteristic
while the P3HT/SWNT heterojunction devices exhibit
behavior that is clearly rectifying. The devices seem to
be series resistance limited, but the introduction of
SWNTs into the devices makes them less resistive. We
estimate that the bandgap of the semiconducting
nanotubes is �0.5 eV from the average diameter of
the nanotubes (Supporting Information, Figure S2).34

Since the work function of the nanotubes is 4.75 eV,35,36

the P3HT and nanotubes form a type-II heterojunction,
as schematically shown in Figure 2b. It has been re-

ported by Kanai et al. and Schuettfort et al. that a semi-
conducting nanotube and P3HT form a type II hetero-
junction, where they presented density functional theory
calculations and spectroscopic evidence, respectively.22,23

For the heterojunction devices, a lower leakage current
and a higher on/off ratio were observed for n-doped
SWNTs. This is interpreted in terms of the formation of
better rectifying contacts by elevating the Fermi level of
the SWNTs due to n-type conversion,32,33 implying the im-
proved type II band alignment.

The representative current�voltage (I�V) curves of
the devices with either p- or n-type SWNTs in the dark
and under light illumination from a one-sun solar simu-
lator with an AM 1.5G filter are shown in Figure 3a. In
both cases, clear photovoltaic behavior was observed
upon illumination. The photovoltaic parameters (short-
circuit current ISC, open-circuit voltage VOC, and fill factor
FF) of the devices with a P3HT thickness of 60 nm are
plotted as a function of number of SWNTs, as shown in
Figure 3b,c. In the P3HT/SWNT devices, the short-circuit
current increases approximately linearly with the num-
ber of SWNTs while the open-circuit voltage (VOC �

0.45�0.55 V) and fill factor (FF � 0.25�0.30) remain al-
most invariant. It is important to note that the pres-
ence of carbon nanotubes results in a more than 20-
fold increase in the short-circuit current even though
the devices have a minimal number of nanotubes. This
suggests that the interface created by the carbon
nanotubes effectively acts as a dissociation site of the
excitons generated by absorption of the photons into
free electrons and holes since the introduction of the
nanotubes produces the rectifying junction leading to
the built-in electric field for exciton dissociation. How-
ever due to a minimal number of SWNTs, the series re-
sistance is quite high compared to BHJ solar cells, result-
ing in a comparatively low fill factor.

Incorporation of n-type SWNTs leads to an increase in
the open-circuit voltage with a somewhat reduced short-
circuit current, as shown in Figure 3a. The increase in the
open-circuit voltage is understood by considering the
Fermi level change, discussed earlier, whereas the slight
decrease in the short-circuit current is most likely due to
the introduction of an insulating PEI monolayer (Support-
ing Information, Figure S2),32 which limits the carrier
transport to some extent (Figure 2b). It is known that the
open-circuit voltage is explained either by the
metal�insulator�metal (MIM) model or is correlated
with the difference between the lowest unoccupied mo-
lecular orbital (LUMO) level of the electron acceptor and
the highest occupied molecular orbital (HOMO) level of
the electron donor although the origin of open-circuit
voltage is still a matter of debate.37 We show that our sys-
tem has semiconducting nanotubes, as discussed later,
of which the open-circuit voltage is not in conjunction
with the MIM model. The higher open-circuit voltage after
PEI coating in our system can be attributed to up-shifting
the Fermi level of the SWNT by adding an electron-

