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C
ontrol over the nanoscale morphol-
ogy of soft (i.e., organic, polymeric,
and biological) thin-film materials is

crucial for achieving desired functionality or
performance. For nanocomposites intended
for application in organic photovoltaic (OPV)
devices, morphological control (i.e., control of
the dimensionality, distribution, orientation,

and continuity of domains) is critical, as the

nanoscale morphology of the bulk-hetero-

junction active layer is directly related to the

effectiveness of charge carrier separation and

collection, and thus the efficiency of the

device.1

The morphology of conjugated polymer
blends with phenyl-C61�butyric acid methyl
ester (PCBM) is typically controlled by kineti-

cally arrested nanoscale phase separation be-

fore thermodynamic equilibrium is reached.

Theuseof arrestednanoscalephase separation

has several drawbacks, including that a
thermodynamically unstable morphology
might coarsen over time to a morphology
that has diminished functionality. It is diffi-
cult to construct phase diagrams of polymer:
PCBMblends or to construct reasonablemod-
els to simulate phase segregation because
Flory�Huggins theory alone cannot describe
the phase behavior of semicrystalline rigid-
rod polymer blends with hard spheres.2,3

Complicating this scenario are the narrow
collection of good solvents for PCBM and
most semiconducting polymers, the wide
molecular weight distributions of most semi-
conducting polymers, and the semicrystalline
nature of PCBM and semiconducting poly-
mers. Reliance on the phase-separation route
to set the morphology of polymer:PCBM
blends has therefore resulted in unpredictable
results, with a large distribution of domain
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ABSTRACT Surface energy has been demonstrated as a means to

direct interfacial-layer composition in polymer:fullerene blends utilized

as active layers in organic photovoltaic devices. Combined with recent

materials advances in the preparation of nanoscale chemical patterns,

surface energy control of nanophase separation presents an opportunity

to employ patterned surface energy templates to control the 3D blend

morphology of polymer:fullerene blends. This report details the directed

assembly of poly(3-hexylthiophene):phenyl-C61-butyric acid methyl

ester (P3HT:PCBM) blends atop linear grating patterns with domains

of alternating high and low surface energy of 50 to 600 nm in width prepared by nanoscale oxidative lithography of alkyl-terminated self-assembled

monolayers on SiO2 and SiH surfaces. Tapping-, contact-, and current-sensing AFM studies demonstrated that chemical patterns were effective at directing

the 3D morphology of P3HT:PCBM blends at dimensions of >200 nm. As the dimensionality of domains approached 100 nm, the chemical patterns were no

longer able to direct phase segregation, evidence that a directed spinodal decomposition mechanism was responsible for the observed morphology.

Surprisingly, the low surface energy component (P3HT) was found to be atop the high surface energy domains of the template, in conflict with current

understanding of the role of surface energy directed assembly in polymer blends. These results suggest that the directed spinodal decomposition

mechanism applies to conjugated polymer:fullerene blends, but that additional parameters unique to these types of systems will require refinement of the

theory to adequately describe and predict the behavior of these scientifically and industrially interesting materials.
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dimensionality, orientation, distribution, and composi-
tion, even in widely studied systems such as poly-
(3-hexylthiophene) (P3HT) blends with PCBM.4�6 This
is reflected in the empirical optimization strategies that
must be applied to each new polymer:PCBM blend in
order to determine processing conditions that result in
high-efficiency devices. On the other hand, optimized
recipes for polymer:PCBM blends often result in com-
plex phase behavior that further complicates develop-
ment of structure�property relationships of morphol-
ogy andperformance. For example, P3HT:PCBMblends
with optimal performance are a three-phase system
with pure, highly ordered phases of P3HT and PCBM
coexistingwith a disordered, intimatelymixed phase of
P3HT and PCBM.4�7 There is a need, therefore, for
methods to control the morphology of polymer:PCBM
blends in order to facilitate studies of morphological
structure and device performance.
Over the last 10 years, significant efforts have been

made to control the phase-separated 3D morphology
of polymer:polymer blends and block copolymers
using surface-directed methods. These methods are
based on the preferential interaction of high surface
energy polymerswith high surface energy surfaces and
low surface energy polymers with low surface energy
surfaces. By creating a pattern with high and low
surface energy domains, the morphology of a polymer
blend or phase-separating block copolymer can be
controlled.8�11 Recently the interfacial composition in
polymer:fullerene blends has been demonstrated to
be controlled by surface energy.12�14 The design rule
that has been developed is that PCBM preferentially
wets high surface energy surfaces and that P3HT pre-
ferentially wets low surface energy surfaces. This phe-
nomenon has been reported for poly(3-alkylthiophene)
(P3AT) blends with PCBM on hole transport layers,15 has
been demonstrated to affect themorphological stability
of polymer:fullerene blends,16 and was shown to be a
critical factor for improved performance of invertedOPV
devices relative to conventional devices.12 However,
previous efforts at extending this approach to template
a 3D morphology have apparently contradicted this
rule.17

