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Micro-contact printing (lCP) has been applied to deposit poly(3-hexylthiophene) (P3HT)
layer onto silicon oxide substrate from a polydimethylsiloxane (PDMS) stamp. The effect
of the stamp stretching onto the corresponding printed P3HT layer has been analysed both
from morphological (AFM) and from structural (XRD) points of view. Results show an ori-
enting effect of the stretching towards the P3HT ultimate morphological units (i.e. fibrils)
along the stretching direction. The influence of other variables involved in the deposition
(substrate polarity/apolarity, mechanical pressure onto the stamp) have been studied
and reported.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In the development of an organic electronic device, the
patterning of an appropriate substrate with lithographic
techniques represents one of the key steps both for making
contacts and for positioning the active layers only in par-
ticular areas of the same substrate. In this concern, soft
lithography such as micro-contact printing (lCP) has some
significant advantages as compared to the more conven-
tional lithography, namely its versatility, low cost and abil-
ity to transfer a particular self-assembled monolayer
(SAM) pattern with nanometer resolution to a substrate
[1–12]. In lCP the layer to be deposited is directly released
from an elastomeric stamp, e.g. polydimethylsiloxane
(PDMS), to the substrate in solvent-free conditions, taking
advantage of the interaction (physi- or chemi-sorption) be-
tween the layer and the final substrate to the detriment of
the interaction forces initially keeping it adsorbed to the
stamp [13–15]. PDMS not only acts as the carrier of the
layer but also can transfer to it a predetermined pattern
previously ‘written’ onto the stamp itself. One of the prin-
. All rights reserved.

x: +39 02 70636400.
via).
cipal uses of lCP is the production of SAM layers of alkyl
thioles onto gold [16–18], silanizers such as octadecyltri-
chlorosilane (OTS) on silicon oxide [19,20], phosphonic
acid [21], polymer [22,23], and metals on silicon oxide
[24,25]. Nanowires of different materials have been depos-
ited by using contact printing [26]. For all these printed
materials, the predefined pattern generally consists of
rows with periods up to few nanometers for bio- or opto-
electronic applications [18,27,28]. The printed layer not
necessarily needs to chemisorb onto the substrate but a
physisorption is sufficient if the interaction with the sub-
strate results stronger as compared with that occurring
with the PDMS mold [29,30]. lCP has also been used to
print metallic patterns with a modified electrical technique
(e-lCP) [31,32] and to print Au metal particles [12,33]. For
organic materials, lCP depositions of a homogeneous layer
of polymers for OFET applications such as poly-3-hexyl-
thiophene (P3HT) [34–37] has been carried out as an alter-
native to the spin coating method commonly used for this
material [38–48]. In the case of a P3HT deposition
with lCP, two printing methods have been followed: (1)
Indirect method: (a) deposition by spin coating of the
P3HT layer onto a first substrate (OTS functionalized sili-
con oxide), (b) use PDMS to peel off the P3HT layer from

http://dx.doi.org/10.1016/j.eurpolymj.2010.05.010
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the first substrate, (c) transfer the film to the final sub-
strate by simply pressing it for few seconds [36,37]. (2)
Direct method: place a drop of the P3HT solution onto
stamp and then press the stamp onto the final substrate
as in 1c) [35].

The main goal of this article is a new use of lCP method
not only to print a P3HT layer in a reproducible way but
also to exploit the elastic properties of the PDMS to stretch
the adsorbed P3HT layer and to demonstrate at a nanomet-
ric level that the corresponding effect onto P3HT is to pro-
duce an orientation of the singular P3HT fibrils along the
stretching direction. This could have important electronic
and device implications since P3HT fibril orientation, in
its turn, has been demonstrated [49,50] to give rise to an
improvement to the overall mobility.

In particular, this work is organized in the following
steps:

– Morphological and structural effects determined by the
stretching and/or the mechanical pressure of the PDMS
stamp onto the P3HT compared to the non-stretched
case.

– Possible role of the substrate polar/apolar character on
the P3HT morphology.

