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D
uring the past decade, organic photo-
voltaics (OPVs), based on conjugated
polymers, have become particularly

attractive due to their ease of processing,
mechanical flexibility, and low cost for fabri-
cating large-area devices.1,2 In OPVs, the dis-
sociated free charges (electrons and holes)
are generated at the interface between the
donor (e-donor) and acceptor (e-acceptor)
phases, then transported to their respective
electrodes, forming theexternal circuit. There-
fore, increasing the interfacial area between
the e-donor and e-acceptor phases and limit-
ing the morphology of the heterojunction to
the nanoscale are critical for improving the
device performance since the exciton diffu-
sion length in the conjugated polymer is
limited to ∼10 nm.3�5 Significant progress
has been made in OPV research with the
introduction of bulk heterojunction (BHJ) sys-
tems. In the BHJ system, the interfacial area
between the electron- and hole-transporting
domains is increased and, if the domain sizes
can be maintained on the tens of nanometer
size scale, the increase in the interfacial area is
substantial and the domain sizes would be
commensurate with the exciton diffusion
length. However, the efficiency of converting
solar energy into electrical power with
plastic solar cells is still not high enough
with the most efficient devices having
efficiencies of ∼8.3% (Konarka Technolo-
gies, Inc.). Control over the size scale of the
morphology in the active layer, which is
normally a kinetically trapped morphol-
ogy, is achieved by thermal annealing,6�9

solvent annealing,10�12 controlling solu-
tion concentration and composition,13,14

adding additives,15�19 electrospinning,20

and nanoimprint lithography.21�25

Four different OPV device types have
been proposed previously. These are (1)
single-layer PV cell; (2) bilayer PV cell;
(3) disordered bulk heterojunction (the
most popular one); and (4) ordered bulk

heterojunction.26 An “ordered bulk hetero-
junction”, consisting of vertically aligned con-
jugatedpolymer nanorods surroundedby the
e-acceptor materials to form the ordered bi-
continuous heterojunction morphology, has
been proposed as the ideal morphology for
the active layer, yet achieving this morphol-
ogy has been elusive.27,28

Several groups have used nanoimprint
lithography (NIL) to produce the polymer
nanostructures by using a Si mold.22,24,25

While making the Si mold with nanometer
pore size is expensive, anodic aluminum
oxide (AAO) membranes, widely used as
templates for fabrication of polymer-based
nanostructures, including nanotubes,29,30

nanorods,31�34 mesoporous nanostruc-
tures,35,36 and vesicles,37 provide an inexpen-
sive and effective platform. AAO membranes
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ABSTRACT

Free-standing nanorod arrays of poly(3-hexylthiophene) (P3HT) were fabricated on indium tin

oxide/glass substrates using anodic aluminum oxide (AAO) templates. The AAO templates were

treated with a low molecular weight polydimethylsiloxane mold-release agent to reduce their

surface energy of the template and interactions with the P3HT. Using a thermal nanoimprint-

ing process, the templates were easily removed, generating nanorods on the surfaces of P3HT

thin films. These unique structures were investigated for application in organic photovoltaic

devices.
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characteristically have well-defined pore sizes (ranging
from 8 to 500 nm diameter, depending on the anodi-
zation conditions) with a narrow pore size distribution,
arranged in ahexagonalmanner.38 The surface properties
can also be tuned by chemically modifying the surface,
taking advantage of hydroxyl groups on the surface of the
walls.39 AAO templates have been used to fabricate
poly(3-hexylthiophene) (P3HT) nanopillars,23,40,41 but the
template removal process will dissolve the poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS) layer, leaving impurities in the active layer, and in
addition, the basic or acidic solution used to remove the
template will react with the P3HT, deleteriously affecting
the device performance.
To address these problems, we present a simple,

cost-effective method to fabricate P3HT nanostruc-
tures by using a template method. AAO templates
were first modified by PDMS (DMS-T22) to reduce
the surface energy of the templates, and the reac-
tion mechanism was explained by Krumpfer and co-
authors.42 After thermal imprinting, the templates
were easily removed and free-standing nanorod arrays
with controllable domain size were successfully repli-
cated on a P3HT thin film. These free-standing nano-
rods were then used to fabricate the OPV devices.

