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We realize nanoﬁbers of regioregular poly(3-hexylthiophene) (P3HT) by solvent-resistant
nanolithography and use them as the active medium in organic ﬁeld effect transistors. This process
favors a remarkable improvement of the device performances, since we exploit the nanoﬂuidic ﬂow in
perﬂuoropolyether capillaries and the slow solvent evaporation rate in the mold cavities to induce the
reorganization of the P3HT chains and obtain a charge carrier mobility 60 times higher than in the
corresponding homogenous ﬁlms. The precise control of the structure cross-section (sub-100 nm) and
of the spatial arrangement on the transistor electrodes is very promising for the development of onedimensional (1D) nanostructures of conjugated materials with high ﬁeld-effect mobility, applicable to
miniaturized optoelectronic devices.
Organic ﬁeld-effect transistors (OFETs) based on solution-processed conjugated polymers are considered key devices for
ﬂexible electronics, due to their characteristics of simple fabrication, large-area processing, and low-cost.1 However, OFETs
performances often suffer because of the relatively low charge
mobility of organic semiconductors, which in turn is affected by
the degree of regioregularity, by the structural chain order, the
molecular weight, and the deposition conditions.2 Aiming to
increase the charge carrier mobility in organic compounds and
improve the transistor performances, various nanofabrication
approaches are employed, mainly by inducing a more ordered
molecular packing through nanorubbing,3 electrospinning,4
nanoimprint5,6 or soft lithography.7,8 Zheng et al. have demonstrated the alignment of the liquid-crystalline polymer, poly(9,9dioctylﬂuorene-co-benzothiadiazole), into nanochannels by
nanoimprint lithography (NIL), enhancing the mobility by about
a factor of 2.9 NIL has been also applied by Cui et al.5 to pattern
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regioregular poly(3-hexylthiophene) (P3HT), improving the hole
mobility by using gratings with a period of 700 nm. Hu et al. have
developed an embossing procedure using hard molds at room
temperature for producing nanowires of conjugated polymers,
such as poly(3,3000 -didodecyl-quaterthiophene).6 Furthermore,
P3HT transistor channels have been fabricated by lithographically controlled wetting,7 or deﬁned onto gate dielectrics
patterned by microcontact printing.8
Unfortunately, with very few exceptions,5,7 the increase of
mobility achieved so far is quite low, often well below one order
of magnitude. The nanoscale layer of conjugated polymer,
remaining underneath the channel features upon patterning, is
especially detrimental to the device performance,7 and this
bottom layer is hardly removed by either NIL methods or soft
lithographies using conventional silicone-based elastomers such
as polydimethylsiloxane (PDMS). Indeed, PDMS is largely
incompatible with solution-processing of conjugated polymers,
as it undergoes dramatic swelling in non-polar solvents.10
In this work, we demonstrate a signiﬁcant improvement of the
performances of OFETs based on arrays of spatially separated,
sub-100 nm P3HT features. These are produced by the solventresistant soft lithographic approach, known as particle replication in non-wetting templates,11 which exploits the nanoﬂuidic
ﬂow in non-swelling capillaries made by perﬂuoropolyether
(PFPE). The obtained P3HT features exhibit a ﬁeld-effect
mobility 60 times higher than that of homogeneous ﬁlms, as an
effect of the patterning process. The low surface energy of the
template is combined with the slow solidiﬁcation of the conjugated polymer occurring while the solution is conﬁned in the
mold cavities. This process is permitted by the non-swelling
behavior of the used PFPE–urethane methacrylate elastomers,
and it results in a remarkable improvement of the charge carrier
J. Mater. Chem., 2012, 22, 18051–18056 | 18051
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transport. P3HT features with sizes of 80 nm and 270 nm are
produced, and their morphological investigation evidences a
precise control of the cross-section and of the spatial arrangement on the transistor electrodes. These results are especially
promising for the development of one-dimensional (1D) nanostructures by conjugated materials,12,13 that can exhibit high
ﬁeld-effect mobility and are applicable to miniaturized optoelectronic devices.
Highly regioregular P3HT, deposited by drop-casting or spincoating, is known to self-organize into a well-ordered lamellar
structure, with thiophene rings edge-on oriented relative to the
substrate (i.e. facing each other with p–p stacking direction in
the plane of the substrate).14,15 Molecular reconﬁguration
mechanisms have been reported for P3HT molecules after NIL,
performed at high temperature and pressure.16,17 Other studies
highlight that the molecular self-organization is affected by the
rate of solvent evaporation in the liquid-to-solid transition
during the ﬁlm deposition.18,19 A slow evaporation rate allows the
P3HT chains to be better ordered, facilitating their self-assembling and determining the formation of defect-free structures.18
In addition, the mobility of P3HT depends signiﬁcantly on the
used solvent, as a consequence of deposition discontinuities,
polymer solubility and solvent properties.20 The most commonly
used solvent for device fabrication is chloroform, enabling hole
mobilities up to 0.2 cm2 V1 s1 to be achieved.18 However, its
fast evaporation is unfavorable for lithographic applications,
which limits the realization of high-quality nanostructures. For
this reason, we focus here on dichlorobenzene, obtaining ﬁeldeffect mobilities for thin ﬁlms of P3HT comparable to those
reported in the literature ([1–4]  103 cm2 V1 s1)21,22 and then
strongly improving performances by our lithographic technique.
We propose PFPE molds, previously used to fabricate arrays
of isolated features and monodisperse organic micro- and
nanoparticles with highly controlled shape and size,11,23,25 as the
best soft templates for fabricating conjugated polymer structures
with high mobility. Because of the low surface energy (15 mN
m1)26 of PFPEs, target organic liquids deposited between a
mold and a substrate do not wet the stamp surface, ﬁlling only
recessed features and strongly favoring the production of nanostructures free of any interconnecting layer underneath. Moreover, using these molds with solutions of conjugated polymers
allows us to take full advantage of the non-swelling properties of
PFPE–urethane methacrylates in nonpolar solvents. Here, we
also demonstrate the effectiveness of PFPE molds in improving
the characteristics of P3HT transistors by the comparison with
conventional elastomers, such as PDMS.
Our OFETs are fabricated by a bottom-contact architecture,
with an n-type Si substrate as gate electrode, a 400 nm thick SiO2
layer as dielectric, and Cr/Au layers as drain (D) and source (S)
electrodes, produced by thermal evaporation through a shadowmask. Before depositing the organic semiconductor, the devices
are treated with dimethyldichlorosilane to obtain hydrophobic
surfaces. Two different Si master structures for patterning,
fabricated by electron-beam lithography, present 1 mm and
330 nm periodic grooves with a feature depth of 300 nm. The
PFPE–urethane dimethacrylate molds are obtained by pouring
the liquid precursor onto the masters, and subsequent photochemical crosslinking by UV light in nitrogen atmosphere.
PDMS replicas are also produced by thermally curing the
18052 | J. Mater. Chem., 2012, 22, 18051–18056