The techniques used to pursue the above goals are
atomic force microscopy (AFM) and synchrotron X-ray dif-
fraction (XRD).
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2. Experimental

2.1. Micro-contact printing procedure

The lCP procedure consists in a P3HT peeling off with
PDMS from P3HT/OTS and printing onto the substrate such
as SiOx and OTS/SiOx. Fig. 1 shows the steps of the printing
procedure. In phase1 P3HT (5 mg/cc toluene solution) is
deposited by spin coating onto OTS functionalized silicon
oxide. During phase 2 the P3HT layer is (I) covered with
PDMS still liquid properly degassed for 1 h), (II) heated at
80 �C for 12 h, (III) peeled off from the original substrate.
In phase 3 the peeled layer is printed onto the new sub-
strate and then the PDMS layer is detached from P3HT
layer.

In the stretching experiments a stripe of PDMS inked by
P3HT (5 � 15 mm) is fixed at the two 5 mm edges in a vice-
Fig. 1. Scheme of lCP d
like apparatus and then a measurable constant stretching
is applied. The substrate to be printed is moved towards
the stretched stamp from below and then pressed to put
it into contact with the stretched P3HT layer to be printed.
For the lCP with variable pressure, a measurable pressure
is applied to the substrate + the inked stamp with a press.
In all the experiments the sample is held at a temperature
of 80 �C during the printing process. The printing duration
was always of 5 min. For the stretched cases where unin-
tentional pressure is applied, the pressure has been held
constant and reproducible and can be quantified in one or-
der of magnitude lower than the intentional pressure used
for the variable pressure experiments. It should be noted
that the P3HT layer is taken off from the original substrate,
where it was deposited by spin coating, as solid layer; be-
sides PDMS has been poured still liquid and previously de-
gassed. For these reasons it is the PDMS that fits P3HT layer
and not viceversa, maintaining the roughness of the origi-
nal P3HT layer actually unaltered even in those cases
where P3HT is pressed. All the annealing treatments of
the printed P3HT layers have been performed in dry box
at a temperature of 190–200 �C slightly below to the melt-
ing point of P3HT in order to maximize the P3HT chain
mobility and re-organization.

2.2. XRD measurements

XRD data were obtained in air and at room temperature
at the XRD1 beam-line of the ELETTRA Synchrotron in Trie-
ste. The wavelength of the monochromatic beam was 0.1
or 1.2 nm. The beam size was 0.2 � 0.2 mm. The samples
were oriented by means of a four-circle diffractometer
with a motorized goniometric head and a MarResearch
165 mm CCD camera or a 345 mm Imaging Plate as
detectors.

2.3. AFM measurements

Morphological characterization has been carried out
with commercial AFM NT-MDT in semi-contact mode. Both
height images and phase images have been simultaneously
acquired. The typical parameters used are 50–60% of the ori-
ginal modulation amplitude as reference signal at the canti-
lever resonance. Thickness of the P3HT layers has been
measured with AFM contact mode and fall between 30 and
35 nm.
eposition phases.
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3. Results and discussion

3.1. Effect of stretching

The effect of lCP onto silicon oxide is shown in Fig. 2.
The printed layer without stretching is essentially continu-
ous and homogeneous (Fig. 2) and reproduces (inset Fig. 2)
the original P3HT layer morphology of filaments randomly
distributed typical of the P3HT deposited by spin coating
onto silicon oxide [38–48]. The straight structures are
compatible with a sequence of stacked P3HT molecules
with the p orbital interacting with the neighbour macro-
molecules (see for example [41]). It is interesting to note
that not only the morphology but also the roughness is
generally preserved in the printing process compared to
the spin coated P3HT film (roughness: 6–8 nm). This is
due to the fact that PDMS fits to the P3HT layer and deco-
rates it without influencing its organization.