RESULTS AND DISCUSSION

The preparation of the nanostructured OPVs based
on P3HT nanorod arrays is illustrated in Scheme 1. First,
nanostructured P3HT surfaces (e-donor) on the PEDOT:
PSS-coated ITO (anode) were prepared by the NIL meth-
od. Subsequently, [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) (e-acceptor) was spin-coated directly on top
of theP3HTnanostructured layer fromadichloromethane

solution (10mg/mL). A thin (∼100 nm) layer of aluminum
(Al) was then thermally evaporated under high vacuum
onto the surface (area 6 mm2) as the cathode.
To be used as an NIL template, the surface of the

AAO membrane must be flat and smooth. To achieve
this, the original aluminum sheet was polished to a
smooth finish. Here, a mechanical polishing method
was used instead of the electropolishing method. The
surfaces of the aluminum sheet before and after
polishing are shown in the Figure 1a,b, respectively.
The mirror-like surface shown in Figure 1b is critical for
preparing a flat AAO template. After polishing, the AAO

Scheme 1. Procedure for the nanostructured organic photovoltaic device.

Figure 1. Al sheet and AAOmembrane: (a) Al surface before
grinding; (b) Al surface after grinding; (c) SFM image of the
AAO membrane (second anodization time 1 min); (d) SEM
image of the AAOmembrane. The inset shows a side viewof
the AAO membrane.
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templates were synthesized according to the anodiza-
tion method developed by Masuda and co-workers.38

The resultant template contains regular and hexagon-
ally packed pores with a center-to-center distance
between the pores of ∼100 nm with a pore size of
∼50 nm after a pore-widening process using phospho-
ric acid (5 wt %) at 40 �C. Scanning force microscopy
(SFM) and scanning electron microscopy (SEM) images
of the AAO templates are shown in Figure 1c,d, respec-
tively. Here, pores∼50 nm in diameter are shown, and
the pore diameter could be easily controlled by the
anodization conditions, for example, the electrolyte
type, concentration, applied voltage, and temperature.
A side view of the AAOmembrane (∼200 nm in length)
is shown in the inset of Figure 1d. The pore length
could be adjusted by varying the time of the second
anodization (see Supporting Information, Figure S1).
To assess the change in the surface properties of the

membrane upon coating with DMS-T22 release agent,
contact angles were measured on the surface before
and after the modification was performed (Figure 2,
Table 1). The results show that the AAO template is
much more hydrophobic after modification.
Tomake the nanopillar arrays of P3HT using the AAO

template requires the use of the release agent. Initially,
the P3HT was forced into the nanopores of the AAO
template by thermal imprinting, and then the template
was simply dissolved with a 5 wt%NaOH/H2O solution
to release the P3HT nanoarrays. Freeze-drying was

then used to remove the water under high vacuum
conditions to obtain the free-standing P3HT nanoar-
rays. This process avoided the collapse of the nanopil-
lars by capillary force, which would be seen if the water
was simply evaporated. However, this process left a
substantial amount of impurities on the surface of the
nanopillars, and the NaOH/H2O was found to chemi-
cally react with the P3HT, which is not desirable for
device performance. Consequently, an alternate ap-
proach, a thermal imprinting or nanoimprint lithogra-
phy (NIL) process, was used where the AAO templates
were modified with a DMS-T22 mold-release agent to
reduce the surface energy of the templates. After
thermal imprinting, the templates were easily lifted
off. This NILmethod gave a flat, clean array of nanorods
(see Supporting Information, Figure S2).
Arrays of high areal density, free-standing P3HT

nanorods (∼50 nm diameter) are shown in Figure
3a�c. These nanorods afford a high interfacial area
between the P3HT and electron acceptor that can be
backfilled between the nanorods. No collapse of the
nanostructures was observed. The microscopy images
showed that the top of the pillars are not flat, but
hemispherical shaped, which is exactly the same shape
of the bottom side of the cylindrical pore of the AAO
template; based on these, an assumption was made
that the polymer was fully filled in the cylindrical pore
during NIL, and the nanopillars with the aspect ratio
∼4 and the spacing ∼100 nm were fabricated.
The diameter of the free-standing P3HT nanorods

could be easily controlled by the AAO templates; for
example, smaller diameter (D = 30 nm) P3HT nanorods
with the aspect ratio ∼6.6 and the spacing ∼60 nm
are shown in Figure 4.
If P3HT:PCBM (1:1 wt ratio) blends were used instead

of pure P3HT, free-standing P3HT:PCBM nanopillars

Figure 2. Telescopic images of H2O on the AAO membrane surface before and after surface modification: (a) original AAO
membrane (static); (b) original AAO membrane (advancing); (c) DMS-T22 modified AAO membrane (static); (d) DMS-T22
modified AAO membrane (advancing); (e) DMS-T22 modified AAO membrane (receding).