prepolymer onto the 1 mm period master, whereas 330 nm
periodic features cannot be faithfully replicated in PDMS due to
the well-known resolution limits of silicone elastomers.27 A 1 mL
droplet of a 0.2 mM dichlorobenzene solution of regioregular
P3HT is deposited onto the electrode area, forming a liquid ﬁlm
on which the PFPE mold is placed with its features oriented
perpendicularly to the D–S facing sides (Fig. 1a). With respect to
other photocurable PFPE–urethane methacrylate elastomers,24,26
the material used here is characterized by a higher molecular
weight (about 4000 g mol1) and superior elastomeric character,
thus favoring the stable, reversible sealing of the mold to the
substrate during the patterning procedure. Indeed, we ﬁnd that
the relief regions in the stamp reversibly seal to the surface of
SiO2 and to the Au electrodes, shaping cavities in which the
P3HT solution is tightly conﬁned. After the complete evaporation of the solvent (at 50  C over 2 hours under nitrogen), the
mold is peeled off and an array of spatially separated P3HT
features remains between the S and D electrodes of the transistor
(Fig. 1b). Thermal annealing is then carried out at 150  C for 5
min under N2 atmosphere, for completely removing the solvent.
The same lithographic procedure is carried out to print P3HT by
PDMS replicas. However, differently from PFPE molds, PDMS
elements swell and change shape when exposed to common
organic solvents10 including dichlorobenzene. The deformation
of PDMS replicas placed onto the P3HT solution is clearly
evident (Fig. S1†) and causes a loss of contact between the
elastomeric features in relief and the substrate during printing,
and consequently the presence of a residual organic layer
between adjacent polymer nanostructures.11 Further details on
materials and fabrication procedures are available in the ESI.†