The effect of the stretching of the deposited P3HT induced
by the PDMS matrix is shown in Fig. 3. First of all, the homoge-
neity and compactness of the P3HT layer is a function of the ap-
plied elongation. By increasing the elongation ratio, defined as
D = (l� l0)/l0, the layer initially continuous and compact
evolves, for a controlled cracking effect, into interconnected
terraces delimited by empty areas predominantly oriented
along the direction normal to the stretching direction. Fig. 3a
shows the morphology corresponding to D = 0.1 where the
terraces are still adjoining and delimited by touching edges.
By increasing elongation to D = 0.2 (Fig. 3b), the formation of
empty breaks in between interconnected terraces occurs even
if the layer maintains its continuity. The voids are mostly ori-
ented along the direction normal to the stretching direction.
By further increasing D, Fig. 3c and d, the voids widen and
the total amount of void areas increases. According to Fig. 4,
the dependence void area/elongation is not linear: from
D = 0.0 to D = 0.4, void amount increases by 0.3 times. From
D = 0.4 toD = 1.0, the increase is only of 0.05 times. This means
Fig. 2. Morphology of a P3HT layer printed on SiOx without PDMS
stretching. Inset: details of printed layer. White bar corresponds to
0.5 lm.
that, during PDMS_P3HT elongation, most of the changes in
void density occurs inthetransition fromcontinuoustotheon-
set of layer splitting while, for larger elongations, strain is al-
ready completely released and then the void density does
not change appreciably. The average roughness and the island
thickness (30–40 nm) remain approximately constant and
independent of elongation ratio.

The effect of the annealing at a temperature close to the
P3HT melting point (190 �C) is shown in Fig. 5 for the exem-
plary case of D = 0.2. Annealing produces a more homoge-
neous re-organization of the voids, more dashed and
distributed, and, at a more detailed level, the appearance of
a homogeneous pore distribution (diameter 150–200 nm)
that in the non-annealed case are hidden. This effects can
be ascribed to P3HT chain mobility induced by the high
temperature.

A second effect of the annealing following the stretch-
ing is to improve the overall crystallinity for moderate
stretching (D = 0.2) thus leading to a further formation of
oriented fibrils, as a consequence of the previous strain,
markedly as compared to non-annealed case.

Images of Fig. 6 reveal that the P3HT fibril orientation
within the terraces along the stretching direction reaches
the maximum at D = 0.2. For D values > 0.4, the orientation
sensibly decreases and at D = 1.0 totally disappears thus
coming back to non-stretched situation. In other terms,
combination of elongation/post-annealing produces an
efficient orienting effect towards the P3HT fibrils until
the layer maintains its compactness. Whenever the strain
implies a fragmentation of the P3HT layer into separate is-
lands, the strain energy accumulation is released in the
layer breaking and not in the fibril orienting process within
the layer itself.

This last morphological result correlates with the XRD
results according to which for low P3HT stretching (up to
D = 0.4), an edge-on orientation of high inter-fibril order/
crystallinity is prevalent while for higher stretching a par-
tial shift from edge-on to face-on orientation occurs thus
indicating a higher disorder and a lower long range crystal-
linity (see below in the Section 3.1.1).

Finally, for D = 0.2, annealing not only improves the
crystallinity of single P3HT fibrils but induces the forma-
tion of rod-like crystallites (length of 1.2 micron and sec-
tion of 100 nm in figure) oriented along the fibril
direction, shown in Fig. 7. Unlike the height image
(Fig. 7a), the phase images (Fig. 7b) reveal a multi-fibril
composition of the structure coming from a pairing of dif-
ferent P3HT fibrils and/or a folding of the same fibril. These
structures will occur again later (see Section 3.2) in the
form of wires, as a consequence of a low mechanical pres-
sure, although in that case they are more flexible.

A schematic representation of the morphological change
induced by the stretching is shown in Fig. 8 where fibrils are
represented by segments that before stretching are ran-
domly oriented and after stretching are oriented along the
stretching direction. A macroscopical quantity such as
stretching is used to induce an ordering at nanometer level.