TABLE 1. Contact Angle of the AAO Membrane Surface

before and after Surface Modification

contact angle original AAO membrane DMS-T22 modified AAO membrane

static 33.8� 104.7�
advancing 43.8� 109.3�
receding 92.9�
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could also be fabricated (Figure 5). When the Al cath-
ode was thermally evaporated onto the sample, the
interface between the active layer and the cathode
could be significantly increased.
Grazing incidence X-ray diffraction (GIXD) was used

to determine the ordering of the components in the
nanostructures. An incidence angle of 0.18�, which is
above the critical angle of the P3HT (0.16�), was used to
probe the ordering of the P3HT and/or PCBM through-
out the sample. The diffraction data are shown in
Figure 6. Figure 6a shows the 2D image for the pure
P3HT arrays with nanopillars ∼50 nm in diameter,
while the 2D image in Figure 6b is for the P3HT: PCBM
blend arrayswith nanopillars∼50 nm in diameter. Both
images show the (100) reflection, along with second
(200) and third order (300) reflections, indicating that
the edge-on crystal structure is prevalent in these sam-
ples. This means that the P3HT backbones are oriented
orthogonal to the axes of the nanopillars, while the P3HT
face-on structure was reported by Kim et al.41 The
possible reason for the different crystal orientation, as
reported by Byun et al.43 and Arial et al.,40 is that the
conformation of the hydrophobic hexyl side chains in
P3HT nanorods should be adjusted to minimize the

contact to the hydrophilic surface. This leads to the
edge-on conformation of the P3HT chains to the hydro-
philic surface. Thus, P3HT chains employed in this study
should have the face-on structure on the PDMS-modified
AAO surface with hydrophobic property, which results in
the edge-on structure along the P3HT nanorod direction.
Meanwhile, the P3HT nanorods reported by Kim et al.

showed the face-on structure along the nanorod direc-
tion because of hydrophilic properties of the AAO wall.
In the P3HT:PCBM blend arrays, an interference

arising from the PCBM (q = 1.41 Å�1) is also observed.
It should be noted that, with the addition of PCBM, the
orientation of the P3HT is much greater and the
reflection arising from the PCBM is not azimuthally
uniform but, rather, shows arcs at 30� off the vertical.
The 1D profile in Figure 6c is the signal from out-of-
plane scattering, that is, characterizing the ordering
normal to the sample surface.
Photovoltaic deviceswith traditional structures were

prepared. Here, a PEDOT:PSS layer was cast onto ITO
glass, then a ∼180 nm P3HT layer was spin-coated
from the P3HT chlorobenzene solution on top onto the
PEDOT:PSS-coated ITO glass and the NIL process was
used to generate a surface topography of the P3HT
nanopillars with different diameters. A PCBM solution
in dichloromethane (DCM) was spin-coated onto the
P3HT thin film layer or the arrays of P3HT to form a
PCBM layer. Since DCM is a marginal solvent for P3HT
and can dissolve lowmolecular weight P3HT and swell
the P3HT film or the P3HT arrays, the deposition
process had to be done as rapidly as possible. Al was
then evaporated onto the surface as the cathode. The
device performances are summarized in Figure 7 and

Figure 3. Micrographs of free-standing P3HT nanostructures: (a) SFM of the free-standing P3HT pillars (D = 50 nm); (b) SEMof
the free-standing P3HT pillars; (c) TEM of the free-standing P3HT pillars.

Figure 4. Micrographs of free-standing P3HT nanopillars:
(a) SFM of the free-standing P3HT pillars (D = 30 nm); (b)
TEM of the free-standing P3HT pillars; (c) SEM of the free-
standing P3HT pillars.

Figure 5. Micrographs of free-standing P3HT:PCBM nano-
pillars: (a) SFM of the free-standing P3HT:PCBM pillars (D =
50 nm); (b) SEM of the free-standing P3HT:PCBM pillars.
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Table 2. It is clear that the bilayer device shows the
lowest performance, as would be expected, character-
ized by a relatively small open circuit voltage (Voc)
and short circuit current density (Jsc). Once the P3HT
layer was converted into nanopillars with ∼50 nm in
diameter and then backfilled with the PCBM layer, the
performance dramatically increased to ∼2%, with a

higher Voc and Jsc, due to the larger surface area
between the donor and acceptor domains and the
vertically ordered heterojunction morphology in the
active layer. When the diameters of the P3HT pillars
are reduced to ∼30 nm, the efficiency is even higher,
due,more than likely, to reduced exciton recombination
within the nanopillars since the exciton diffusion length
limitation is ∼10 nm. The efficiency of the P3HT/PCBM
nanopillar device was 2.4%, which is comparable to that
obtained by others using a standard NILmold (quartz or
Si) treated with a low surface energy release agent,22

whereas the method presented here is simpler, much
less costly, and provides easier dimensional control.

