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ABSTRACT: We report a simple approach to control the morphology of polymer/fullerene
solar cells based on electron-beam patterning of polymer semiconductors. This process generates
conductive nanostructures or microstructures through an in situ cross-linking reaction, where the
size, shape, and density of polymer domains are all tunable parameters. Cross-linked polymer
structures are resistant to heat and solvents, so they can be incorporated into devices that require
thermal annealing or solution-based processing. We demonstrate this method by building
“gradient” and nanostructured poly(3-hexylthiophene)/fullerene solar cells. The power-
conversion efficiency of these model devices improves with increasing interfacial area. The flexible methodology can be used
to study the effects of active layer design on optoelectronic function.
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■ INTRODUCTION

Polymer solar cells are attractive for clean energy production,
because they can be fabricated in lightweight, flexible, durable,
and inexpensive modules. The most-efficient devices are based
on the bulk heterojunction (BHJ) design.1,2 BHJs are prepared
by arresting the phase separation of a polymer−fullerene
(donor−acceptor) blend. The resulting structure is a nanoscale,
interpenetrating network that offers a large interfacial area for
charge generation and a good pathway for charge transport to
the electrodes. Currently, it is unclear what aspects of the BHJ
structure are controlling device function, because it is difficult
to control and characterize the formation of these highly
nonequilibrium morphologies. BHJs are usually prepared by
spin-casting from volatile solvents, and the as-cast structure is
very sensitive to the solvent quality, evaporation rate, solution
concentration, and ambient temperature. BHJ growth kinetics
are controlled by a coupled crystallization-diffusion mechanism,
so key parameters such as domain size, phase purity, polymer
crystallinity, and interfacial area cannot be varied independ-
ently. In addition, the BHJ morphology is disordered and
anisotropic at both the molecular and nanometer length scales,
and this feature complicates measurement of the structure with
scattering or microscopy.3 As a result of these challenges, there
is wide debate about the optimal design attributes for polymer-
based solar cells. It is generally agreed that charge generation is
optimized when the phase separation length scale is comparable
to the exciton diffusion length, which is ∼10 nm for most
polymer semiconductors. However, even when the average BHJ
domain size meets this criteria, the film contains defects such as
regions of complete polymer/fullerene miscibility, domains that
are larger than the exciton diffusion length, and incomplete
paths to the electrodes.3 These defects are responsible for
carrier losses through trapping, recombination, or photo-
luminescence, making it difficult to interpret spectroscopic

and optoelectronic measurements accurately. Furthermore,
while most works indicate that highly crystalline polymers
will enhance light absorption and carrier transport, there are
examples of good optoelectronic function in low-crystallinity
systems.4,5 This discrepancy is explained by the coupling
between crystallinity, domain size, and interfacial area in a BHJ
device, making it difficult to determine which parameter is
controlling the observed photocurrent. It is critical to develop
model systems where different structural parameters can be
independently interrogated.
A variety of experimental methods have been developed that

offer control over the nanoscale morphology.6 Examples
include self-assembly of block copolymer semiconductors,7−9

polymer nanowire growth,10−12 and imprint lithography.13−20

Block copolymers provide a simple route to generate dense
arrays of nanostructures, but it is difficult to control domain
orientations throughout the film thickness. Furthermore, critical
properties such as domain size, interfacial width, and
crystallinity are all coupled to the copolymer composition
and molecular weight.21 The growth of crystalline polymer
nanowires will produce high-mobility nanoscale do-
mains,10−12,22 but does not afford precise control over wire
diameters, orientations, or placement. Recently, several groups
have used imprint lithography to build polymer-based
heterojunctions with well-defined morphologies.6,13−15,18−20,23

Such top-down lithographic techniques provide control over
domain sizes and interfacial area, which is helpful to understand
the effects of active layer structure on optoelectronic function.
For example, these studies have demonstrated that matching
the domain size to exciton diffusion lengths can enhance
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photocurrent generation.19,20 However, imprint lithography has
a few limitations. First, master stamp fabrication is difficult and
expensive, particularly when the desired pattern is a large-area
array of sub-20-nm nanostructures. Imprint lithography is an
excellent strategy for repetitive printing of a single design, but
this approach can be costly and time-consuming when many
different designs are under investigation. Second, the thermal
and mechanical properties of organic semiconductors are not
optimized for imprinting. This means that imprinted
nanostructures have limited stability through solvent processing
or heat treatments, and it is difficult to generate nanostructures
with high aspect ratios (width:height > 2).20 Finally, imprinting
will induce alignment of the polymer chains within the
template,15 so polymer crystallinity and grain orientations will
be coupled to the design of the stamp.
In this work, we report a flexible approach to control the