Using microcontact printing and photolithography,
Rysz and co-workers also reported the directed assem-
bly of dielectic-polymer:conjugated-polymer blends,
at the micrometer scale.18 Employing dip-pen nano-
lithography, Coffey et al. prepared dot patterns of high
surface energy domains in a low surface energy field
that could direct the 3D morphology of phase-sepa-
rated dielectric-polymer:conjugated-polymer blends
at micrometer and submicrometer domain sizes.17 In
a subsequent paper, they demonstrated that the phase
segregation of various conjugated polymer:PCBM
blends could also be controlled using chemical pat-
terns with different chemical functionalities.19 Specifi-
cally, the patterns were found to increase or decrease

the concentration of the polymer or PCBM and to lead
to preferential formation of PCBM clusters. These
results demonstrate that similar to the inadequacy of
Flory�Huggins theory alone to explain the bulk mor-
phology, the current design rules that were derived for
surface energy directed assembly of amorphous poly-
mer blends are inadequate for describing the nano-
scale wetting behavior of semicrystalline polymer:
nanoparticle blends. There is a need, therefore, to
enhance understanding of the role that nanoscale
wetting plays in the formation of 3D morphology of
polymer:fullerene blends in order to realize a method
for controlling morphology that is not dependent on
an empirical optimization of kinetically controlled
phase segregation. Such an approach for morphology
control would enable derivation of structure�property
relationships of device morphology and performance
independent of polymer structure, which is currently
not possible by bottom-up self-assembly.
In this study, nano-oxidation lithography (NOL) was

employed to prepare chemically patterned surfaces
with critical dimensions down to 50 nm in an attempt
to direct the phase separation of P3HT:PCBM blends
and to understand the mechanism by which directed
assembly in this system occurs. Further, NOL affords
patterns with little topographical contrast, thereby
minimizing the effect of topography or substrate rough-
ness on the directed assembly process. The patternmotif
chosen for this study was a linear grating. Self-assembled
monolayers (SAMs) with differing attachment chemistry
(siloxane vs direct bonded) were employed in order to
evaluate the potential application of direct-bonded SAMs
in future studies. A combination of tapping- and contact-
mode AFM studies and current-sensing AFM measure-
ments afforded a picture of the 3Dmorphology of P3HT:
PCBM blends atop these surface energy linear gratings.

RESULTS AND DISCUSSION

The NOL patterning method is based on the local
oxidation of a SAM surface directly under a conducting
AFM tip with an applied bias in the presence of water
vapor.20�22 Two different SAMs were used as the basis
of the patterns prepared by NOL, one based on octyltri-
chlorosilane (OTS8) covalently bonded to an oxidized
silicon surface and the other based on 1-dodecene
(RDD) directly bonded to crystalline silicon. The OTS8
SAM was chosen based upon prior work with P3HT:
PCBM on OTS8 as a surface passivation layer in OTFTs.13

At the time of our initial experiments, NOL on direct-
bonded SAMs was not known and the RDD SAM was
chosen to explore the NOL process on silicon substrates
bearing no native oxide layer.23

The slightly higher surface energy of both RDD and
OTS8 SAMs relative to octadecyltrichlorosilane SAMs
(OTS18) facilitated spin-casting of P3HT:PCBM blends
on the substrates. However, the shorter alkyl chain
length of these SAMs compared with OTS18 led to
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growth of silicon oxide underneath the organic layer.20