Fig. 1 Process schematics (features not to scale). (a) Deposition of a
droplet of dichlorobenzene P3HT solution and PFPE template positioning. (b) After mold peeling-off, an array of aligned and isolated P3HT
features connect the S and the D electrodes. L: inter-electrodes gap
distance, Z: corresponding width. (c) P3HT pattern with feature resolution of 270 nm on the entire device area (S and D Au electrodes are visible
as broad rectangular regions underneath the bright polymer features)
imaged by ﬂuorescence microscopy, and (d) channel region of transistor
patterned by 1 mm periodic structures, visualized by confocal microscopy.
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Fig. 1c shows the surface of the OFET patterned by the 1 mm
period PFPE mold, evidencing well aligned periodic features of
P3HT. The pattern covers an area of about 0.5 cm2, with feature
length of a few mm, and extends both on the Au electrodes and
across the gap, revealing the capability of the mold of ﬁtting to
the sample microscale morphology without lack of conformal
contact. No interconnecting bottom layer is visible between adjacent P3HT features (Fig. 1d), which is particularly useful to
improve the device performance. Polarized absorption, often used
to probe molecular order as induced by nano-conﬁnement,9 is
slightly more intense when the incident light is polarized parallel
to the longitudinal axis of the features, and lower in the case of
perpendicular polarization. By rotating the polarizer, we ﬁnd
that the absorption intensity changes following a squared-cosine
dependence on the polarization angle, with maximum absorption
for the light polarized parallel to the chain orientation.28 The
high quality of the pattern is also conﬁrmed by scanning electron
microscopy (SEM, Fig. 2), and by atomic force microscopy
(AFM), providing information about the size and height of
P3HT structures. The polymer features produced by the PFPE
templates exhibit a height of about 300 nm, reproducing quite
faithfully the starting masters. In particular, Fig. 2a and b show
SEM planar views of P3HT structures, that have a size distribution well-ﬁtted by a Gaussian curve peaked at 270 nm with a
dispersion (full width at half maximum, FWHM) of about 10 nm
(Fig. 2c). In Fig. 2d and e, we show the morphology of smaller
polymeric features, having a size distribution peaked at 80 nm
and a FWHM of about 16 nm (Fig. 2f). Hence, the solventresistant approach proves to be a simple and low-cost, soft
lithographic method for the production of 1D sub-100 nm
aligned structures with mm length and uniform width and height,
starting from solution-processed organic semiconductors.

We compare the performances of the OFETs based on P3HT
aligned features of 80 nm (Fig. 3a) and 270 nm (Fig. 3b),
produced by PFPE molds, with those of analogous devices based
on spin-cast ﬁlms with a thickness of 300 nm (Fig. 3c) and on
nanostructures replicated by PDMS elements (Fig. S2a†), as
control. D–S current–voltage [Ids(Vds)] characteristics for gate
voltages (Vgs) from 0 to 100 V highlight the well-known p-type
behavior of P3HT transistors, working in accumulation mode.
We do not observe a complete current saturation at high Vds
values, which is likely related to impurities induced in the polymer during the device fabrication.4,21 These impurities determine
an increased density of the residual holes in the transistor
channel, and also affect the threshold voltage that tends to
assume positive values. The corresponding transfer characteristics, Ids(Vgs), and |Ids|1/2(Vgs) curves (for Vds ¼ 100 V), for
structured and thin-ﬁlm OFETs are displayed in Fig. 3d–f (and in
Fig. S2b† for devices realized by PDMS). The characteristics
indicate a threshold voltages (Vth) below 20 V. The saturation
ﬁeld-effect mobility, m, is estimated by the OFET characteristics
Zeff
according to the current behaviour, Ids ¼
CmðVgs  Vth Þ2 ,14
2L
where C is the gate dielectric capacitance per unit area (8 nF
cm2 for the thermally grown SiO2),24 L is the transistor channel
length (¼ 25 mm). The effective channel width, Zeff, is given by
the P3HT single-feature width times the number of D–S connecting features (for transistors patterned by PFPE molds), or by
the full electrodes width, Z ¼ 100 mm (for the thin ﬁlms and for
devices patterned by PDMS molds). The OFETs based on 80 nm
features show mobility values of 0.1 cm2 V1 s1, which is higher
by a factor 60 compared to that of ﬁlm devices (1.7  103 cm2
V1 s1). Moreover, the electrical conductivity (s) of 80 nm
P3HT features is about 1.6  101 S m1, that is 53 times higher

