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Sequential and parallel local oxidation nanolithographies have been applied to pattern pentacene

samples by creating a variety of nanostructures. The sequential local oxidation process is performed

with an atomic force microscope and requires the application of a sequence of voltage pulses of 36 V for

1 ms. The parallel local oxidation process is performed by using a conductive and patterned stamp.

Then, a voltage pulse is applied between the stamp and the pentacene surface. Patterns formed by

arrays of parallel lines covering 1 mm2 regions and with a periodicity of less than 1 mm have been

generated in a few seconds. We also show that the patterns can be used as templates for the deposition

of antibodies.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Organic semiconductors have emerged as attractive materials for
the fabrication of low cost and flexible electronic devices. Organic
semiconductors are being used as active elements in electronic
devices such as organic light-emitting diodes (OLED) [1], thin film
transistors (TFT) [2–7], organic solar cells [8], organic field-effect
transistors (OFET) [9], electrochemical transistors, and recently in
biosensing applications [10–12]. In the field of organic semiconduc-
tor research, pentacene is one of the most studied materials, thanks
to its high mobility comparable with that of amorphous silicon
devices [13]. High-performance electronic devices are easily and
robustly obtained from vacuum-deposited thin films of pentacene
on a variety of substrates. In the present work, monolayers of
pentacene were evaporated on Si (1 0 0) substrates and then
nanopatterned by local oxidation nanolithography.

Local oxidation nanolithography performed with an atomic
force microscope (AFM) has established itself as a robust, reliable,
and flexible method to pattern a variety of materials such as
semiconductor, metallic, and organic surfaces [14–20]. In the
oxidation process, the AFM tip acts as a cathode and the water
meniscus formed between tip and surface is the source for the
oxyanions species [21,22]. The strong localization of the electrical
field lines near the tip apex and the lateral confinement of the
oxyanions species within the liquid meniscus give rise to a
nanometer-size structure.

Here, we also show that local oxidation on pentacene can be
upscaled by using a print-based approach.
ll rights reserved.
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By following soft lithography and nanoimprint methods
[23,24], several authors have upscaled the local oxidation process
by using a conductive stamp with multiple protrusions as a
cathode. Mühl et al. [25] used a stamp with a few protrusions.
Cavallini et al. [26] used as a stamp a digital videodisk (DVD)
sample and transferred its bits to a silicon surface. Martinez et al.
[27,15] used silicon stamps made by electron beam lithography to
generate arrays of parallel lines separated by 100 nm over mm2

regions. Sagiv et al. used as a stamp a transmission electron
microscopy grid to oxidize self-assembled monolayers [28–30]. In
the present work, we replicated the motives of the stamp used in
the experiments on organic semiconductor substrates.

Here, we show that pentacene samples can be locally oxidized
with the AFM and a parallel oxidation instrument. In this way,
different nanostructures have been created on top of pentacene
islands. We also show that the pentacene nanopatterns can be
used as a template for controlling the adsorption of biological
molecules.
2. Experimental methods

2.1. Atomic force microscopy (AFM)

Amplitude modulation AFM imaging (AM-AFM) and nano-
lithography was performed using a Dimension V Scanning
Probe Microscope (Veeco Instruments, USA) with n(+)-silicon
cantilevers (Nano World, resistivity �0.01–0.0025 O cm, spring
constant� 42 N m�1). Amplitude modulation AFM images were
recorded with NanoScope V controller operated in noncontact
mode. Local oxidation nanolithography and imaging were
performed using a 100 mm Hybrid XYZ scanner. This scanner
, doi:10.1016/j.ultramic.2010.02.040
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provides accurate control of the in-plane position and movement
of the AFM probe to obtain high-definition nanolithography.
2.2. Parallel local oxidation set-up

Parallel local oxidation was performed using a home-made
instrument which enables to pattern nanoscale motives over
1 cm2 regions [27]. The sample is approached towards the stamp
with submicrometer accuracy. The sample base can pivot with
respect to three fixed points. Submicrometer approach together
with pivotal rotation allows to compensate an increase of the
local pressure in a region of the sample.
2.3. Stamp fabrication

The polydimethylsiloxane (PDMS) stamps (Sylgard 184
Silicone Elastomer) were prepared by replica molding [31] using,
as a master, the surface of a commercial digital versatile disc
(DVD), composed of an array of parallel lines with a periodicity of
760 nm, full width at half maximum (FWHM) 350 nm and a
height of 100 nm. After the curing process, carried out for 1 h at
90 1C, the replica is peeled off from the master and washed in
absolute ethanol to clean the surface. Finally, the surface of the
PDMS stamp was coated with a double-layer of metals by electron
beam evaporation (5 nm Cr and 60 nm Au).
Fig. 1. (a) AFM local oxidation scheme. A voltage pulse applied between the AFM tip and

anodic oxidation reaction allowing the modification a pentacene surface. (b) Schematics

between the stamp and the substrate provides the water menisci that are involved in t

after being patterned by parallel local oxidation.

Fig. 2. Schemes and amplitude modulation AFM images of different patterns on penta

(b) A periodic array of 90 nm dots. (c) Pentacene patterns with a gap separation of abo
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2.4. Pentacene growth

Pentacene (Sigma Aldrich Oekanal, Analytical Standard) was
grown by high vacuum sublimation on a silicon (1 0 0) surface
covered with a very thin native silicon oxide film. Base pressure in
the evaporation chamber was 8�10�7 mbar. The evaporation
rates of 10 Å/min and substrate temperature (298 K) were chosen
to obtain layered structures.