This was indicated by the contact-mode AFM images of
the patterns where the patterned regions appeared to
be raised about 1�2 nm above the field. The oxide
growthmay have compromised the structural integrity
of the SAM, and, as a result, the patterned regions
presented carboxylic and silanol groups. Due to the
higher surface energy of both carboxylic and silanol
groups compared with the native methyl-terminated
SAM, the patterns appeared as areas of enhanced
friction (bright) in the friction-force AFM images shown
in Figure 1. Since the role of surface energy contrast, and
not specific chemical functionality, was the focus of this
study, the apparent chemical heterogeneity of the high
surface energy domains was not of concern going for-
ward. The patterns on OTS8 were prepared with nominal
pitches (combination of the acid-terminated line width
and themethyl-terminated line spacebetween features)24

of 100, 300, and 600 nm (and are referred to below as
OTS8-100, OTS8-300, and OTS8-600; see Figure 1a, b, and
c, respectively). For OTS8-100 the nominal line width and
line spacing were both 50 nm, while for the remaining
OTS8 patterns a constant acid-terminated domain line
width (approximately 200 nm) and varying methyl-termi-
nated line spaces (200 to 400 nm) were prepared. The
varying methyl-terminated line spaces were chosen to
facilitate differentiating between the blend film domains
formedduring directed assembly. Furthermore, the use of
patternswithvaryingdomainwidthenabledstudiesof the
effect of template size and periodicity on themorphology
of the phase-separated blends. This provided insight into
the mechanism of directed assembly (nucleation and
growth or spinodal decomposition).25,26 The pattern on

RDDwaspreparedwith apitch of 300 nm (and referred to
as RDD-300; see Figure 1d). All the grating patterns
employed in this study had small line-width roughness
(lateral variations in the width of the patterned features
over the length of the feature).24 Blend films were spun
onto the various chemical patterns using a solution
composed of a 1:1 weight ratio of P3HT to PCBM at a
total solids concentration of 1wt% in chloroform, and the
resulting topography and lateral morphology were inves-
tigated using a combination of AFM methods. The 1:1
(by weight) blend ratio was chosen to replicate the
optimal blend ratio for P3HT:PCBM OPV devices.27 The
selection of chloroform as the solvent was made since its
low surface tension enabled good wetting of the low
surfaceenergySAM,while itmaintainedgoodsolubility of
P3HT and PCBM. Films processed from chloroform are
homogeneous (phase separation between the PCBMand
P3HT was arrested by rapid film drying) due to the
miscibility of the two components in chloroform
solution.28 These properties facilitated the study of the
directed-assembly mechanism on both as-cast and ther-
mally treated films. The spin recipe utilized in these
studies resulted in films of consistent appearance and
thickness (50 nm as measured by ellipsometry). No
significant contrast in the friction images was observed
for these films, consistent with the small difference in
surface energy between P3HT and PCBM (<10 mN/m).
Contact-mode AFM (CM-AFM) studies revealed rela-

tively smooth films (rms roughness e1 nm) for the as-
cast blend films on unpatterned substrates (Figure 2a).
The film spun atop the OTS8-100 patterned substrate
appeared similar to the unpatterned control (Figure 2b),
indicating that at this pitch no surface-directed assembly

Scheme 1. Illustration of the NOL patterning, the resultant pattern chemistry (methyl or acid- and silanol-terminated), as-cast
blend morphology, idealized blend morphology post-thermal treatment, and the structures of P3HT and PCBM

Figure 1. Contact-mode AFM images (friction data) of four chemical patterned substrates employed for this study. Patterns
prepared on OTS8, OTS8-100, OTS8-300, OTS8-600 (a, b, and c), and on RDD-300 (d) illustrating the various dimensionality
and small line-edge roughness of the patterned features; in all cases the vertical scale is the same.
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occurred. For films spun on patterns with features larger
than 100 nm the as-cast blend films possessed raised
lines (see Figure 2c, d). The lines are approximately
1�2 nm in height, as shownby the cross-sectional profile
of the sample in Figure 2d (shown in Figure 3a). The
raised lines were similar to the line width and height of
the acid-terminated domains with a pitch comparable to
that of the underlying pattern. Several effects may con-
tribute to this behavior. The observed topography may
result from conformal coating of the underlying topo-
graphy of the pattern, as observed for the casting of
polymer films ontomicrometer-scale patterns.29,30 More-
over, Marangoni-like fluid flow induced by either surface
chemical gradients31,32 or solvent-concentration gradi-
ents through the film during the evaporation33 may also
contribute to the as-cast film topography. Similar topo-
graphic variations on the nanometer scale were also