morphology of polymer/fullerene heterojunctions. Thin films
of π-conjugated polymers are directly patterned with electron-
beam lithography (EBL).24−26 This process initiates a localized,
in situ cross-linking reaction that generates conductive
nanostructures or microstructures. The image is developed by
immersion in an organic solvent, and then the cross-linked
polymer structures are coated with a soluble fullerene to
complete the heterojunction. This protocol allows for
independent variation of domain size and shape, interfacial
area, and phase purity. The lithographic process is compatible
with commercially available materials such as different types of
poly(3-alkylthiophene) and poly(phenylene vinylene).24−26

Polymer cross-link density can be tuned on-demand by varying
the exposure dose, providing a simple route to engineer high-
performance nanostructures that are stable through solvent and
thermal processing. Furthermore, after evaluating the spectro-
scopic and optoelectronic properties of these devices, the
heterojunction morphology can be measured with microscopy
by “deconstructing” the active layer. While EBL is too slow for
manufacturing, this technology is very valuable for structure−
property investigations: EBL patterns are defined with
computer-aided design (“maskless”), so different types of
designs can be rapidly evaluated. State-of-the-art EBL systems
require a substantial capital investment, but the data presented
in this report were acquired with a scanning electron
microscopy (SEM) system that was equipped with a Nano-
meter Pattern Generation System.27

The materials used in this work are poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM), which are benchmark donor and acceptor chem-
istries, respectively.1,3 This report is divided into three parts.
First, we investigated the lithographic properties of P3HT films.
We find that P3HT is a high-resolution, negative-tone resist.
Second, we measured irradiated P3HT films with ultraviolet−
visible (UV−vis) and infrared (IR) absorbance spectroscopies.
These data confirm that patterned P3HT films retain the π-
bonds responsible for light absorption, charge generation, and
charge transport. Third, we evaluated the electronic perform-
ance of patterned P3HT films in “gradient” and nanostructured
P3HT/PCBM heterojunctions (see Figure 1). The power-
conversion efficiency of lithographically defined heterojunctions
improves with increasing polymer/fullerene interfacial area.
These results establish a model system for structure−function
studies of polymer-based solar cells, where domain size and
interfacial area can be varied independent of polymer
crystallinity.

■ RESULTS AND DISCUSSION
Lithography. Our first aim was to evaluate the sensitivity of

P3HT to electron-beam radiation. Thin films of P3HT were
patterned with EBL and the relief images were developed with
chlorobenzene (room temperature) or p-xylene (35 °C). Note
that p-xylene is purged with nitrogen to displace dissolved
oxygen. Figures 2a and 2b include examples of microscale and
nanoscale P3HT patterns, respectively, and Figure 2c reports
the normalized residual thickness as a function of exposure dose
for each developer. We find that P3HT is a high-resolution,
negative-tone electron-beam resist. The critical exposure dose
at 30 keV is ∼400 μC/cm2, which is slightly lower than
poly(methyl methacrylate) (PMMA) or hydrogen silsesquiox-
ane electron-beam resists.28,29 It is difficult to evaluate the
resolution limit for P3HT, because our EBL system does not
have instrumentation for dynamic focus corrections. However,
we find that nanodots and nanolines with 50-nm widths are
reliably resolved using a low beam current, and we anticipate
that even smaller features can be printed with a more-
sophisticated EBL system and/or an optimized development
protocol.28,30 We also evaluated the sensitivity of poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) to electron-beam radiation. This material is used
as a hole-injection layer at the anode (see Figure 1) and is
therefore irradiated during the fabrication process. We find that
PEDOT:PSS is also a negative-tone material, but with a low
critical exposure dose of 200 μC/cm2 for development in water
(see the Supporting Information). It is important to note that
critical exposure doses are very sensitive to polymer molecular
weight. For example, increasing the molecular weight of P3HT
will reduce the required dose.