Figure 2. Diode characterizations of P3HT/SWNT nano-
heterojuctions. (a) I�V curves of the devices with P3HT thick-
ness of 60 nm in the dark: P3HT device (black), P3HT/SWNT
nanoheterojunction (NHJ) devices with p-type SWNTs
(green) and n-type SWNTs (blue). (b) Schematic energy level
diagram of the P3HT/SWNT heterojunction solar cell. For
semiconducting SWNTs (sc-SWNTs), the work function,
which is defined as the energy difference between the
vacuum level and the midgap, and bandgap are 4.73 and
�0.5 eV, respectively.34�36 The Fermi level of the SWNTs is el-
evated by PEI doping into the SWNTs, resulting in n-type
conversion of the SWNTs.
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donating functional group, PEI, on the SWNT. Similar ten-

dencies have been found in polymer/fullerene hetero-

junction solar cells, where the open-circuit voltage was in-

creased by lowering the HOMO level of electron

donors.7,38,39 In particular, Chen et al. have attempted to al-

ter the HOMO level of photoactive polymers by adding

an electron-withdrawing group, leading to higher VOC and

efficiency.7

In Figure 3a, a representative n-type heterojunction

device with 3 SWNTs exhibited an open-circuit voltage

(VOC) of 0.5 V, a short-circuit current (ISC) of 12.5 nA and

a fill factor (FF) of 0.28. The energy conversion efficiency

� per nanotube is estimated as

where Pin is the incident power (Pin � 100 mW cm�2)

and A is the device area. We note that the true device

area is likely the projected exciton capture interface (A),

where W is the projected exciton capture distance of

one SWNT, L is the length of nanotubes covered by

P3HT (L � 1 mm) and N is the number of the SWNT (N

� 3). The projected exciton capture distance of the

SWNT (W) is estimated as the sum of the SWNT radius

(R � �1 nm) and the exciton diffusion length (LD � 8.5

nm)40 on either side of the device (Supporting Informa-

tion, Figure S5),41

Hence, the energy conversion efficiency per nanotube

can be calculated to be 3%. For this device, the nano-

tubes are about several tens to a few hundred micro-

meters away from each other. If one packs the device

with an optimum spacing between nanotubes, the

overall efficiency can reach the maximum of 3.82%

(Supporting Information, Figure S5). We note that this

estimate is approximately 100 and 50 times higher than

those for polymer/SWNT heterojunctions9,10 and poly-

mer/MWNT8 solar cells (0.04% and 0.081%), respec-

tively. In order to critically evaluate our results we ad-

dress two possibilities that our value might be an

overestimation of the actual efficiency. When the SWNT

suspension and P3HT solution are mixed, the polymer

has time to wrap itself around the nanotubes. This may

enhance the order of the P3HT chains one-

dimensionally along the SWNT surface and increase

the effective conjugation length of the polymer due to

the formation of highly planar structures of the back-

bones after the interaction with the SWNT.11,42,43 How-

ever, even this effect is not always observed and seems

to happen dominantly in systems developed using so-

lution synthesis methods.11,42�44 As reported by Chu et

al., if a polymer wraps the SWNT by in situ polymeriza-

tion, the effective conjugation length of the composite

structure is shorter than that of the pure polymer.44

Also, Geng et al. reported the increased crystallinity of

the solid-state P3HT in a P3HT/SWNT composite, but

they attributed the effect to the solubilization mecha-

nism of the conjugated polymer on the SWNT.11 In our

devices, the SWNT were not dispersed or mixed in a

P3HT solution, but they were attached to the Si/SiO2

wafer and the spin-coated P3HT on top of the SWNT

quickly solidified. As a result, the P3HT has barely any

Figure 3. Photovoltaic characterizations of P3HT/SWNT pla-
nar nanoheterojunction solar cells with P3HT thickness of 60
nm. (a) I�V curves of the P3HT/SWNT nanoheterojunction
devices with p-type SWNTs (black and red) and n-type
SWNTs (blue and pink) in the dark and under illumination,
respectively, from a one-sun solar simulator. (b) Short-circuit
current ISC of the P3HT/n-SWNT devices as a function of num-
ber of SWNTs. (c) Open-circuit voltage VOC and fill factor FF
of the P3HT/n-SWNT devices as a function of number of
SWNTs.