observed by Ginger and co-workers for as-cast polymer:
fullerene blends on micrometer-scale chemical patterns
that exhibited nanometer scale topography.19 Subse-
quent thermal treatment (130 �C for 20 min) resulted in
unexpected changes to the as-cast topography for films
atop the OTS-300 andOTS-600 patterns, but not for films
atop the OTS-100 pattern (see Figure 2f, g, and h and
Figure 3). In contrast, the control sample (Figure 2e) and
the OTS8-100 sample (Figure 2f) showed no significant
changes in the topography upon thermal annealing. For
the OTS-300 and OTS-600 patterns the initial vertical
topography of the as-cast films inverted during thermal
treatment. Specifically, the previously raised lines of the
as-cast films atop the acid-terminateddomains appeared
as recessed lines after thermal treatment. The depth of
the recessed lines was approximately 1 nm, and the
width of the lines remained consistent with the width
of the acid-terminated domains and the as-cast, raised
lines (Figure 3b). Furthermore, the pitch of the observed
topographic features in the OTS8-300 and OTS8-600 did
not change significantly upon thermal treatment despite

Figure 2. CM-AFM images of the as-cast P3HT:PCBM blend films spun atop an unpatterned OTS8 control substrate (a),
OTS100 (b), OTS-300 (c), and OTS-600 (d) substrates. Post-thermal treatment topography of the films atop an unpatterned
OTS8 control substrate (e), OTS100 (f), OTS-300 (g), and OTS-600 (h) substrates. For all images, the vertical scale is the same.

Figure 3. CM-AFM profiles of the P3HT:PCBM as-cast blend
atop OTS8-600 (a) and P3HT:PCBM thermally treated atop
the OTS8-600 film (b).

TABLE 1. Pitch and FeatureWidth Data for Blend Films on

Patterned Substrates

sample

pitch pattern

((10 nm)c

pitch as-cast

((10 nm)d

pitch thermally treated

((10 nm)

OTS8-100 100 N/A N/A
OTS8-300 295 288 296
OTS8-600 584 575 601
RDD-300 TMa 241 250 237
RDD-300 CMb 241 256 243
RDD-800 TM 760 823 738
RDD-800 CM 760 722 794

a TM indicates tapping mode. b CM indicates contact mode. c From friction data of
the patterned film. d From topography data of the blend films.
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the observed changes in vertical topography, indicating
that the observed change in topography reflected the
changes in 3D morphology and that the process of 3D-
morphology evolution was directed by the underlying
chemical pattern (Figure 2g and h and Table 1).
As illustrated in Figure 4, similar behavior was ob-

served for blend films spun atop anRDD pattern with a
similar characteristic length to the OTS8-300 template.
Additional tapping-mode AFM (TM-AFM) height mea-
surements (Figure 4a) on the same samples revealed
similar topographical features as obtained with CM-
AFM measurements (Figure 4b). To further compare
the two methods, the power spectral density function
of linear profiles perpendicular to the long axis of the
lines (Figure 4c) illustrated good agreement (Table 1).
Phase data from the tapping-mode measurements did
not exhibit an observable phase contrast that could be
correlated with the observed topography, which de-
monstrated the necessity for an alternative method for
probing the composition of the observed topographic
features.34,35 The observed agreement between the
TM-AFM and CM-AFM topography results are particu-
larly relevant since the subsequent current-sensing
measurements were made in contact mode and there-
fore required that the CM-AFM imaging accurately
reproduced the underlying topography without damag-
ing the film during scanning.
No microscopic crystals of PCBM were observed

under these thermal treatment conditions (130 �C)
on both the patterned and the control samples. These
results differ from those of Ginger and co-workers, who
observed that the features on the high surface energy
domains ripened into structures that were raised
above the field of the film and resembled PCBM
crystals.19 This difference can be partly reconciled by
the differingweight ratio of PCBM to P3HT employed in
that study (2:1) versus the ratio (1:1) in the present
study. By using a higher ratio of PCBM to P3HT, an
excess of PCBM would be available to promote the
formation of PCBM crystals by the initial phase-sepa-
rated morphology. In a separate work, He et al. re-
ported that the substrate�film interfacial composition
plays a significant role in the formation of PCBM
crystals in blend films. In that work, PCBM crystal
growth below the glass transition of PCBM (<150 �C)
was observed for films cast upon high surface energy
substrates, compared to low surface energy substrates,
where the formation of PCBM crystals required signifi-
cantly higher temperatures (180 �C).16 The suppression
of PCBM crystallization observed here is likely due to a
combination of interfacial and bulk effects. In the bulk
of the film, the highly homogeneous and well-dis-
persed blend morphology undoubtedly results in a
system with a small number of crystal seeds, thereby
suppressing crystallization in the bulk.16,36 In the sys-
tem under study here the OTS8 SAM�blend film inter-
face was expected to be rich in P3HT,14,15,37 which