Figure 1. Direct patterning of gradient (top) and nanostructured
(bottom) polymer/fullerene solar cells. ITO = indium tin oxide;
PEDOT:PSS = poly(3 ,4-ethy lened ioxyth iophene):po ly -
(styrenesulfonate); P3HT = poly(3-hexylthiophene), PCBM = [6,6]-
phenyl-C61-butyric acid methyl ester. PCBM is spin-cast from
dichloromethane (DCM).
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Spectroscopy. Our second aim was to determine if
irradiated P3HT films retain the π-bonds responsible for
optoelectronic function. There are several studies that have
considered P3HT as a resist for optical lithography, where
irradiation in air will initiate complex photo-oxidation reactions
that result in cross-linking and loss of conjugation.24,31−33 Our
studies differ because EBL is implemented under ultrahigh
vacuum (10−7 Torr). The irradiated sample volume is very
small, and this prevents detailed characterization of the bond
structure with nuclear magnetic resonance (NMR spectrosco-
py) or X-ray photoelectron spectroscopy (XPS). Instead, we
used UV−vis and IR absorbance spectroscopies to evaluate the
properties of unexposed films, irradiated films, and irradiated
films after immersion in developer. Representative UV−vis and
IR absorbance data are included in Figure 3 for five samples: an
as-cast P3HT film, a “pre-baked” P3HT film that was thermally
annealed for 2 min at 150 °C, a prebaked P3HT film that was
irradiated at 450 μC/cm2, and prebaked P3HT films that were
irradiated at 450 μC/cm2 and then immersed in chlorobenzene
or p-xylene. These data are normalized to account for variations
in film thickness. First, the linear absorption coefficients (μ) for
as-prepared and irradiated P3HT films are nearly identical. This
finding is consistent with work from Gearba et al., where thin
P3HT films were thermally cross-linked with a peroxide radical

initiator, and there was no change in UV−vis absorbance at
low-to-moderate cross-link densities.34 However, we do find
evidence of photobleaching when irradiated films are immersed
in the developer. The wavelength at peak absorbance is (515 ±
2) nm, (513 ± 2) nm, and (509 ± 2) nm for as-prepared,
irradiated, and developed films, respectively. [Note that average
values and standard deviations are calculated from measure-
ments of 5−10 samples at each step in the process.] In addition
to this blue-shift, developed films absorb less light and exhibit
weaker vibronic shoulders.35,36 The loss of fine structure
suggests that development partly disrupts the intermolecular
ordering, and this conclusion is supported by preliminary
grazing-incidence wide-angle X-ray scattering (GIWAXS) data
that are included in the Supporting Information. Second, the IR
spectra for as-prepared and irradiated films are nearly identical.
Peaks associated with hydrocarbon and aromatic functional
groups are resolved in the ranges of 2850−3050 cm−1 and
1370−1560 cm−1, respectively, although the latter fingerprint
region is quite noisy. All peak intensities are weaker after
development, which is expected based on the reduced film
thickness, but this finding is also consistent with polymer
degradation.33,37

It is difficult to identify the P3HT cross-linking reaction
using UV−vis and IR absorbance data. We have hypothesized a
mechanism in the Supporting Information that is consistent
with other studies.26,37 For the purposes of this discussion, it is
important to note that electron beams will ionize the polymer
to generate radicals. The data reported in Figure 2 demonstrate
that some of these radicals combine to form intermolecular
cross-links. P3HT is a semicrystalline polymer with a glass-
transition temperature near 12 °C,38 although this value is
widely debated,39,40 so cross-links are most likely formed in the
amorphous regions where the polymer has greater segmental
mobility. There is a high probability that some radicals remain
trapped in the polymer, and a subsequent reaction during
development could explain the changes in UV−vis and IR
absorbance that are summarized in Figure 3. Indirect evidence
of trapped radicals is included in the Supporting Information,
where we show that a post-exposure bake at elevated
temperature increases the size of the nanostructures; in other
words, baking enhances the polymer mobility so more radicals
can meet and react. One possibility is that trapped radicals can
react with dissolved oxygen in the solvent. The IR measure-
ments do not detect any oxidation products such as carbonyl
and hydroxyl moieties, but the UV−vis spectra suggest that

Figure 2. (a) Optical micrograph of cross-linked P3HT pads on a
silicon substrate. Irradiation doses are marked below each pad in units
of μC/cm2. (b) Example of P3HT nanopillar arrays patterned with an
area dose of 450 μC/cm2. Average pillar diameter and height are 50
and 60 nm, respectively. Image was acquired with an atomic force
microscope operating in tapping-mode. (c) Normalized residual
thickness (t/t0) as a function of exposure dose for chlorobenzene
(square) and p-xylene (triangle) developers.