η ) (ISC × VOC × FF)/(Pin × A) (1)

A ) W × L × N (2)

W ) 2(R + LD) (3)
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chance to wrap itself around the SWNT. Therefore, we
believe that the increase of the exciton diffusion length
due to the enhanced crystallinity is very limited, since
due to the fast solidification there is a low possibility of
��� stacking between P3HT and the SWNT. Secondly,
the projected exciton capture distance might be related
to the band bending near the nanotubes. Actually, for
our modeling which will be discussed later, we used the
results reported by Guo et al.,45 where they studied
electric-field dependence of polaron yield in RR-P3HT.
Band bending occurs in such an electric field (this
means the effect of band bending has already been
considered in our simulations. On the basis of this, the
model does take into account the dissociation of bulk
excitons. In addition, the exciton diffusion length has
been estimated in the range of 2.6�8.5 nm by using dif-
ferent methods,40,46�48 and in this work the maximum
value of the exciton diffusion length (8.5 nm) was em-
ployed. If we were to use the lower limit (2.6 nm),46 the
efficiency would be estimated to be 8% per nanotube.
It implies our calculations are valid since 3% per nano-
tube is a lower estimate of our efficiency based on the
exciton diffusion length in P3HT reported so far.

Further, the true device area of the previously re-
ported systems, when compared with our device, is
very significant.8�10 Well-dispersed SWNTs in the bulk
of a polymer8�10 represent an enormous polymer/SWNT
interfacial area, much larger than the one in our sys-
tem. In refs 9 and10 Kymakis et al. used a 60 nm-thick
P3OT/SWNT BHJ film which contains 1 wt % SWNTs. It
follows from a 1 wt % loading of SWNTs

where mSWNT and mP3OT are the mass of the SWNTs and
P3HT, respectively. The SWNTs used in this case were
obtained from Carbolex Inc. with an average of 800 nm
in length and 1.4 nm in diameter.9,10,49 As SWNTs are cy-
lindrical molecules of rolled graphene with carbon
atoms on their surface, the comparison of the interface
area between polymer/SWNT BHJs and our planar
heterojunction as an active site for exciton dissociation
is equivalent to comparison of the SWNT mass in the
devices. Given by the number of C atoms per nm of
SWNTs to be equal to 118.2d(n,m) (where d(n,m) is the di-
ameter in nm), the weight of one SWNT in the BHJ is cal-
culated by

which results in m1SWNT � 2.55 � 10�18 g. Since the
thickness of the P3OT layer is 60 nm and the density of
P3OT is 1.05 g/cm3,50 the mass of P3OT per cm2 sur-
face area is 6.3 � 10�6 g/cm2. From equation (4) we
then deduce mSWNT � 6.3 � 10�8 g/cm2. Dividing the
mass of all the SWNTs by the mass of one SWNT gives

the number of SWNTs present in the system investi-
gated by Kymakis et al. as 2.47 � 1010 SWNTs per cm2

surface area. Considering that the device area is the
same as our device area (500 �m � 1 mm), the BHJ de-
vice with 1 wt % SWNTs has 1.24 � 108 SWNTs. Com-
paratively, our planar systems comprise 1�10 nano-
tubes. Taking the upper limit of 10 nanotubes, which
have a length of 1 mm, this means 1250 800 nm-long
SWNTs, approximately 5 orders of magnitude smaller
compared to the value for the work carried out by
Kymakis et al. We calculate the actual device area for
Kymakis’ system by the same standard used for our own
system, considering the diffusion length of excitons
(LD=) in P3OT equals �5 nm.51 The actual device area
(A=) is estimated as

where W= is the projected exciton capture distance of
one SWNT (W= � 2(R= 	 LD=)), L= is the length of the
SWNT (L= � 800 nm), and N= is the number of SWNTs
(N= � 1.24 � 108). Their actual device area is calculated
to be 2.25 cm2 per cm2 surface area, whereas in our sys-
tem the area comes out to be 0.00038 cm2 per cm2 sur-
face area, which is �5900 times smaller than our case.
Although the actual efficiency of the heterojunction de-
vice, which is calculated by considering whole device
area, is fairly low (�3.5 � 10�4%) because of the small
number of SWNTs in the device, comparison of the sur-
face area of our devices with a polymer/SWNT BHJ de-
vice reported by Kymakis et al.9,10 supports that the effi-
ciency per nanotube in our devices is much higher. It
is also noteworthy that efficiency in this work is actu-
ally comparable to those for polymer/fullerene BHJ so-
lar cells (3�6%).5,6