3.1.1. XRD results
Thin films printed from PDMS subjected to different

elongation ratios, but not annealed, were examined by



Fig. 3. morphological evolution of the P3HT layer printed from PDMS stamp function of the PDMS/P3HT elongation D = (l � l0)/l0. (a) D = 0.1, (b) D = 0.2, (c)
D = 0.4, (d) D = 1.0. Stretching direction indicated by white arrow in all the images.

Fig. 4. Void/total area fraction as a function of the PDMS/P3HT elongation
D. For each case measurements on five different areas have been
analysed. Standard deviation falls within ±0.015 for all the values.
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synchrotron radiation diffraction. The orientation model of
P3HT together with 2D original images and related profiles
in both out of plane (OOP) and in plane (IP) geometry are
reported in Supplementary Part.

The first relevant observation from the analysis of data,
which an exemplary 2D-image is reported in Fig. 9, is that
OOP profiles exhibit [1 0 0] direction peaks mainly, con-
versely the IP data indicate the presence of (0 2 0) reflec-
tion only. These facts imply the essentially edge-on
orientation of the macromolecules, as observed in thin
films obtained by either spin coating or casting [38–48]
Accurate analysis of the XRD data according to different
incidence angles, using paracrystal approximation [51,52]
gave no clear indication of any penetration depth trend,
surely due to the insufficient crystallinity achieved. How-
ever, considering the parameters reported in Table 1, it is
clear that the profiles along the direction parallel to the
stretching are more neat than the perpendicular one, this



Fig. 5. Annealing effect on the layer morphology for elongation D = 0.2. Morphology (a) before and (b) after annealing. Stretching direction indicated by
white arrow in both the images.

Fig. 6. Details of the annealed layers at different stretching D values: (a) D = 0.2, (b) D = 0.4, (c) D = 1.0. Stretching direction indicated by white arrow in all
the images.
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earning deep insights. Specifically the crystal size along
[0 1 0] (IP scans) are larger in images taken parallel to
the stretching direction (Fig. 9) than the ones recorded per-
pendicular to such a direction (not shown).

For a correct interpretation of these results, it is neces-
sary to remind the model of the ultimate morphologic
units (fibrils) of a deposited P3HT layer: each fibril consists
of a sequence of macromolecules normal to the fibril elon-
gation [38–48]. Considering the edge-on orientation of the
chains, it is possible to definitely pinpoint the unit cell axes
see for example [47,53] as exemplified in Fig. 10. Generally,
these fibrils are randomly distributed onto the layer (see
for example the inset of Fig. 2) but whenever a stretching
is applied to the layer as shown before the effect of the
stretching is an orientation of the fibrils along the stretch-
ing direction with respect to any other.

In these conditions, it is evident that when the XRD-beam
is parallel to the stretching direction more macromolecules
front-face orthogonally the impinging flux, respecting Bragg
conditions for both (h 0 0) and (0 2 0) reflections; conversely
in the case of the of flux normal to the stretching directions
the macromolecules are crossed by XR-beam hence (0 2 0)
reflection diffraction is hampered on the average. We like
to remark that, due to low crystalline amount of the sample
subjected to no thermal treatment, this result is necessarily
qualitative, although pointing out a clear trend.

In synthesis, XRD results firstly confirm for the lCP P3HT
layer a prevailing edge-on orientation with respect to the
substrate, suggesting that such layers essentially are compa-
rable to spin coated ones in terms of both orientation (edge-
on) and morphologic features (fibril). Secondly, the higher
crystallinity along the stretching direction as compared to
the normal direction (i.e. higher OOP (1 0 0) peak intensity
for vertical stacking and IP presence for horizontal p–p
stacking) is consistent with the fibril orienting effect of
stretching detected by AFM investigation.



Fig. 7. Detail of rod-like structure for elongation D = 0.2. (a) Height and (b) phase image.

Fig. 8. Sketches representing the non-stretched (a) and stretched case (b).
The thin black lines represent singular P3HT fibrils while the thicker black
lines represent cohalescence of different P3HT fibrils induced by the
orienting effect of the stretching.

Table 1
Structural parameters of selected thin films of P3HT stretched (40 nm).