Figure 3. (a) Linear absorption coefficient (μ) measured by UV−vis
and (b) IR absorbance spectra of P3HT films at different stages in the
lithographic process.
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purified p-xylene can minimize photobleaching, compared with
out-of-the-bottle chlorobenzene. Another possibility is that
residual iron catalyst from the polymer synthesis is sensitized by
electron-beam radiation, generating free radicals that could
attack the thienyl ring and reduce the extent of conjugation.37

This explanation is consistent with UV−vis and IR absorbance
spectra. Further investigations are underway to identify the
photobleaching mechanism and address this challenge.
With regards to PEDOT:PSS, irradiation slightly increases

the UV−vis absorbance at 437 nm, while no clear changes are
detected in IR absorbance spectra (see the Supporting
Information). Other works suggest that low-energy electrons
(ca. 3 eV) can induce oxygen and sulfur loss from PSS and
disrupt carbon−oxygen bonds in PEDOT,41 while the
thiophene rings are unaffected by irradiation. We find that
irradiated PEDOT:PSS films are insoluble in water, which is
consistent with a reduction of PSS solubility due to sulfonate
damage and/or intermolecular cross-linking through ionization
of the polymers.
Optoelectronic Function. Our final aim was to character-

ize the electronic performance of lithographically patterned
P3HT films in P3HT/PCBM solar cells. We built “gradient”
and nanostructured P3HT/PCBM heterojunctions following
the schemes in Figure 1. The variables in these experiments
were exposure dose and type of developer: Patterns were
defined with an area dose of 300, 450, or 600 μC/cm2, and then
developed with either chlorobenzene or p-xylene. We also
prepared two types of samples that were not exposed to
electron-beam radiation: BHJs based on P3HT/PCBM blends,
and devices that were prepared by sequential casting of P3HT
and PCBM layers from orthogonal solvents.42−44 Table 1
summarizes the average photovoltaic response for all devices
after annealing for 1−4 min at 170 °C. Before discussing the
lithographically defined heterojunctions, we note that the
electronic characteristics of BHJ and sequentially cast samples
are very similar. This finding indicates that sequential casting
generates a bicontinuous morphology during thermal anneal-
ing,43−45 which is expected based on the well-documented
miscibility of P3HT and PCBM and fast interdiffusion
rates.46−48 We also note two significant differences between
our work and others in the literature. First, the device active

areas are small (ca. 0.03−0.05 cm2), so edge effects could inflate
the measured short-circuit current density.49,50 Second, the
cathode is Al rather than the optimal LiF/Al design, and this
leads to inferior power-conversion efficiency.51,52 With these
factors in mind, the device characteristics in this report should
be compared against each other rather than other works.
The power-conversion efficiencies (PCEs) of lithographically

defined gradient devices range from 0.3% to 0.6%, while the
PCE of BHJ and sequentially cast samples is ∼2%. This
difference stems from smaller fill factors (FF) and short-circuit
current densities (Jsc) when the active layer is built with EBL.
The open-circuit voltage (Voc) is not affected by the
lithographic process. There are two likely causes for diminished
electronic performance of electron-beam patterned hetero-
junctions. First, the lithographic process may change the P3HT
chemistry. The data included in Figure 3 demonstrate that
patterned P3HT films are adversely affected by development
and absorb less light. Irradiation could have other consequences
that are not yet understood, such as introduction of trap states
that reduce the carrier mobility. Second, cross-linking the
P3HT film will prevent the formation of a nanoscale P3HT/
PCBM network during thermal annealing. The smaller
interfacial area in gradient devices will reduce the density of
photogenerated charges. We note that other studies of planar
P3HT/PCBM heterojunctions report similar values for PCE
(ca. 0.5%) in the absence of P3HT-PCBM interdiffusion,20,45

although it is difficult to compare these data against ours,
because of the differences in device layout and processing
methods.
The spectroscopy data in Figure 3 suggest that purified p-

xylene is more effective at suppressing photobleaching than
chlorobenzene. However, as summarized in Table 1, develop-
ment with chlorobenzene can yield higher values of PCE than
p-xylene. This finding might suggest that chlorobenzene is the
better developer, but there are two observations that lead us to
select p-xylene instead. First, there is less sample-to-sample
variability when developing with p-xylene, compared with
chlorobenzene. These statistics are included in Table 1. Second,
development with p-xylene yields heterojunctions with better
thermal stability than chlorobenzene. Figure 4 reports the
current density−voltage (J−V) characteristics of sequentially

Table 1. Electronic Performance of P3HT/PCBM Solar Cells after 4 min of Annealing at 170 °C, Unless Otherwise Noted

designa dose (μC/cm2) developer Voc (V) Jsc (mA/cm2) FF PCE (%)