The most obvious reason for the increase in effi-
ciency over BHJ devices based on the polymer/SWNT
system is that the carbon nanotube interface in this
work is free from bundled aggregates compared to the
interface of the polymer/carbon nanotube solar cells re-
ported in literature8�11 where fabrication proceeded
from a colloidal dispersion of nanotubes. Raman spec-
troscopy provides an additional insight into the work-
ings of the planar device. We find that approximately
90% of semiconducting SWNTs typically comprise the
device (Figure 4a�c).52 More importantly, as the nano-
tubes were grown in parallel, there are no tube�tube
junctions between metallic and semiconducting
SWNTs. These junctions may be sources of exciton re-
combination sites in bundled aggregates.21,22 Having
semiconducting SWNTs without the interruption of me-
tallic SWNTs could give rise to a strong built-in electric
field at the interface between semiconducting SWNTs
and the P3HT layer22,23 where the separated charges are
directly transported to the electrode through the nano-
tubes with little or no loss. We also note that the high
quality of the SWNTs grown by CVD leads to higher ef-
ficiency since the D-mode peak was not observed (Fig-

0.01 )
mSWNT

mSWNT + mP3OT
=

mSWNT

mP3OT
(4)

m1SWNT ) (the number of C atoms per nm SWNT) ×
(average length) × (weight of one C) (5)

A' ) W' × L' × N' (6)
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ures 1d and 4b). The implication is that high-efficiency

photovoltaic devices involving SWNTs should use puri-

fied semiconducting nanotubes, preferably of low de-

fect density and in an unbundled state (well-dispersed)

to realize photovoltaic performances comparable or su-

perior to that of BHJ solar cells. An additional advan-

tage of our planar nano-heterojunction is that once

charges dissociate (most of them at the interface be-

tween P3HT and SWNT45), they reach their respective

electrodes more easily and faster compared to free

charge carriers generated in BHJ solar cells.

Figure 5 shows the energy conversion efficiency

per nanotube as a function of P3HT thickness. The

open-circuit voltage (�0.46 V) and the fill factor (�0.28)

are fairly constant for varying P3HT thicknesses, but

like the efficiency, the short-circuit current shows a

maximum at 60 nm. Although a similar result has been

reported for planar P3HT and [6,6]-phenyl-C61-butyric

acid methyl ester (PCBM) solar cells,53 the reason for the

maximum short-circuit current at a polymer thickness

of 60 nm is less evident. One would expect the maxi-

mum photocurrent output is obtained when the P3HT

thickness is either near 8.5 nm, which is the value of the

diffusion length of singlet excitons in pristine RR-P3HT40

or about 300 nm to absorb most light. In our device,

the structure is planar and the SWNTs are well-aligned

in parallel. As the main dissociation site is the interface

Figure 4. Raman spectroscopy of laterally aligned SWNTs grown by CVD. (a) Raman mapping image (top) produced by inte-
grating G-mode region around 1590 cm�1 and G-peak intensities (bottom) of SWNTs, obtained using a 633 nm laser for ex-
citation. (b) Representative Raman spectra of semiconducting and metallic SWNTs.52 (c) The number of semiconducting (sc-)
and metallic (m-) SWNTs, and the percentage of sc- and m-SWNTs, obtained from Raman spectra. The Raman results indi-
cate that our CVD-grown nanotubes contain nearly 90% of the semiconductors.