2.5. Antibodies

Pentacene samples modified by parallel local oxidation
were incubated with monoclonal anti-bovine serum albumin
(anti-BSA) (B 2901, Sigma) solution (1 mg/ml in deionized water
(DI water) solution) for 30 s and subsequently rinsed with DI
water and blow dry in N2.
3. Results

The goal is to nanopattern pentacene surfaces. For that
purpose we have used two different albeit complementary
approaches: Local oxidation nanolithography (LON) by atomic
force microscopy (AFM) and parallel local oxidation using a
home-built imprinting instrument.

Fig. 1(a) shows an overview of AFM local oxidation process. A
water meniscus provides both the chemical species (oxyanions)
the surface yields to the formation of a water meniscus. This meniscus confines an

of the set-up for performing the local oxidation lithography in parallel. The contact

he mechanisms of the modification of pentacene layers. (c) Scheme of the sample

cene: (a) Pentacene pattern formed by four stripes with a separation of 200 nm.

ut 115 nm on top of 20 ML of pentacene.
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Fig. 3. (a) Amplitude modulation AFM image of several monolayers of pentacene

evaporated on a silicon substrate before the nanolithography. (b, c) AM-AFM

topographic images of patterns fabricated by parallel local oxidation nanolitho-

graphy. The stripes are 150 nm wide and are separated by 600 nm.
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and the spatial confinement for the anodic oxidation of a
nanometer-size region of the sample surface. The application of
a voltage pulse between the tip and the sample polarizes the
Please cite this article as: N.S. Losilla, et al., Ultramicroscopy (2010)
water molecules in the vapor phase and those absorbed on the
sample surface. When the voltage is above a certain threshold
value, a field-induced liquid meniscus is formed between the tip
and the sample surface. The AFM tip acts as a cathode and the
water meniscus provides the oxyanions. Furthermore, local
oxidation is amenable to parallel processing by replacing the
AFM tip by a stamp with thousand of reliefs. A scheme of the
process is presented in Fig. 1(b). Parallel local oxidation enables
nanopatterning of large areas in a few seconds as it is shown in
Fig. 1(c).

First, the pentacene islands were patterned by AFM local
oxidation. For that purpose, pentacene monolayers were depos-
ited by thermal sublimation on top of Si(1 0 0) surfaces. The
growth conditions were adjusted to obtain pentacene samples of
different thicknesses. In this way, different patterns have been
created by applying a sequence of voltage pulses with an
amplitude of 36 V and a duration of 1 ms between the AFM tip
and the pentacene. The nanopatterning experiments were
performed at room temperature. Fig. 2(a) shows a pattern
formed by four stripes with a separation of 200 nm. By
optimizing the nanolithography parameters, it was possible to
fabricate an array of dots with a periodicity of 90 nm on top of the
pentacene islands as shown in Fig. 2(b). These images (Figs. 2(a)
and (b)) show a morphology characterized by the presence of
islands formed by four monolayers (ML) of pentacene. Most of the
islands show a dendritic shape.

Fig. 2(c) shows a pattern made of two pointed arrows
separated above 115 nm on top of 20 ML of pentacene on
silicon.

The successful patterning of pentacene by AFM nanolithography
has motivated us to perform experiments to modify large areas of
pentacene. To achieve that, we have applied parallel local oxidation
experiments, where the cathode is a stamp with multiple protru-
sions. In these experiments, the stamp and the sample were
introduced in the home-made instrument described in the parallel
local oxidation set-up section, and connected to a power supply.
When a bias voltage of 36 V is applied between the stamp and the
substrate for 1 min, a replica of the stamp’s pattern is formed on the
pentacene surface. Stripes with same periodicity of the stamp
appear on top of the pentacene islands (Figs. 3(b) and (c)). The
stripes were 150 nm wide and separated by 600 nm.

The patterned pentacene surfaces have been used to direct the
deposition of antibodies. For this, anti-BSA molecules were drop
casted on the patterned pentacene templates. Previous topogra-
phy and recognition experiments have demonstrated that single
antibodies remained fully functional after deposition on the
organic semiconductor pentacene [32]. A 40 ml drop of a 1 mg/ml
solution containing anti-BSA was deposited on the pentacene
patterned samples for 30 s. The sample was then rinsed in DI
water and blown dry in N2. The AFM images (Figs. 4(b) and (c))
show significant differences with respect to the surface prior to
deposition (Figs. 3(b) and (c)). We observe that aggregates of anti-
BSA molecules bind preferentially to the pentacene lines.
4. Conclusions

We show that AFM and parallel local oxidation can be used to
fabricate different nanopatterns on pentacene surfaces. The
patterned features exhibit periodicities below 100 nm. For
example, we have fabricated a matrix of 20 dots with a lattice
parameter of 90 nm. We demonstrate that the patterned
pentacene templates can be used for a controlled deposition of
anti-BSA antibodies.
, doi:10.1016/j.ultramic.2010.02.040
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Fig. 4. (b) Scheme of the directed deposition of antibodies on pentacene surfaces. (b, c) AM-AFM images of anti-BSA molecules deposited on the pentacene surfaces shown

in Figs. 3(a) and (c).
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