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We report on the nanopatterning of conjugated polymers by soft molding, and exploit the glass
transition of the organic compound in conformal contact with an elastomeric element. We succeeded
in printing different compounds with resolution down to 300 nm at temperatures up to 300 °C in
vacuum. No significant variation of the photoluminescence~PL! spectra nor heavy degradation of
the PL quantum yield was observed after the lithography process. Based on the high resolution
achieved and on the well-retained luminescence properties of the patterned compounds, we
conclude that high-temperature soft lithography is a valid, flexible and straightforward technique for
one-step realization of organic-based devices. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1644921#

Soft lithographies1 represent a very appealing route to
micro- and nanofabrication because of their high resolution,
very wide chemical flexibility, large area operation, and low
cost. They are based on the conformal contact between the
material to be patterned and an elastomeric replica of a mas-
ter structure. The most recent and promising method is soft
molding ~SM!, or capillary force lithography,2 which com-
bines soft and nanoimprint lithography,3 using elastomeric
elements and exploits the glass transition of organic com-
pounds. In SM lithography the mold~in this case elasto-
meric! is placed onto a polymeric film, which is driven above
the glass transition temperature,Tg , of the target compound.
Subsequent cool down belowTg freezes the pattern into the
polymer, and the replica can be peeled off.

SM allows one to overcome the main limitations of
nanoimprint lithography. In fact, since penetration of the
polymer into recessed features of the replica is driven by
capillarity effects, SM is only marginally affected by prob-
lems of difficult polymer transport. Moreover, SM is cheaper
since it does not need any pressing setup to ensure contact
between the mold and the polymer. SM can also be used as a
low-cost alternative to traditional nanofabrication techniques
on inorganic surfaces, because the imprinted pattern can be
transferred to the substrate by an O2 plasma process onto
resists~to remove the eventual polymer bottom layer! fol-
lowed by reactive ion etching~RIE! of the substrate.4 Finally,
SM does not present pattern shrinkage and distortion due to
the solvents employed by other soft lithography techniques.5

Notwithstanding these results, to date SM has been applied
only to a limited class of materials.2,4,6

In this letter, we demonstrate that SM can be success-
fully employed also for direct patterning of optically func-
tional molecules, thereby opening the way for one-step real-
ization of organic-based devices. We succeeded in directly

printing different conjugated polymers with resolution down
to 300 nm, without severe degradation of the emission
properties.

A schematic of the lithography process is shown in
Fig. 1~a!. First, we fabricated our master structures onto Si
by both photo- and electron-beam lithography using a Raith
Elphy Plus pattern generator, and subsequent RIE by a
CF4/Ar mixture. We realized gratings with periods of 600
nm, which can be employed as templates for the fabrication

a!Also at: Dipartimento di Fisica, Universita` di Lecce, Via Arnesano,
I-73100 Lecce, Italy; electronic mail: dario.pisignano@unile.it

FIG. 1. ~a! Schematic diagram of the process of master replication and soft
molding ~features not to scale!. Bottom: Molecular structures of MEH-PPV
~b! and PVK ~c!.
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of distributed feedback cavities. Elastomeric replicas of the
master were realized by poly~dimethylsiloxane! ~PDMS!
~Sylgard 184, Dow Corning, Midland, MI! according to a
standard replica molding procedure,1 and placed onto spin-
cast polymer films under their own weight. SM was carried
out on different prototype light-emitting polymers@the mo-
lecular structures in Figs. 1~b! and 1~c!#, which are known to
exhibit good PL performance and are used to fabricate solid
state lasers7 and light emitting devices:8,9 poly-
@2 - methoxy - 5 - ~28 - ethylhexiloxy!-1,4-phenylenevinylene#
~MEHPPV! and poly~9-vinylcarbazole! ~PVK!. The influ-
ence of the lithography procedure on the PL yield was tested
by measuring the PL absolute quantum efficiency,F, of the
polymer films by placing the samples into an integrating
sphere10 before and after the patterning.