CONCLUSION

The surface energy of the AAO template was suc-
cessfully reduced by DMS-T22 modification, making it
suitable as an NIL template. Free-standing nanorod
arrays of poly(3-hexylthiophene) (P3HT) were fabri-
cated on ITO/glass substrates by using anodic alumi-
num oxide (AAO). The fabricated P3HT nanostructures
dramatically increase the interfacial area between the
donor and acceptor, which shortened the transporting
pathway of the charge carriers and enhanced the
device efficiency to around 2.4%. This technique pro-
vided new insight and guidance for the development
in the photovoltaic area, as it could be easily applied to
the NIL processing.

EXPERIMENTAL SECTION
Materials and Methods. Regioregular poly(3-hexylthiophene)

(Mw = 42.4 k, Mn = 21.2 k, RR = 96.8%) and [6,6]-phenyl-C61-
butyric acid methyl ester were obtained from Konarka Technol-
ogies. DMS-T22 was purchased from Gelest, Inc. The indium tin
oxide (ITO)-coated glass substrates (20 ( 5 ohms/sq) were
bought from Thin Film Devices Inc.

Preparation of Anodic Aluminum Oxide (AAO) Membranes. The AAO
templates were prepared, according to published methods,38

by the two-step anodization process developed byMasuda et al.
At first, a high-purity aluminum sheet (99.999%, 0.25 mm thick)
was polished by the grinder “PowerPro 3000”. Then the sample
was sonicated in water and rinsed in an acetone solution.
Subsequently, the aluminum sheet was anodized at 40 V in

Figure 6. GIXD of the free-standing nanopillars: (a) GIXD 2D image for the pure P3HT arrays (D =∼50 nm); (b) GIXD 2D image
for the P3HT:PCBM (1:1) arrays (D = ∼50 nm); (c) out-of-plane 1D profile of a and b.

Figure 7. J�V curve of the devices based on different
textures.

TABLE 2. Device Performance Based on Different Textures

device type Voc (V) Jsc (mA/cm
2) FFa (%) PCEb (%)

bilayer 0.49 3.88 43.33 0.82
P3HT pillars (50 nm) 0.58 7.06 48.83 2.0
P3HT pillars (30 nm) 0.60 7.46 53.53 2.4

a Fill factor. b Power conversion efficiency.
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0.3 mol/L oxalic acid at 17 �C for 5 h. After the resultant
aluminum oxide film was chemically etched in a mixture of
phosphoric and chromic acid, the second anodization was
performed for different time intervals ranging from 60 to
120 s, which can control the pore length in the AAO tem-
plates. Pore widening was performed using aqueous phos-
phoric acid (5 wt %) at 25 �C for a defined time. The nanopore
center-to-center distance is ∼100 nm, and the diameter is
around 50 nm after the pore-widening process by using
phosphoric acid. Smaller pore sizes (∼30 nm) can be made
by performing the anodization at 25 V in 0.3 mol/L sulfuric
solution at 4 �C.

Surface Modification of the Anodic Aluminum Oxide (AAO) Membranes.
AAO templates were immersed in DMS-T22 at 150 �C for 2 days,
subsequently rinsed with toluene, acetone, ethanol, and DI
water. Finally the substrates were dried.

Contact Angle Measurements. Contact angle measurements
were performed using a tensiometer (OCA 20, Future Digital
Scientific Co., Garden City, NY) and a syringe with a 24-gauge
flat-tipped needle. Dynamic advancing (θA) and receding an-
gles (θR) were recorded while Milli-Q water was added to and
withdrawn from the drop, respectively.