would inhibit PCBM crystallization at the substra-
te�film interface similar to what was observed for
P3HT:PCBM blend films deposited on PEDOT:PSS.16 In
order to confirm that the observed topographic pat-
terns are representative of bulk morphology, measure-
ments sensitive to the compositional inhomogeneity
of the blend films were necessary in order to show that
the observed topography was due to the formation of
localized domains of PCBM and P3HT.
Current-sensing AFM (C-AFM) was employed as a

measurement sensitive to the bulk film composition by
virtue of the differing charge transport of PCBM and
P3HT. C-AFMprobed the average conductivity through
the film, which was dependent on the local composi-
tion of the film (i.e., the vertical composition). These
studies are complementary to the topography map-
ping by contact- and tapping-mode AFM and allow
mapping of the P3HT:PCBM blend film morphology as
directed by the underlying chemical pattern. In our
experiments, the tip was grounded and the current
flowing through the tip as a function of a bias applied
to the substrate was recorded simultaneously with
topography images. Contrast between domains was
based upon the Fermi level of the conductive AFM tip
and the HOMO and LUMO levels of P3HT and PCBM. By
using a platinum AFM tip with a Fermi level better
aligned with the HOMO of P3HT than with the HOMO
of PCBM, andmeasuring the samples in the dark under
a N2 atmosphere with low humidity (<1%), this system
effectively collected holes and did not chemically

Figure 4. Contact- (a) and tapping-mode (b) images of
thermally treated blend films atop the RDD-300 patterned
substrate and the comparison of the power spectral density
function of a line profile through each image illustrating the
similarity between the two images. The horizontal and
vertical scales are identical for (a) and (b).

A
RTIC

LE

http://pubs.acs.org/action/showImage?doi=10.1021/nn303765t&iName=master.img-019.jpg&w=200&h=243
http://pubs.acs.org/action/showImage?doi=10.1021/nn303765t&iName=master.img-019.jpg&w=200&h=243
http://pubs.acs.org/action/showImage?doi=10.1021/nn303765t&iName=master.img-019.jpg&w=200&h=243
http://pubs.acs.org/action/showImage?doi=10.1021/nn303765t&iName=master.img-019.jpg&w=200&h=243


GERMACK ET AL . VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

F

oxidize the P3HT:PCBMblend film.38 No degradation of
the film was detected in topographic or current-sens-
ing images of the previously imaged areas, similar to
results reported by Hamadani and Dante.35,39 The
contrast between hole and electron collection was
further enhanced by the high mobility of holes in
P3HT versus holes or electrons in PCBM.35 Under these
assumptions, regions of higher current in the C-AFM
images at negativebias correspond to P3HT-rich domains.
Representative C-AFM images recorded at negative

bias for as-cast and thermally treated films are shown
in Figure 5. These data have been recorded using
biases that are large enough (�8 V) for the carrier to
tunnel through the underlying silicon oxide layer. The
images of the as-cast P3HT (5a) and P3HT:PCBM blend
(5b, c) films with a�8 V substrate bias exhibit transport
of current (holes) that was heterogeneous across the
imaged area with localized domains of high and low
current not correlated with the underlying chemical
patterns. These results are consistentwith those reported
for P3HT:PCBM blends atop unpatterned substrates
where contact asymmetry, local composition, ordering
defects, and surface effects resulted in a heterogeneous
distribution of current transport.35,38,40,41 Upon thermal
treatment, a line-grating pattern of high (bright) and low
current (dark) was observed that correlated with the
observed topography (see Figure 6) and the underlying
patterned template (see Figure 5e and f). Comparing the
OTS8-600 (Figure 1c) chemical pattern and the thermally
treated blend film (Figure 5f) the areas of high current
correspond to P3HT-rich domains, consistent with the
oxidized lines of theunderlyingpatterns, andareas of low
current correspond to PCBM-rich domains, consistent
with themethyl-terminated line spaces of the underlying

pattern. Furthermore, Figure 5e and f show that the
P3HT-rich domains are not uniform and the domain
boundaries are not as sharp as the underlying chemical
patterns. Bright, P3HT-rich spots are also visible, albeit in
smaller number, on themethyl-terminated regions of the
pattern. These results indicate that the pattern fidelity of
P3HT:PCBM blend films upon the chemical patterns is
imperfect. Images obtained at positive biases (up to 10 V)
showed little contrast and few current levels and conse-
quently are not reported here.
The observed patterns in the C-AFM reflect varia-