BHJ 0 N/A 0.60 ± 0.01 8.86 ± 3.01 0.46 ± 0.06 2.45 ± 0.85

SC 0 N/A 0.56 ± 0.04 7.59 ± 2.48 0.43 ± 0.03 1.85 ± 0.73

Gr 300 C6H5Cl 0.56 ± 0.01 2.67 ± 1.32 0.36 ± 0.03 0.55 ± 0.33
Gr 450 C6H5Cl 0.57 ± 0.04 3.07 ± 1.25 0.35 ± 0.01 0.61 ± 0.27
Gr 600 C6H5Cl 0.58 ± 0.02 1.51 ± 0.66 0.34 ± 0.01 0.30 ± 0.15

Gr 300 C8H10 0.58 ± 0.03 1.47 ± 0.32 0.34 ± 0.01 0.29 ± 0.08
Gr 450 C8H10 0.59 ± 0.02 1.24 ± 0.30 0.36 ± 0.03 0.33 ± 0.10
Gr 600 C8H10 0.60 ± 0.02 1.38 ± 0.02 0.35 ± 0.02 0.29 ± 0.01

NPc 450 C8H10 0.60 ± 0.01 1.79 ± 0.16 0.40 ± 0.03 0.43 ± 0.02

MNLb,c 450 C8H10 0.61 1.78 0.47 0.51
aBHJ = bulk heterojunction, SC = sequential casting, Gr = gradient, NP = square grid of nanopillars with 400-nm pitch, MNL = modulated
nanolines with a 400-nm pitch. bOnly one device was prepared in this manner, so we do not report the uncertainty. cData are reported for 1 min of
annealing at 170 °C.
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cast and gradient devices, both before and after thermal
annealing for 4 min at 170 °C. Figure 5 reports the power-

conversion efficiency as a function of annealing time for all
gradient devices. The same trends are observed for sequentially
cast devices and gradient heterojunctions that were developed
with chlorobenzene: After annealing, the PCE is doubled due
to improvements in Voc, FF, and Jsc. In contrast, gradient
heterojunctions that were developed with p-xylene are nearly

unchanged by subsequent thermal annealing (∼10% improve-
ment in PCE).
The average electronic characteristics of lithographically

defined gradient heterojunctions are independent of exposure
dose, although sample-to-sample variability is minimized by
increasing the exposure dose. Such improvements in reprodu-
cibility are explained by the lithographic contrast curve in
Figure 2. The slope of the contrast curve is a maximum when
the exposure dose is 200−400 μC/cm2, which means that a
slight variation in beam current or development time will
change the residual thickness of the P3HT film. The contrast
curve is flat when the dose exceeds 500 μC/cm2, so the process
is less sensitive to human error above this threshold. Other
studies have demonstrated that PCE in gradient P3HT/PCBM
heterojunctions is very sensitive to the thickness of P3HT films,
and variations at the scale of 10 nm can change Jsc by a factor of
2.53 This sensitivity to film thickness might explain why Jsc
seems to vary with the type of developer, because the residual
film thickness will differ for chlorobenzene and p-xylene.
We used electron-beam patterning to build nanostructured

heterojunctions based on arrays of P3HT nanopillars. The
diameter and height of these P3HT pillars are ∼220 and 35 nm,
respectively, and the pitch is 400 nm. The patterns were
exposed with an area dose of 450 μC/cm2 and then developed
with p-xylene. This process leaves ∼40 nm of cross-linked
P3HT underneath the pillars, a consequence of electron
scattering events, so the anode is coated with a continuous
P3HT film (see Figure 1). The P3HT nanostructures are then
spin-coated with PCBM. We found that PCBM tends to dewet
from the top edges of the pillars, and measurements of this
phenomena are included in Figures 6a−c. This problematic
behavior is mitigated by “double-coating” PCBM, which fills the
voids and generates a topcoat that is 20−40 nm thick for most
devices (described in the Experimental Section). We evaluated
the internal structure of these “double-coated” heterojunctions
with successive etching and imaging steps, and we determined
that PCBM infiltrates the void space and contacts the P3HT

Figure 4. J−V characteristics of sequentially cast (0 μC/cm2) and
gradient P3HT/PCBM solar cells. The curves were measured under
AM1.5G white-light illumination at 100 mW/cm2. Open/closed
symbols correspond with no annealing and 4 min of thermal annealing
at 170 °C, respectively.

Figure 5. Power-conversion efficiency (PCE) of sequentially cast (SC)
and gradient (EBL) P3HT/PCBM devices as a function of annealing
time. The PCE of sequentially cast devices is denoted by 0 μC/cm2

(diamonds), and PCE of lithographically defined gradient devices is
reported as a function of dose and type of developer (circles, triangles,
and squares).