Since oxygen is known to be responsible for heavy lu-
minescence quenching in organic molecules, particularly
through the oxidation of the vinylene units in poly~phenyle-
nevinylene! compounds,11 our SM procedures were per-
formed on a hot plate in a high-vacuum chamber
(1025 mbar) to prevent degradation of the molecular prop-
erties during the thermal cycle.12 The Tg of our compounds
is between 210 ~Ref. 8! and 240 °C @an example
of a differential scanning calorimetry~DSC! trace is shown
in Fig. 2#. The imprinting processes were carried out at a
temperature up to about 300 °C. The master pattern and its
transfer to MEH-PPV are shown in Figs. 3~a! and 3~b!, re-
spectively. Unlike nanoimprint lithography, SM uses inter-
mediate replicas to transfer the pattern thus preserving the
same shape~positive! of the master. The high fidelity of the
pattern and the large patterned area, even with features as
low as 300 nm, can be clearly observed from a comparison
of Figs. 3~a! and 3~b!. The periodicity obtained faithfully
reproduces that of the master, and the two-dimensional view
and cross section of the final polymer gratings, imaged by
atomic force microscopy~AFM! in Fig. 4, show a well-
defined pattern, whose high quality suggests that the resolu-
tion achievable can be further reduced, depending on the
starting masters.

SM is based on a capillarity effect that forces the poly-
mer to penetrate into the recessed features of PDMS. Such
penetration is favored by a low polymer viscosity, since the

time, t, needed for the filling process is proportional to the
square of the feature height,z, and to the polymer viscosity,
h:13

t5
2hz2

gR cosQ
, ~1!

whereg, R, andQ indicate the fluid-air surface tension, the
hydraulic radius of the capillary, and the contact angle be-
tween the liquid and the surface of the capillary, respectively.
In many organic compounds the viscosity above the glass
transition depends on temperature according to14

h~T!5h0 expS DT0

T2T0
D , ~2!

whereD is referred to as the strength parameter andT0 is the
temperature for which Eq.~2! shows a divergence in polymer

FIG. 2. Differential scanning calorimetry trace for PVK~with a heating rate
of 10 °C/min under nitrogen protection!. The solid lines are guides for the
eye; the dotted lines indicate the glass transition region.Tg is at about
236 °C.

FIG. 3. Optical micrographs of master structures~a! and SM results~b! on
MEH-PPV.

FIG. 4. AFM two-dimensional view of a patterned polymer grating (10
310 mm2) and corresponding cross section~inset!. The height of the fea-
tures is about 40 nm.
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structural relaxation time and, consequently, in viscosity.
Consequently, a proper increase of temperature can be ex-
ploited to reduce the viscosity of the organic compound,15

thus allowing filling of the pattern in a few minutes.
PL spectra of polymer films before and after SM are

shown in Fig. 5. The minor differences that can be observed
are possible consequences of the lithography process on the
films. In order to more thoroughly assess the luminescence
properties of patterned conjugated polymers retained, we
measured the PL efficiency,F, before and after SM. The
number of photons emitted per absorbed photon by the un-
textured and the patterned films was determined by account-
ing for those photons which are not absorbed by the sample
at their first incidence, and are absorbed after successive re-
flections on the surface of the integrating sphere:10

F5
P12~R1T!P2

~12R2T!XL
, ~3!

whereR andT indicate the reflectance and transmittance of
the system, respectively.P1 and P2 are the photolumines-
cence signals measured with the laser beam incident on the
sample and on the integrating sphere, respectively, andXL

stands for the excitation signal, measured with the laser in-
cident on the sphere without the sample. TheF values did

not show relevant degradation, thus demonstrating that high-
temperature soft lithography can actually be applied without
serious deterioration of the functionality of the target mate-
rials. A remarkable increase ofF ~from 4.9% to 7.2%! was
observed in PVK. This can be explained as follows: imprint-
ing of a surface grating with wavelength-scale periodicity
can enhance the light emitted towards certain forward direc-
tions due to grating-induced Bragg scattering,16,17 thus re-
ducing the length covered by the photons and the self-
absorption inside the organic slab. A slight decrease~from
8.0% to 7.1%! of F was instead measured in MEH-PPV:
Because the thermal-induced carbonyl substitution in
poly~phenylenevinylene! and its derivatives is strongly af-
fected by the process atmosphere,18 experiments of SM un-
der higher-vacuum conditions aimed at better preserving the
PL quantum yield are currently in progress in our laboratory.

In conclusion, we have shown that SM, besides allowing
high resolution and fast simple operation, can be applied to
light-emitting conjugated polymers without causing degrada-
tion. Even though a number of issues for SM need to be
investigated further, including its ultimate resolution and the
maximum aspect ratio achievable, which could be limited by
distortion and the collapse of soft PDMS structures, this
technique is undoubtedly very promising for organic-based
micro- and nanofabrication.

The authors would like to thank Professor A. Maffezzoli
and Engineer G. Raho for DSC measurements, and Dr. F.
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FIG. 5. PL spectra before~circles! and after~line! SM for MEH-PPV~a! and
PVK ~b!, respectively. Inset: Schematic diagram of the experimental setup
employed for measurements of the PL absolute quantum efficiency~ele-
ments not to scale!.
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