Fabrication of P3HT Nanoarrays. A 2 wt % P3HT chlorobenzene
solution was spin-coated on silicon wafers or ITO glass sub-
strates which have been treatedwith O2 plasma, at 4000 rpm for
1 min. At the same time, a 2 wt % P3HT solution in chloroben-
zene was spin-coated onto the AAO templates with an under-
lying aluminum substrate at 1000 rpm for 1min and dried under
vacuum at room temperature. Then, both substrates coated
with P3HT (one from the AAO template and the other from the
silicon wafer or ITO glass substrates) were put facing each other
in order to allow the P3HTs layers to interdiffuse, forming a
single layer. Then, the sample was sandwiched between two
glass slides and clamped together. To get better contact
between the AAO template and the silicon or ITO substrate, a
5 mm thick PDMS was inserted between the AAO template and
the outside glass slide. Under vacuum conditions, the sample
was heated to 230 �C and annealed for 10 min at that tempera-
ture. After the sample was cooled to the room temperature, the
top alumina layer was carefully removed by sand paper, and
then the sample was immersed in 5wt%CuCl2/H2O solution for
about 20 min to completely dissolve the Al layer. Subsequently,
the alumina template was removed using a 5 wt % NaOH/H2O
solution to release the P3HT nanoarrays. The substrate with
P3HT nanoarrays was immersed in water (10 min), EtOH/H2O
(1:1) (20 min), and isopropyl alcohol (IPA)/H2O (1:1) (20 min) to
remove the residue of sodium and aluminumhydroxide. Finally,
the sample was transferred to a 20 mL vial filled with 1 mL of
IPA/H2O (1:1) and frozen by liquid nitrogen (N2). The IPA and
water was removed by subliming the ice under high vacuum
conditions. IPA was used to make the P3HT nanorods stand
normal to the surface due to their low surface energy and low
volume expansion when it was frozen.

A 2 wt % P3HT solution in chlorobenzene was spin-coated
on PEDOT:PSS-coated silicon wafers or ITO glass substrates at
1000 rpm for 1 min. Then the DMS-T22-modified AAO mem-
brane with the underlying aluminum substrates were brought
together with the P3HT-coated substrates, sandwiched facing
each other between two glass slides and clamped together. To
get better contact between AAO template and the P3HT-coated
glass or ITO substrate, a 5mm thick PDMSwas inserted between
the AAO template and the outside glass slide. The sample was
heated to 230 �C under vacuum and annealed for 5 min at that
temperature. After the sample cooled to room temperature, the
templates were easily demolded, leaving the nanostructure
behind on the P3TH thin film.

Organic Solar Cell Devices Fabrication and Testing. ITO-coated glass
substrates were cleaned through ultrasonication treatment in
detergent, DI water, acetone, and isopropyl alcohol and then
dried in an oven overnight. PEDOT:PSS (CLEVIOS P VP Al 4083)
(∼35 nm) was spin-coated onto ultraviolet ozone-treated ITO
substrates. After annealing at 150 �C for 30 min in air, the
substrates were transferred to a glovebox. P3HT thin films
were spin-coated onto the substrates where the thickness of
the P3HT film was ∼180 nm (KLA-TENCOR Alpha-Step IQ

Surface Profiler). Nanostructured P3HT surfaces were prepared
by the NIL method described above. The PCBM layer was spin-
coated directly on top of the P3HT nanostructured layer from a
dichloromethane solution (10 mg/mL) at 3000 rpm to backfill
the nanopillar array and formed a continuous PCBM thin film on
top. This process was conducted as rapidly as possible to
minimize interfacial mixing. Afterward, a thin (∼100 nm) layer
of aluminum was thermally evaporated under high vacuum
(2� 10�4 Pa) onto the surface (area 6 mm2) as the cathode. The
preparation procedure is shown in the Scheme 1. All current
density�voltage (J�V) characteristics of the devices were mea-
sured under simulated AM1.5G irradiation (100mWcm�2) using
a Xe lamp-based Newport 91160 300 W solar simulator as the
white light source. The light intensity was adjusted with an
NREL-calibrated Si solar cell with a KG-5 filter.

Scanning Electron Microscopy (SEM). The FEI Magellan 400 field
emission scanning electronmicroscope was used to investigate
the polymer nanostructures. All samples were coated with 3 nm
Au before performing SEM measurements.

Transmission Electron Microscopy (TEM). Bright-field transmission
electron microscopy (TEM) studies were conducted with a JEOL
2000 FX TEM operating at an accelerating voltage of 200 kV.

Grazing Incidence X-ray Diffraction (GIXD). GIXD measurements
were performed on Beamline 7.3.3 at the Advanced Light
Source at the Lawrence Berkeley National Laboratory. The
experimental setup and sample cell were designed for surface
studies on thin films. An X-ray beam impinged onto the sample
at a grazing angle above the critical angle of the polymer film
(Rc = 0.16) but below the critical angle of the silicon substrate
(Rc = 0.22). The wavelength of X-rays used was 1.240 Å, and
the scattered intensity was detected using a two-dimensional
charge-coupled device (CCD) camera with image sizes of
2304 � 2304 pixels, pixel size is 0.082 mm � 0.082 mm.
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