Fig. 2 Morphological investigation. SEM micrographs of the P3HT 1 mm (a and b) and 330 nm (d and e) periodic patterns on the Au electrodes (light
gray region in a and d) and on the SiO2 dielectric (dark gray region). The longitudinal axis of each P3HT feature forms an angle of (87  2) with the
electrodes. (c and f) Width distributions of the features. The superimposed lines are the ﬁts by Gaussian curves.
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Fig. 3 Demonstration of OFET with enhanced performance. Output characteristics of OFETs patterned with features of 80 nm (a) and 270 nm (b), and
thin-ﬁlm reference OFETs (c) for various gate bias, Vgs ¼ 0 V (squares), 20 V (circles), 40 V (upward triangles), 60 V (downward triangles), 80 V
(diamonds), and 100 V (leftward triangles). (d–f) Corresponding transfer characteristics Ids(Vgs) (left vertical scale) and |Ids|1/2(Vgs) (right vertical scale),
for Vds ¼ 100 V. Continuous lines: linear ﬁts to data.

than that found for ﬁlms (3  103 S m1). An increment of
mobility and conductivity with respect to ﬁlms is also observed
for 270 nm structured devices, that exhibit m ¼ 3.5  102 cm2
V1 s1 and s ¼ 6  102 S m1 (for OFETs patterned by
PFPE), or m ¼ 1.1  102 cm2 V1 s1 and s ¼ 2  102 S m1
(for OFETs patterned by PDMS) replicas. In fact, the relatively
lower mobility and conductivity of devices fabricated by using
PDMS molds can be related to the presence of the residual layer
between the features. Hence, we demonstrate an improvement of
the electrical properties of P3HT nanostructured by the soft
lithographic approach based on solvent-resistant molds, also in
comparison with conventional elastomeric stamps. Furthermore,
the ﬁeld-effect mobility and the conductivity increase upon
increasing the pattern resolution, highlighting the effective role
played by the employed patterning procedure.
In order to investigate the molecular organization in the
nanostructures, we perform grazing-incidence wide-angle X-ray
scattering (GIWAXS) measurements. In Fig. 4, GIWAXS twodimensional (2D) patterns are displayed for 270 nm features
obtained by PDMS (Fig. 4a) and by PFPE molds (Fig. 4b), and
for 80 nm features obtained by PFPE molds (Fig. 4c). In the 2D
patterns, the X-ray scattered intensity is plotted against the
scattering vector (Q) components, parallel (Qr) and perpendicular (Qz) to the sample surface (strictly speaking the vertical axis
represents the total scattering vector, but it has been approximated with its z component due to the small range of scattering
angles). For all the analyzed samples, the well-deﬁned (100) series
along Qz indicate that the lamellar stacking direction is preferentially oriented along the surface normal direction, and the
presence of the (010) peak along Qr highlights that the directions
of p–p stacking and side chains separation are parallel to the
substrate.17 Hence, P3HT polymer chains preferentially exhibit
an edge-on orientation. No signiﬁcant change in the GIWAXS
pattern is observed by changing the in-plane orientation of the
features with respect to the incident X-ray beam. Considering the
18054 | J. Mater. Chem., 2012, 22, 18051–18056