Stretching direction Peak profile

OOP IPa

L (nm)b G100/200
c G200/300

c L (nm)b

Parallel 8.6–9.4 3.0–3.6 3.0–3.2 4–6
Perpendicular 8.7–9.4 2.5–3.6 3.2 –d

a The intensity is small, especially for perpendicular direction.
b L is the average crystallite dimension as derived from Ref. [5]. The

estimated standard deviation is close to 0.5 nm.
c Ghkl is the lattice fluctuation factor according to Hosemann para-

crystal theory [4].
d Two broad peak, hence indeterminable.
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Finally the effect of different stretching ratio (D) onto
structural findings is fully in agreement with morphologic
results above described. Namely, up to ratio values of
Fig. 9. XRD 2D-image of film (non-annealed) of P3HT printed onto silicon oxide, d
the stretching direction.
D = 0.4 the crystallinity increases and also the orientation
above this values no further increase are detected, rather
the evidence of some face-on orientation – i.e. comparison
of (0 2 0) along OOP profile and limitation of crystal size
uring stretching of PDMS (elongation D � 0.5). The beam flux is parallel to



Fig. 10. Sketch of the crystalline part of the fibril with unit cell axis
indicated, see text.
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along [1 0 0] direction – is observed, probing significant mis-
orientation, with respect to the substrate, during mechani-
cal crystallization.

3.2. Effect of mechanical pressure onto the stamp

The effect of the mechanical pressure onto the stamp
during the printing procedure is shown in Fig. 11 where
AFM images reveal the morphology for the case without
pressure, with a pressure of 0.3 and 0.6 N/cm2.

The increase of pressure has a positive effect towards the
layer compactness. Without pressure the layer is composed
of adjoining, contiguous islands delimited by sequence of
isolated small aggregates following the delimiting areas.
The area occupied by the relief structures decorating the is-
land edges represents approximately the 15% of the total
area analysed. By applying an increasing pressure, the is-
lands coalesce forming wider terraces and also the em-
bossed delimiting lines tend to be absorbed and disappear.
An approach more quantitative reveals that with an increase
of pressure onto the stamp, the area occupied by relief struc-
tures decreases to 5% and to 1% for 0.3 and 0.6 N/cm2 of pres-
sure, respectively. Also the roughness decreases with an
increasing pressure: going from no pressure to high pres-
sure, the value halves (from 70 to 35 nm) thus confirming
the observation that the layer terraces are more flat and
the relieves thin out with the increasing pressure.

These remarks keep also validity for the cases where
stretching is applied. Indeed, the previous stretched cases
(for example Fig. 3) refer to a printing where a pressure
is always applied simultaneously to stretching. On the con-
trary, Fig. 12 shows the case where lCP has been carried
out without pressure. Relief structures that were absent
in a previous case, now are present in terms of elongated
macrofibrils/wires oriented along the stretching direction.

3.3. lCP onto a previously patterned silicon oxide

A similar situation occurs in Fig. 13 where a stretched
lCP without pressure is used for deposition of a P3HT layer
onto a previously patterned Au/SiOx chip. In this specific
case, the substrate consists of a sequence of Au arrays
(6 lm wide separated by 2 lm) alternating to a bare sili-
con oxide surface. This patterning reproduces in a simpli-
fied way the morphology characteristic of a OFET device
where the Au stripes are the electrodes while the layer in
between represents the active organic layer specifically
P3HT responsible for the OFET electron flux and mobility.
Results, summarized in Fig. 13 for a stretched lCP
(D = 0.2) reveal the appearance of wire-like structures with
variable section (from 80 to 150 nm (arrows Fig. 13b and c,
respectively)) and variable length (100–2 lm) associable
to a lateral coalescence of P3HT fibrils oriented along the
stretching direction. Although wires are mostly straight
and oriented, some of them are curved or circular
(Fig. 13c double arrow). In some cases, the applied stretch-
ing is sufficient to create wires covering the whole distance
between two electrodes (see white arrow in Fig. 13a). This
fact, added to the orienting effect of P3HT fibrils seen in
Fig. 7a, could have important implications in the electron
mobility improvement.