Figure 6. Filling P3HT nanopillars with PCBM: (a) initial P3HT nanopillar array; (b) partially filled pillars; and (c) almost complete filling. Note
that PCBM slightly dewets from the top edges of the pillars and accumulates in the center of the void space. Internal device structure: (d) initial
P3HT nanopillar array; (e) nanopillars after double-coat with PCBM and thermal anneal; and (f) etched to the bottom of the pillars.
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pillars throughout the active layer thickness. These data are
reported in Figures 6d−f.
The average PCE for nanopillar devices is ∼30% larger than

the gradient heterojunctions, because of enhancements in Jsc
and FF. While the lithographic process may change the
chemistry of P3HT, these effects are similar for gradient and
nanostructured devices. Therefore, we attribute the improved
performance of nanopillar devices to the ca. 15% increase in
polymer/fullerene interfacial area. Tuning the nanopillar
dimensions could further improve the PCE: Currently, the
nanopillar diameter is much larger than the exciton diffusion
length,54 and the nanopillar height is smaller than the P3HT
absorption length.
Uniquely, after measuring the J−V characteristics of

nanostructured devices, we deconstructed the active layer to
image the morphology. Deconstruction is a simple, two-step
process: The Al cathode is removed with a drop of aqueous
potassium hydroxide (KOH) solution, and then the PCBM
phase is washed away with dichloromethane (DCM). Figure 7

reports atomic force microscopy (AFM) measurements for
each step of the deconstruction process, and the accompanying
cartoons illustrate the device structure. The deconstruction
process facilitates the correlation of active layer morphology
and optoelectronic performance. For example, we found one
device where an error in the printing process generated
“modulated” nanolines instead of dots, and the PCE for this
design was 50% larger than gradient devices (see Table 1).
Significantly, the P3HT nanostructures are still intact after
thermal annealing, solvent-based processing, and electronic
characterization steps. Additional stability data are provided in
the Supporting Information. We note that polymer-based
electronics have limited resistance to thermal or solution-based
processing, and this challenge is usually addressed by
synthesizing polymer semiconductors with cross-linkable side
groups.53,55−58 In our approach, polymer cross-linking is
inherent to the lithographic process. Cross-link density is
controlled by exposure dose, so properties such as thermal

stability, mechanical stability, and solvent resistance are easy to
optimize for a specific application.

■ CONCLUSIONS
We developed a simple, two-stage approach to control the
morphology of polymer/fullerene solar cells based on direct-
write lithography of polymer semiconductors. First, thin films
of poly(3-hexylthiophene) (P3HT) are cross-linked into
conductive nanostructures or microstructures with electron-
beam lithography (EBL). Second, the polymer structures are
coated with a soluble fullerene to complete the heterojunction.
This methodology offers several features that are very valuable
for fundamental structure−property investigations. First, the
lithographic process is compatible with commercially available
materials. Second, the cross-linked polymer structures are stable
through thermal annealing and solution-based processing.
Third, different designs can be studied systematically because
nanostructure size, shape, density, and placement are all
controlled with computer software. Fourth, interfacial area
and domain size can be varied independent of polymer
crystallinity. Finally, after measuring the optoelectronic
characteristics of these model devices, the active layer can be
deconstructed to measure the morphology. We verified that
patterned P3HT films can absorb light, generate charges, and
conduct charges. We included simple structure−property
studies that show improvements in power-conversion efficiency
with increasing P3HT/fullerene interfacial area. Further studies
are needed to fully evaluate the effects of irradiation and
development on molecular structure, crystallinity, and charge-
carrier mobility.
EBL is too slow for the large-scale production of polymer-

based optoelectronic devices. However, like electrochemical
nanopatterning and other scanning-probe techniques,59−62

direct-write lithography could be very valuable for basic
scientific investigations. For example, when nanoscale polymer
devices are generated in situ with lithography, their positions
are precisely controlled for integration into circuity. This
attribute is very useful for testing the function of nanoscale
optical and electrical sensors.58,63,64 The cross-linking reaction
is advantageous for devices that require sequential casting of
different layers, such as multicolor light-emitting diodes
(LEDs)55 or tandem solar cells.56 Other lithographic tools
based on ionizing radiation may be appropriate for manufactur-
ing. For example, ion beams effect the same cross-linking
reaction as electronsbut at much lower doses (see
Supporting Information). Proximity ion beam lithography
systems can provide high throughput (on the order of square
meters per hour),65−68 offering a route to low-cost nano-
patterning of polymer semiconductors for a variety of
applications.