position of the (100) and (010) peaks in the out-of-plane and inplane proﬁles (Fig. S3†), we estimate the lattice parameters: a
(the distance between the backbones), and b (p-stacking
distance) y c/2 (separation between the side chains), which are
approximately (1.67  0.03) nm and (0.38  0.02) nm, respectively, as typical of P3HT self-assembly.15 The broad ring around
1 in Fig. 4c can be attributed to the residual presence of
1.6 A
randomly oriented P3HT domains, with a possible contribution
of the underlying SiO2 substrate on the smaller Q side of the
peak.29 Nonetheless, the P3HT structures at high resolution
present a degree of edge-on orientation higher than the 270 nm
features. The degree of preferential orientation for the different
patterned samples is evaluated by comparing the width of the
azimuthal distribution of orientations. The (100) peak intensity is
plotted for each GIWAXS map as a function of the azimuthal
angle (4), deﬁned on the 2D map as the angle between the
scattering vector and the horizontal axis. The resulting plots,
shown in Fig. 4d, correspond to rocking curves in the (Qr, Qz)
plane. We observe that P3HT structures with 270 nm width,
obtained by using both PDMS (diamonds) and PFPE molds
(circles), are characterized by a comparable degree of orientation
with a FWHM of about 25 , whereas for 80 nm P3HT features
(triangles) a FWHM of about 15 is measured. This suggests that
a more evident edge-on orientation of the P3HT molecules is
induced by increasing the pattern resolution, as also demonstrated by the observed increment of the ﬁeld-effect mobility.
During the soft lithographic procedure, the chains of the
regioregular P3HT undergo structural conformational changes
mainly due to the ﬂuidic motion, the interaction with the PFPE
template, and the concomitant solvent evaporation. In the early
stage of printing, the liquid solution is forced to ﬁll the cavities
of the non-wetting mold, and such nanoﬂuidic motion causes
the initial alignment of the polymeric chains along the ﬂow
direction.26 Upon conformable adhesion of the template to the
gate dielectric, the liquid remains highly conﬁned into channels
This journal is ª The Royal Society of Chemistry 2012
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Conclusions
In conclusion, the application of these solvent-resistant soft
technologies for the processing of conjugated polymers in solution is a promising strategy to realize organic semiconductor
devices with highly improved charge transport. We demonstrate
isolated features of regioregular P3HT down to below 100 nm,
and their application as the active medium in OFETs, obtaining
a ﬁeld-effect mobility 60 times higher with respect to homogeneous ﬁlms. The high degree of control achieved over the feature
dimensions and alignment is of special interest for sensing and
optoelectronic devices based on 1D organic nanostructures.
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Fig. 4 GIWAXS analysis of the realized P3HT nanostructures. 2D
patterns of 270 nm features obtained by a PDMS mold (a) and a PFPE
mold (b), and 80 nm features realized by a PFPE mold (c). (d) Azimuthal
proﬁles of the (100) peak for the different samples: 1 mm periodic pattern
produced by PDMS (diamonds) and by PFPE (circles), 330 nm periodic
features (triangles).

made of three ﬂuoroelastomer walls and one wall in SiO2. The
P3HT molecules rearrange in lamellae having an edge-on
orientation, preferentially perpendicular to the channel length,
with the p stacking of the conjugated polymer chains along the
main axis of the patterned features, that is the direction of the
current ﬂow in the device. Moreover, we point out that the use
of dichlorobenzene as solvent, due to its high boiling point
(180  C), results in a slow solvent evaporation30 that facilitates
the dynamic molecular self-assembly at the nanoscale before
the complete polymer solidiﬁcation and the mold peelingoff.19,31
This journal is ª The Royal Society of Chemistry 2012

1 S. Allard, M. Forster, B. Souharce, H. Thiem and H. Scherf, Angew.
Chem., Int. Ed., 2008, 47, 4070–4098.
2 M. Mas-Torrent and C. Rovira, Chem. Rev., 2011, 111, 4833–4856.
3 G. Derue, D. A. Serban, Ph. Leclere, S. Melinte, P. Damman and
R. Lazzaroni, Org. Electron., 2008, 9, 821–828.
4 D. Tu, S. Pagliara, A. Camposeo, L. Persano, R. Cingolani and
D. Pisignano, Nanoscale, 2010, 2, 2217–2222.
5 D. Cui, H. Li, H. Park and X. Cheng, J. Vac. Sci. Technol., B:
Microelectron. Nanometer Struct.–Process., Meas., Phenom., 2008,
26, 2404–2409.
6 Z. Hu, B. Muls, L. Gence, D. A. Serban, J. Hofkens, S. Melinte,
B. Nysten, S. Demoustier-Champagne and L. M. Jonas, Nano Lett.,
2007, 7, 3639–3644.
7 D. A. Serban, P. Greco, S. Melinte, A. Vlad, C. A. Dutu, S. Zacchini,
M. C. Iapalucci, F. Biscarini and M. Cavallini, Small, 2009, 5, 1117–
1122.
8 J. H. Park, S. J. Kang, J. W. Park, B. Lim and D. Y. Kim, Appl. Phys.
Lett., 2007, 91, 222108.
9 Z. Zheng, K. H. Yim, M. S. M. Saifullah, M. E. Welland,
R. H. Friend, J. S. Kim and W. T. S. Huck, Nano Lett., 2007, 7,
987–992.
10 J. N. Lee, C. Park and G. M. Whitesides, Anal. Chem., 2003, 75, 6544–
6554.
11 J. P. Rolland, B. W. Maynor, L. E. Euliss, A. E. Exner,
G. M. Denison and J. M. DeSimone, J. Am. Chem. Soc., 2005, 127,
10096–10100.
12 F. S. Kim, G. Ren and S. A. Jenekhe, Chem. Mater., 2011, 23, 682–
732.
13 S. Pagliara, A. Camposeo, A. Polini, R. Cingolani and D. Pisignano,
Lab Chip, 2009, 9, 2851–2856.
14 C. D. Dimitrakopoulos and P. R. L. Malenfant, Adv. Mater., 2002,
14, 99–117.
15 H. Sirringhaus, P. J. Brown, R. H. Friend, M. M. Nielsen,
K. Bechgaard, B. M. W. Langeveld-Voss, A. J. H. Spiering,
R. A. J. Janssen, E. W. Meijer, P. Herwig and D. M. De Leeuw,
Nature, 1999, 401, 685–688.
16 M. Aryal, K. Trivedi and W. Hu, ACS Nano, 2009, 3, 3085–3090.
17 H. Hlaing, X. Lu, T. Hofmann, K. G. Yager, C. T. Black and
B. M. Ocko, ACS Nano, 2011, 5, 7532–7538.
18 G. Wang, J. Swensen, D. Moses and A. J. Heeger, J. Appl. Phys.,
2003, 93, 9208–9211.