tions in the bulk conductivity of the film rather than
interfacial effects due, for example, to injection barriers
at the substrate/blend and blend/air interfaces.
Although differences in the SAM surface composition
and the slightly thicker oxide layer under the acid-
terminated domains could act as injection barriers, in
practice this possibility is ruled out by C-AFM studies of
pure P3HT control films on patterned substrates
(Figure 5a and d). These data exhibit no pattern in
either topography or current images, demonstrating
that the underlying pattern is not the source of the
observed current images in the blend films. Pure PCBM
films could not be cast on these substrates using the
same spin conditions as for the blend or P3HT control
films. This is due to the higher surface energy of PCBM
relative to the methyl-terminated SAM. It is also un-
likely that the P3HT-enriched layer at the blend/air
interface contributes significantly to the pattern seen
in the C-AFM images of the blend films. Although this
“wetting layer” was shown to limit charge collection in
photocurrent AFM measurements conducted in the
open circuit voltage condition, this effect is unimpor-
tant at the larger bias used here (�8 V), where charge

Figure 5. Current-sensing AFM images of P3HT (a, d) and P3HT:PCBM (b, c, e, and f) blend films on patterned substrates
illustrating the formation of a 3D morphology in the blend films (e, f) post-thermal treatment. The underlying pattern for a,
d and c, f was OTS8-600 and that for b, e was OTS8-300. All data were collected at a substrate bias of �8 V.
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injection contributes predominantly to the measured
current.
The C-AFM results reported here are consistent with

the three-phase system model for P3HT:PCBM blend
films (pure P3HT, pure PCBM, and mixed amorphous
phase).4,42 High current was observed for the domains
on the acid-terminated lines, consistent with a semi-
crystalline (higher mobility) P3HT-rich phase. The do-
mains on the methyl-terminated spaces exhibited a
lower background current, indicative of a PCBM-rich
phase that contained a significant amount of amor-
phous P3HT. The topography data for the thermally
treated films further support this result, as the features
atop the methyl-terminated spaces are taller than the
domains atop the acid-terminated lines, suggesting
that the bulk of thematerial is still in some combination
of pure and mixed phases atop the methyl-terminated
domains.
Upon first glance, these results seem inconsistent

with earlier studies of interfacial segregation for poly-
mer:fullerene blends, namely, that the high surface
energy component (PCBM) preferentially wets high
surface energy substrates.13,14,43 In this study, how-
ever, the lower surface energy component (P3HT) seg-
regates on the high surface energy features (oxidized
lines). These results are rationalized as follows. The
absence of template-directed phase separation in the
as-cast films (Figure 5b and c) results from the specific
processing conditions used here. Due to the rapid
drying of the solvent (chloroform vs chloro- or dichloro-
benzene used in past studies), the blend components
may not have had enough time to interact with the
substrate in order to induce surface-energy-driven
phase segregation at the solution�substrate interface.
Similar behavior has been observed for phase-segre-
gating polymer blends, where decreasing interaction
time between a patterned substrate and a blend solution
decreased the as-cast pattern fidelity.44 The observed

topographic contrast therefore likely arises from both
substrate roughness29,30 and Marangoni-like fluid flow
induced by substrate chemical gradients.31,32

Due to the kinetic arresting of the phase separation,
thermal treatment was applied to the film to provide
enhanced mobility of the polymer, and this resulted in
phase segregation to a more favorable energy config-
uration, with P3HT preferentially wetting the acid-
terminated domains. The chemical gradients occurring
at the boundary between the high- and low-energy
domains give rise to a lateral force (Marangoni-like
effect) on the uniformly distributed as-cast polymer
film, and this is responsible for the observed template-
directed phase separation.31,45 Similar behavior has been
reported for systems involving the directed assembly of
P3HT.17�19 In a report from Ginger and co-workers17