3.4. Effect of substrate apolar character: OTS/Si oxide as a
substrate

Up to now an oxidised Silicon single crystal has been
used as final substrate where lCP occurs. Fig. 14 shows
the effect of silicon oxide substrate silanization with OTS
onto the final morphology. Under a stretching comparable
to D = 0.2, the layer undergoes to a breaking into different
independent islands separated by channels, while in the
silicon oxide case the fractures were more limited and only
oriented in the direction normal to the stretching thus
leaving a continuity and compactness of the layer.

This different behaviour can be attributed to a ‘sliding’
effect of the printed P3HT layer onto the apolar carpet
due to OTS.
4. Conclusions

Micro-contact printing represents a solvent-free repro-
ducible method to deposit a P3HT layer maintaining the
typical fibril morphology and at the same time offering
the opportunity to induce in the polymer layer crystallite
ordering via fibril orientation and inter-fibril lateral pair-
ing. This result can be obtained by applying a stretching
to the PDMS stamp charged with the P3HT layer to be
printed. A quantitative study in controlled conditions of
the stretching effect towards the printed P3HT morphology



Fig. 11. Effect of mechanical pressure. Height and phase images for no pressure case (a and b, respectively), 0.3 N/cm2 (c and d) and 0.6 N/cm2 (e and f).
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Fig. 12. Morphology of a stretched P3HT printed without pressure. Fig. 14. Effect of the stretching for OTS as substrate.
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indicates that stretching induces a controlled layer frag-
mentation and formation of channels in between intercon-
nected islands. The percentage and shape of empty breaks
is a function of the applied stretching hence it can be used
to create nanochannels within a P3HT layer for templates.
The combination of stretching and further annealing leads
to an improvement of the overall crystallinity of the layer
(XRD) and an orientation of P3HT fibrils along the stretch-
ing direction for elongation values able to still guarantee
the layer compactness (max orientation at D = 0.2–0.3).
After such values significant mis-orientations (face-on)
are evident through empty break formation. The lCP with-
out mechanical pressure during the printing phase and
with a simultaneous stretching allows the formation of
wires probably due to a lateral pairing of different P3HT fi-
brils oriented along the stretching direction.

The stretching obtained with lCP has been shown to
have an important role in orienting the P3HT fibrils respon-
sible for the P3HT electron mobility of the active layer. In its
Fig. 13. Morphology of P3HT layer with stretching printed onto a patterned subs
wire-like structures. Stretching direction indicated by yellow arrow in a). (For in
referred to the web version of this article.)
turn, material orientation has been demonstrated by several
authors to have an important role in improving the electron
mobility [49,50].

The polar/apolar character of the substrate seems to as-
sume an important role as driving force in addressing the
morphology of the P3HT printed layer. In fact OTS–SAM
onto treatment of Si oxide substrate modify the P3HT layer
compactness, lowering the threshold to which it undergoes
to definitive fragmentation along both the normal and par-
allel stretching direction thank to a sort of sliding effect
onto OTS. However, silanization with OTS has been widely
demonstrated to have a crucial role in improving the P3HT
electron mobility due to its edge-on P3HT orienting effect
[38–48]. In order to benefit of the ‘horizontal’ P3HT orient-
ing effects of the stretching together with the OTS edge-on
‘vertical’ ordering of the starting spun film, it is mandatory
to limit the stretching to values able to produce the posi-
tive orientation without counter-indication of layer break-
ing, i.e. D 6 0.3. Remarkably to remind is that the effect of
trate. (a) General view. (b and c) Details. White arrows show examples of
terpretation of the references to color in this figure legend, the reader is
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the polar/apolar character of the substrate needs to be
investigated thoroughly in term of a wider spectra of silan-
izers exploring different degree of surface hydrophobicity
to deep insight these qualitative results. Further investiga-
tions towards these directions are presently carrying on.
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