■ EXPERIMENTAL SECTION
Active Materials. Poly(3,4-ethylenedioxythiophene):poly-

(styrenesulfonate) (PEDOT:PSS) was purchased from Baytron
(Product PH500, 1 wt % aqueous dispersion). The PEDOT:PSS
dispersion was diluted with two parts deionized water and then filtered
using a 0.45-μm glass microfiber mesh. Poly(3-hexylthiophene)
(P3HT) was purchased from Rieke Metals (90%−94% regioregular,
number-average molecular weight of 30 kg/mol, polydispersity index
of 1.8). P3HT was dissolved in anhydrous chlorobenzene at a
concentration of 0.014 g/mL and filtered three times using a 0.2 μm
Teflon mesh. [6,6]-Phenyl-C61-butyric acid methyl ester (PCBM) was
purchased from Nano-C. PCBM was suspended in anhydrous
dichloromethane (DCM) at concentrations of 0.005 or 0.015 g/mL

Figure 7. Device deconstruction. Surface of the nanostructured
P3HT/PCBM composite after removal of Al cathode (left), and after
immersion in dichloromethane (right). The accompanying cartoons
on the far right side illustrate the active layer structure.
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and filtered three times with a 0.2 μm Teflon mesh. Note that high
PCBM concentrations are needed to fill nanostructured devices, while
low PCBM concentrations are used for gradient or sequential casting
designs.
Electron-Beam Lithography. Microscale P3HT/PEDOT:PSS

pads (45 μm × 45 μm) are patterned with a 30-keV, 12-nA electron
beam using a FEI XL-30FEG field-emission scanning electron
microscopy (SEM) system that was equipped with a 5 MHz
Nanometer Pattern Generation System.27 Exposures are implemented
with a square grid based on a pixel size of 30 nm. Doses are varied in
the range of 100−2000 μC/cm2. These microstructures are used for
two tasks: (i) Lithographic contrast is evaluated by measuring the
residual thickness of isolated pads; and (ii) gradient heterojunctions
are built by stitching together arrays of pads to span a total area of 2
mm × 2 mm. This report also includes data for P3HT nanopillars. For
the example in Figure 2, the nanopillars are printed in a square grid
(250 nm pitch) with a focused 50-pA beam. Patterning with this low
beam current demonstrates that P3HT is a high-resolution resist. To
fabricate devices, the nanopillars are printed in a single pass with a
400-nm pitch. These exposures use a 12-nA beam (fast) to build
nanostructured heterojunctions that span an area of 3 mm × 2 mm.
The Supporting Information includes data for nanolines, which are
printed with a 12-nA beam, single-pass exposure, 400-nm pitch, and
30-nm pixel size along the line axis. A detailed discussion of EBL
exposure schemes is included elsewhere.69 Note that SEM-based
lithography does not have dynamic focus corrections, so P3HT films
are nanopatterned with a slightly defocused beam, to minimize
variations in feature size.
P3HT Pattern Development. P3HT patterns are developed in a

nitrogen-purged glovebox following one of two procedures: (1)
immersion in chlorobenzene for 25 s at room temperature, using a
standard Pyrex beaker; or (2) immersion in p-xylenes for 25 s at 35 °C,
using a Teflon beaker with nitrogen bubbler. Note that samples are
usually developed 12−24 h after patterning. It is possible that the post-
exposure delay will impact the lithographic resolution and/or
optoelectronic properties of P3HT.
Microscopy. The structure of patterned P3HT films is measured

with atomic force microscopy (AFM) using a MultiMode 3 system
(Veeco) in tapping mode. AFM probes are silicon with a spring
constant of 40 N/m, and these tips are most effective when
functionalized with hexamethyldisiloxane (to minimize adhesive
interactions with the polymer). The structures of microscale and
millimeter-scale features are evaluated with a Nikon Eclipse LV100
optical microscope (bright-field optics).
Spectroscopy. Irradiated P3HT and PEDOT:PSS films are

characterized with ultraviolet−visible (UV−vis) and infrared (IR)
absorbance spectroscopies. Samples are prepared by spin-casting thin
films on 100-nm-thick silicon nitride (Si3N4) membranes. P3HT and
PEDOT:PSS film thicknesses are ∼60 and 30 nm, respectively. All
data are collected in transmission mode at normal incidence
(approximately). UV−vis absorbance is recorded with a Shimadzu
Model UV-2401PC spectrophotometer (200−800 nm), and infrared
absorbance is measured with a Nicolet Model 6700 spectrometer. The
signal from a clean Si3N4 membrane was also measured and subtracted
from the spectra shown in Figure 3. Note that 5−10 samples were
measured at each stage in the lithographic process.
Gradient Heterojunctions. Substrates are glass microscope slides