Figure 5. Energy conversion efficiency per nanotube of the
devices as a function of P3HT thickness. The red circles are
the experimental results from the devices with P3HT thick-
nesses ranging from 15 to 260 nm, and the black squares are
the results calculated from the KMC model. The experimen-
tal efficiencies are calculated with a real projected device
area, A � 2(LD � R) � N � L, and the theoretical efficiencies
are predicted with VOC � 0.46 V and FF � 0.28. A maximum
efficiency is found for a P3HT thickness of 60 nm with a good
agreement between experiment and model. Error bars for
the experimental data indicate one standard deviation for
4�15 devices. For the KMC model, the error bars indicate the
standard deviation of 400 successive simulation runs at
each thickness.
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between the SWNTs and the polymer and the absorp-
tion of light shows a quasi-exponential decrease with
depth in the polymer (Supporting Information, Figure
S7), the presumption of 300 nm which is beneficial only
for BHJ solar cells can be excluded,54 but the value of
the diffusion length of singlet excitons is used in the fol-
lowing simulation.

We developed a KMC model in order to understand
short-circuit current as a function of P3HT thickness.
The results are shown in Figure 5 together with the ex-
perimental data. The details of this model are described
in Supporting Information section 5. It is based on a
3.9 nm � 1.61 nm � 0.39 nm lattice structure for RR-
P3HT (Supporting Information, Figure S6) and takes into
account the spatial and energetic disorder of the poly-
mer. The model focuses on tracking the diffusion and
dissociation of excitons throughout this lattice, given
the fact that they dominate the efficiency in the de-
vice.55 The exciton generation throughout the lattice is
modeled following Beer’s law, taking into account the
possible interference effects (Supporting Information,
Figure S7). In this planar nanoheterojunction device, ex-
citon diffusion is modeled using a Miller�Abrahams
expression,56,57 as opposed to the case of the BHJ de-
vices, where exciton hopping is dominated by Förster
resonance energy transfer (FRET).55,58�60 Excitons can
diffuse throughout the lattice, recombine radiatively,
nonradiatively (by “hopping” into a “trap” which repre-
sents a defect in the polymer), or dissociate. The top
layer of the lattice is assumed to have a much higher
percentage of traps (75% vs 10% in the bulk) since sput-
tering of the ITO on top of the polymer is known to pro-
vide additional quenching sites for the excitons (Sup-
porting Information, Figures S3 and S4).58,61 To predict
the maximum in the efficiency at a P3HT thickness of 60
nm, there must be a thickness-dependent exciton sink.
Although more research in this area is required, one
possible explanation lies in the recent theoretical pre-
diction45 and experimental observations53,62 that the
electric field created by the heterojunction is strong
enough to dissociate a fraction of the generated exci-
tons into free polarons in the bulk as well, as opposed
to only at the interface. Since the resultant free elec-
trons have a high chance of recombining with a hole
in the bulk of the p-doped P3HT,63 we assume they do
not contribute to the current output, which implies a
loss in device efficiency. This effect is more pronounced

for devices with thinner polymer layers (Supporting In-
formation, section 5). A combination of the exciton gen-
eration pattern throughout the polymer slab, a higher
trap density in the top layer of the P3HT, and the par-
tial dissociation of excitons in the bulk of the polymer
results in a maximum short-circuit current (and thus ef-
ficiency) at a polymer thickness of 60 nm (Figure 5).
Thus, the experimental observation is consistent with
the theoretical prediction based on the KMC model. An-
other possibility is a higher sputtering damage (that ex-
tends deeper into the P3HT). Although an additional
study is required to address nontrivial discrepancies at
a very low P3HT thickness, the fidelity between the ex-
periment and the results of this simplified KMC model
may lead to further insights into photoconversion
mechanisms and optimization and ultimately inform
BHJ analogues to the planar device we have created in
this work.