using templates with high surface energy features in a
low surface energy field on the same length scale as
those used here (<300 nm), the lower surface energy
P3HT (26.9 mN/m)46 preferentially wet the high surface
energy features when deposited from a solution with
polystyrene (30.5 mN/m).47 For micrometer-scale fea-
tures, Rysz andco-workers alsoobserved thatpolystyrene
preferentially wets low surface energy domains.18 How-
ever, unlike for P3HT and polystyrene, P3HT and PCBM
are miscible, and therefore, the fidelity of the template-
directed phase separation is not very high, as indicated
by the presence of “defects” in the C-AFM data of the
annealed films. This can be understoodwhen considered
in the context of several recent studies.4�7,42 Pulse-
diffusionNMRexperimentshavedemonstrated thateven
upon extensive annealing above the glass transition of
PCBM and the melting transition of P3HT, a significant
portion of PCBM remains dispersed within a P3HT
matrix.7 Dadmun and co-workers have determined an
upper bound on the miscibility of PCBM in P3HT of 20%
based upon SANS measurements.42 Calorimetry, scatter-
ing, and TOF-SIMS studies have resulted in the determi-
nationof aχparameter of�0.3, indicating that PCBMand
P3HT are miscible.6 These previous studies suggest that
even in the best case scenario a small fraction of the
PCBM present in the blend remains highly dispersed in
P3HT and that it may be possible for localized PCBM
domains to formwithin a P3HT domain or vice versa.4,5,42

The absence of template-directed phase segrega-
tion for pattern pitches smaller than∼100 nm suggests
that themorphology formingmechanism is analogous
to the surface-directed spinodal decomposition sce-
nario in polymer blends.8,10,25,48 In these systems, the
inherent domain scale D increases during thermal
annealing and the best pattern-directed phase separa-
tion is achieved if D is comparable to the pattern
periodicity λ. However, if λ , D, the pattern has little
effect on the phase separation. In the case of the OTS8-
100 patterns the inherent P3HT domain size is larger
than thewidth of the carboxylic lines (50 nm), resulting
in poor pattern replication.

Figure 6. Comparison of height (a and c) and current (b and
d) for the same areas of the as-cast (a and b) and thermally
treated (c and d) blend film atop the OTS8-600 pattern
demonstrating the correlation of high-current areas with
the topography in the thermally treated case.
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These results make clear that the phase segregation
of P3HT:PCBM blends is more complex than that of
polymer blends, and while a rigorous reworking of the
relevant theory is beyond the scope of this work, we
can point to several critical issues beyond the misci-
bility of the blend components and their relative sur-
face energies that will need to be addressed in the
future based upon the work reported here and those
previously published.17,19 The roles of the solvent and
the template-domain surface energies appear to be
critical. The physical shape of the components (i.e.,
sphere, rigid-rod) and the phase behavior (amorphous,
condis crystal, etc.) also are important parameters to
consider since they vary widely from material to
material.49 Additionally, the bulk behavior of the blend
has to be addressed, as it has recently been demon-
strated by several groups that subtle changes to the
solubilizing side-chain density, attachment location,
and structure can result in changes in the behavior of
conjugated polymer:fullerene blends. These changes
range from altering the backbone linearity,50,51 to
the polymer packing,52�56 to the polymer:fullerene
packing.57 All of these potentially applicable para-
meters of surface-directed spinodal decomposition
theory have been demonstrated to be energetically
relevant to the bulk behavior of conjugated polymer:

fullerene blends, and we are pursuing avenues of
exploration to further understand this complicated
phase space at the current time.

CONCLUSIONS

Nano-oxidation lithography of SAMs has been em-
ployed to prepare nanometer-scale chemical tem-
plates to direct the assembly of a 3D morphology for
P3HT:PCBM blends. These templates, consisting of
alternating lines of high surface energy carboxylic acid
and low surface energy methyl groups, were found to
be effective at directing the assembly down to features
of approximately 200 nm in width for films with a
consistent thickness, but did not direct the assembly
at feature sizes of smaller dimensions. The observed
morphology consisted of P3HT domains atop acid-
terminated domains with a mixed phase of pure PCBM
and an intimately mixed, amorphous P3HT:PCBM
blend atop the methyl-terminated spaces. These re-
sults are consistent with a directed spinodal decom-
position mechanism for the formation of the mor-
phology. These results also demonstrate that directing
the lateral dimensionality of domains on the order
of the exciton diffusion length for P3HT (∼20 nm)
represents an intriguing and scientifically challenging
goal.