coated with 60−100 nm of indium tin oxide (ITO, 15−25 Ω/sq,
Sigma−Aldrich). Substrates are cleaned by sonication for 20 min in
each of the following solutions: 2% Hellmanex II detergent, deionized
water, and isopropanol. Substrates are then immediately dried in a
clean nitrogen stream. PEDOT:PSS films 25 ± 5 nm thick are spun-
cast in air on top of the ITO anode, then baked for 10 min at 140 °C.
Substrates are transferred to a nitrogen-purged glovebox, and the
ITO/PEDOT:PSS stack is coated with a P3HT film 60 ± 5 nm thick.
In some cases, the P3HT film is prebaked at 150 °C for 2 min (to
remove residual solvent). The active layer is built following the scheme
in Figure 1. First, samples are transferred to the EBL instrument for
cross-linking. Second, samples are transferred back to the nitrogen-
purged glovebox for image development. Third, PCBM films 32 ± 5

nm thick are spun-cast on top of the patterned P3HT films from 0.005
g/mL suspensions in DCM. Fourth, samples are transferred to a
thermal evaporator for deposition of a 100-nm-thick Al cathode. Last,
samples are returned to the glovebox to thermally anneal the active
layer at 170 °C for up to 6 min. Note that samples are transferred
between instruments using a portable chamber that is pressurized with
nitrogen.

Nanostructured Heterojunctions. Nanostructured heterojunc-
tions are built with the scheme illustrated in Figure 1, which is similar
to the procedures for gradient heterojunctions. The key steps that
differ for nanostructured devices are as follows. Prior to EBL, the
P3HT films are baked at 150 °C for 2 min. P3HT nanostructures are
developed with p-xylene at 35 °C for 25 s; the developer is purged
with nitrogen to displace dissolved oxygen. The PCBM spin-casting
step is performed twice using a 0.015 g/mL suspension of PCBM in
DCM. We found that a “double-coat” process was more effective at
filling the void space around the pillars (see Figure 6). The PCBM
layer on top of nanostructures was 20−40 nm thick. After measuring
the electronic function, the Al cathode is dissolved with aqueous
potassium hydroxide (KOH, 45 wt %) and then PCBM is washed out
with DCM. Device “deconstruction” is very valuable for confirming the
P3HT nanostructures are intact after all processing steps.

Bulk Heterojunctions. BHJs are prepared with the same anode
and cathode as gradient or nanostructured devices. The only step that
differs is casting of the active layer. P3HT and PCBM are dissolved in
a 1:1 ratio (weight basis) in anhydrous chlorobenzene (concentration
of 0.01 g/mL). The solution is filtered three times, using a 0.2 μm
Teflon mesh, and then a 100-nm-thick film is spun-cast on top of the
PEDOT:PSS/ITO anode.

Sequential Casting Heterojunctions. These devices are
prepared with the same anode and cathode as all other devices. The
only step that differs is casting of the active layer. P3HT films are spun-
cast on the PEDOT:PSS film with a thickness of 60 ± 5 nm, and the
PCBM is spun-cast on top with a thickness of 32 ± 5 nm. The
concentration of PCBM in DCM is 0.005 g/mL.

Etching. We used oxygen plasma to etch through the active layer
so we could evaluate the internal structure. The oxygen plasma was
generated with a Oxford Plasma Lab 80 Plus Reactive Ion Etch system
(100 W, 20 sccm, 20 mTorr, DC bias of 230 V). The etch rates for
P3HT and PCBM are ∼0.75 and 0.5 nm/s, respectively, so the P3HT
pillars appear shorter than the surrounding PCBM.

Electronic Characterization. All electronic measurements are
conducted in a nitrogen-purged glovebox at 28 °C. Devices are
illuminated with a 150 W solar simulator (Oriel) equipped with an air
mass 1.5 global filter. The lamp power is calibrated to 100 mW/cm2,
using a silicon reference solar cell equipped with KG5 filter (certified
by the National Renewable Energy Laboratory (NREL), VLSI
Standards).70 Current−voltage characteristics are recorded with a
Keithley Model 2601A source meter. Power-conversion efficiency
(PCE) is calculated from the open-circuit voltage (Voc), short-circuit
current density (Jsc), fill factor (FF), and input power (P) in the usual
way:70

=
V J

P
PCE

FFoc sc
(1)

To convert from current to current density, the device active area is
calculated from the cathode area (measured from analysis of optical
micrographs). Typical active areas are 0.03−0.05 cm2.
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