J. Mater. Chem., 2012, 22, 18051–18056 | 18055

This article may be downloaded for personal use only. It may not be further made available or distributed.

View Online
25 E. Mele, A. Camposeo, M. De Giorgi, F. Di Benedetto, C. De Marco,
V. Tasco, R. Cingolani and D. Pisignano, Small, 2008, 4, 1894–1899.
26 C. De Marco, E. Mele, A. Camposeo, R. Stabile, R. Cingolani and
D. Pisignano, Adv. Mater., 2008, 20, 4158–4162.
27 S. S. Williams, S. Retterer, R. Lopez, R. Ruiz, E. T. Samulski and
J. M. DeSimone, Nano Lett., 2010, 10, 1421–1428.
28 S. Nagamatsu, W. Takashima and K. Kaneto, Macromolecules, 2003,
36, 5252–5257.
29 S. Joshi, S. Grigorian, U. Pietsch, P. Pingel, A. Zen, D. Neher and
U. Scherf, Macromolecules, 2008, 41, 6800–6808.
30 G. Li, Y. Yao, H. Yang, V. Shrotriya, G. Yang and Y. Yang, Adv.
Funct. Mater., 2007, 17, 1636–1644.
31 F. C. Chen, H. C. Tseng and C. J. Ko, Appl. Phys. Lett., 2008, 92,
103316.

Downloaded by Universita del Salento on 28 September 2012
Published on 31 July 2012 on http://pubs.rsc.org | doi:10.1039/C2JM33611A

19 J. Liu, Y. Sun, X. Gao, R. Xing, L. Zheng, S. Wu, Y. Geng and
Y. Han, Langmuir, 2011, 27, 4212–4219.
20 Z. Bao, A. Dodabalapur and A. Lovinger, Jpn. J. Appl. Phys., Part 2,
1996, 69, 4108.
21 D. M. Russell, C. J. Newsome, S. P. Li, T. Kugler, M. Ishida and
T. Shimoda, Appl. Phys. Lett., 2005, 87, 222109.
22 D. D. Schroepfer, P. P. Ruden, Y. Xia, C. D. Frisbie and
S. E. Shaheen, Appl. Phys. Lett., 2008, 92, 013305.
23 M. J. Hampton, S. S. Williams, Z. Zhou, J. Nunes, D. H. Ko,
J. L. Templeton, E. T. Samulski and J. M. DeSimone, Adv. Mater.,
2008, 20, 2667–2673.
24 D. Tu, S. Pagliara, A. Camposeo, G. Potente, E. Mele,
R. Cingolani and D. Pisignano, Adv. Funct. Mater., 2011, 21, 1140–
1145.

18056 | J. Mater. Chem., 2012, 22, 18051–18056

This journal is ª The Royal Society of Chemistry 2012

This article may be downloaded for personal use only. It may not be further made available or distributed.