CONCLUSIONS
We conclude that the primary reasons for low en-

ergy conversion efficiency in BHJ devices incorporating
SWNTs are (1) the formation of bundled aggregates as
a consequence of incomplete polymer dispersion and
(2) the presence of tube�tube junctions created for the
same reason. The primary evidence for this is that the
planar heterojunction device introduced in this work in-
cludes neither of these complications and results in a
dramatically higher efficiency per nanotube of approxi-
mately 3%. The planar nanoheterojunction devices,
comprising well-isolated millimeter-long SWNTs under-
neath a P3HT layer, display efficiencies per nanotube
that exceed those of polymer/nanotube BHJs by a fac-
tor of 50�100. It is clear from our results that the poly-
mer/nanotube interface itself is responsible for exciton
dissociation. Typical open-circuit voltages are near 0.5 V
with fill factors of 0.25�0.3, which are largely invariant
with the number of nanotubes per device and P3HT
thickness. The maximum efficiency observed for 60 nm-
thick P3HT layer is predicted by a KMC simulation that
takes into account exciton generation, transport, re-
combination, and dissociation, including a thickness de-
pendent exciton sink that is shown to be important for
capturing this effect. It is suggested that this device
structure provides a suitable platform for further under-
standing the potential role of polymer/nanotube inter-
faces for photovoltaic applications.

EXPERIMENTAL METHODS
SWNTs were laterally grown with lengths greater than 5

mm on the surface of a Si substrate by CVD under steady and
stable laminar gas flow from a mixture of ultrahigh-purity
(99.999%) methane (CH4) and hydrogen (H2).24�26 A Si substrate
with a thermally grown 500 nm-thick SiO2 layer, coated with a
patterned, 5 Å-thick Fe strip as a seed layer, was annealed at 550
°C in air to create Fe oxide islands. The temperature was subse-
quently raised to 950 °C at a rate of 20 °C/min and maintained for

30 min with a flow of hydrogen, followed by the growth of the
SWNTs at 980�1020 °C for 3 h 30 min by adding a flow of meth-
ane. After growth, the SWNTs employed to create the hetero-
junction were characterized by scanning electron microscopy
(SEM), atomic force microscopy (AFM), and Raman spectroscopy
before application of the P3HT layer.

For the electrical conversion of the SWNTs from p-type to
n-type in some of the devices, a 20 wt % PEI solution in metha-
nol was drop-cast on the SWNT sample, followed by rinsing with
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methanol. The resulting PEI layer was essentially a monolayer or
submonolayer, with negligible height variations detected by
AFM (Supporting Information, Figure S2).32 A SWNT field-effect
transistor (FET) was fabricated with the back-gate geometry, and
its electrical properties were examined with an Agilent E5270B
semiconductor parameter analyzer (SPA).

The P3HT/SWNT heterojunction solar cells were fabricated
using RR-P3HT dissolved in chloroform at concentrations rang-
ing from 1 to 25 mg/mL and spin-coating this mixture onto the
PEI-coated or uncoated SWNT arrays, such that approximately a
fifth of the array was covered by a 0.5 mm �1 mm P3HT layer
(Figure 1a, and Supporting Information, Figure S1). The portion
of the SWNT array that is not coated by P3HT was then contacted
with Al, which was deposited with the thickness of 60 nm using
an e-beam evaporator to form the cathode. A 60 nm-thick ITO
patterned layer was subsequently deposited on the P3HT sec-
tion by sputtering to form the anode. The devices were annealed
at 170 °C for 1 min. As a control, a device with only P3HT and
no SWNTs was fabricated by spin-coating P3HT solution, and Al
and ITO electrodes were subsequently deposited on the P3HT
layer.

The photovoltaic properties of the P3HT/SWNT heterojunc-
tion devices were characterized by applying the voltage to the
ITO electrode with the SPA under illumination from a standard
solar simulator (Oriel Instrument, model 91195, 100 mW/cm2)
with an AM 1.5G filter which was calibrated with a reference Si
cell certified by the National Renewable Energy Laboratory
(NREL).
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