METHODS AND MATERIALS
Octyltrichlorosilane (99%, Gelest), hexadecane (99%, Aldrich),

chloroform (HPLC grade, Aldrich), and 2-propanol (HPLC grade,
Aldrich) were used as received without additional purification.
Water was purified using a Millipore purification system. P3HT
(Mw ≈ 50 000 g 3mol�1, PDI ≈ 1.7, regioregularity > 95%, Reike)
and PCBM (>99% purity, Nano-C) were used as received. Silicon
wafers were prime grade, Æ100æ or Æ111æ orientation, boron-
doped to 0.01�0.02 ohm/cm, and were used as received from
WRS Materials. Silver paste (SPI) was used as received. Teflon-
capped vials, PET pipet tips, syringes, and 0.45 μm PTFE syringe
filters were used as received from Thermo-Fischer. Ultrapure N2

(Brookhaven National Lab) and supercritical CO2 (Praxair) were
used as received.
All wafers were cleaned by employing the following proce-

dure: (a) 10 min UV ozone exposure, (b) water wash, and (c) N2

dry. All wafers were coated within 5min of cleaning tominimize
contamination by adventitious carbon. Siloxane-based self-
assembledmonolayers were prepared on Si Æ100æ by immersing
a freshly cleaned Si wafer into a 2 mM solution of octyltrichlor-
osilane in hexadecane in an oven-dried amber flask. The flask
was capped with a Teflon-lined lid and then placed in the dark
overnight. The wafers were then removed and washed by
sequential sonication in chloroform, 2-propanol, and water.
SAM formationwas confirmed bywater contact anglemeasure-
ments (Θw = 105�). Direct-bonded SAMS were prepared on
hydrogen-passivated Si Æ111æ using 1-dodecene as previously
described.58

Nano-oxidation lithography was performed by placing a
1 cm2 silicon substrate with a SAM onto the stage of an Agilent
5500 AFM system equipped with a closed-loop scanner. Elec-
trical contact to the wafer was made by attaching a platinum
wire to the surface with silver paste and confirmed with a
multimeter prior to placement in the controlled environment
chamber. Once the stage was mounted, the controlled environ-
ment chamber was sealed and humid N2 was flowed into the

chamber until the relative humidity of the chamber was be-
tween 85% and 95%. Humidity was controlled by a home-built
PID controller system. Platinum-coated conductive tips for
contact-mode AFM (CSC17 Pt/Ti Mikromasch) were used to
write well-defined patterns using the Picolith functionality of
the PicoView software with the write speed and applied bias
controlled tomaximize surface oxidation whileminimizing SAM
degradation and silanol formation. All patterns were written in
relation to a macroscopic fiducial mark in order to facilitate
identification of the pattern location after film deposition.
Solutions of P3HT and P3HT:PCBM were prepared and sub-

sequently deposited onto substrates in an Ar-purged glovebox
maintained at less than 5 ppm O2 (Omni model, Vacuum
Atmospheres Corp., Hawthorne, CA, USA). P3HT and P3HT:
PCBM blend solutions were prepared at 1 wt % in chloroform
and were stirred overnight at 60 �C, then cooled to room
temperature prior to use. All solutions were used within
1 month of preparation. P3HT:PCBM blend films were prepared
by deposition of a 1 wt % solution of P3HT and PCBM (1:1 w/w)
through a 0.45 μm filter onto patterned substrates previously
cleaned with supercritical CO2. All films were formed by spin-
casting at 1000 rpm for 60 s, at the maximum acceleration
setting, using a Laurell Technologies Corporation (North Wales,
PA, USA)modelWS-650 Hz-23 spin coater. P3HT and blend films
on unpatterned substrates were deposited under identical
conditions to those on patterned substrates. Thermal treatment
was conducted in an oven at 130 �C under dynamic vacuum for
20min, followed by quenching on a block of aluminum at 25 �C.
Tapping- and contact-mode AFM measurements were made

using the same AFM system employed for NOL patterning.
Tapping-mode measurements were made with silicon AFM tips
(Tap300Al-G, Budget Sensors) with a resonant frequency of
300 kHz and a force constant of 40 N/m. Contact-modemeasure-
ments were made with silicon tips (ContAl-G, Budget Sensors)
with a resonant frequency of 13 kHz and a force constant of
0.2 N/m. Current-sensing (C-AFM) measurements were also
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made using the Agilent 5500 AFM system and employing the
same tips as used for patterning. In order to minimize any
possibility of chemical oxidation from oxygen radicals or water
that might be generated during C-AFM imaging, the controlled
environment chamber was purged with dry N2 for a minimum
of 20 min prior to measurements being performed, and all
measurements were made below 5% relative humidity. In all
cases, topography, friction, and current images were collected
simultaneously, and a final topography and friction image pair
was collected after the C-AFM scans to ensure that no changes
to the surface occurred during C-AFM imaging.
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