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a b s t r a c t
Photoluminescence of dye chromophores-loaded in printable polymer has been strongly enhanced
thanks to two-dimensional nanoimprinted photonic crystals. Comparing the out of plane emission of
the spin-coated dye-doped polymer on metallic corrugated and ﬂat surfaces, the PL emission intensity
increased by a factor 26 from the area with the nanostructure. This enhancement is explained by a coupling plasmon–exciton in the vicinity of the metal layer and an efﬁcient diffraction of the surface plasmon
modes by the metallic structures.
Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction
Improving the luminous efﬁciency, reducing the production
cost, increasing the lifetime of OLEDs are the current key issues
to be solved in order to achieve widely commercialized OLEDs.
Only a small fraction of the total photons generated inside the ﬁlm
are generally usable, because of the total internal reﬂection and
waveguiding effects of high-index layers. One solution to solve
the light-trapping problem consists of using two-dimensional
(2D) photonic crystals (PhCs) [1,2]. Nanoimprint lithography
(NIL) can be used to transfer patterns of photonic crystal structures
with high resolution (up to sub-10 nm) and excellent ﬁdelity onto
a very large number of organic compounds [3]. A second approach
consists to increase the spontaneous recombination rate of the
emitters by energy transfer between light emitters and surface
plasmons (SPs). Several work on enhanced light emission via SPs
have been described [4,5]. It has been shown that semiconductor
light sources can be enhanced efﬁciently by surface plasmon in
thin metal layers [6–8]. Studies have been recently, performed
with dye-doped organic ﬁlms [9–11] and with conjugated polymer
ﬁlms [12,13] in close proximity to metal surfaces. An important
enhancement in the spontaneous emission intensity of emitters
of dyes has been achieved by coupling its emission to surface plas-
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mons generated by metallic thin ﬁlm. The inherent surface roughness of an evaporated ﬁlm was used for example to recover
partially the energy trapped in SPP modes in the vicinity of a
metallic surface [9,14]. In order to furthermore increase the photoluminescence intensity of the dye-doped polymer ﬁlm, we investigated here the exciton-ﬁeld coupling of nanoimprinted plasmonic
crystals with dye chromophores-loaded.
2. Experiments
To realize nanoimprinted plasmonic crystals, silicon stamps
with grating structures were produced by conventional UV lithography. Silicon is etched to a depth of 300 nm and treated with an
anti-adhesive layer (tridecaﬂuor-1,1,2,2-tetrahydrooctyl trichlorosilane) deposited in vapour phase resulting in a very low surface
energy. The stamp is positioned inside a Petri dish on a hot plate at
250 °C (well above the tridecaﬂuor-1,1,2,2-tetrahydrooctyl trichlorosilane boiling point). One drop of the anti-adhesive solution is
placed in the Petri dish with a microsyringe and left there for
2 h. This treatment is very important in order to avoid sticking of
the polymer to the stamp during the imprinting process and to
facilitate demolding.
A 2.5 in. Obducat nanoimprinting tool was used to perform the
imprints. A 300 nm ﬁlm of mr-NIL 6000 (from micro resist technology GmbH) was spin-coated onto the glass wafer followed by soft
baking at 100 °C for 5 min to evaporate the residual solvent. Stamp
and polymer were brought into contact at a temperature of 90 °C
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Fig. 2. (a) Cross-section schematic of the system. Part A shows the studied system
in this manuscript. Part B presents the next fabrication step for potential OLEDs
application and (b) schematic of the alternative recombination path (named R2) to
the conventional radiative recombination (named R1) in the near ﬁeld of the metal
layer in order to enhance light extraction.

Fig. 1. SEM images of nanoimprinted metallic structures with their associated
critical dimension.

and a pressure of 60 bars for 5 min was applied. The separation of
the stamp and the substrate was performed at 40 °C. The polymer
was then UV cross-linked during 30 s followed by the evaporation
of 50 nm Au thin ﬁlm deposited on top cured nanoimprinted polymer layer (Fig. 1).
To prepare the photoluminescent polymer, rhodamine 6G (from
Sigma Aldrich) was diluted in 1 mL of mr-NIL 6000 with a concentration of dye molecules of 5  10 4 M. The peak emission of R6G
in the polymer was measured at 550 nm. A 300 nm ﬁlm of the
functionalized polymer was spin-coated onto the nanoimprinted
metallic structures followed by soft baking at 60 °C for 5 min to
evaporate the residual solvent. The overall stamp size used in our
experiments is a 2  2 cm2 silicon stamp, including 2.5  2.5
mm2 patterned grating areas. Fig. 2a presents the cross-section
schematic of the studied system composed by Part A – glass substrate, nanoimprinted polymer, thin evaporated metallic layer
and spin-coated dye-doped polymer. Part B describes the eventual
next fabrication step to achieve OLEDs conﬁguration.
3. Results and discussion
To analyze the enhancement of light extraction, CDD images
have been recorded through an epiﬂuorescence microscope (excitation between 390 and 420 nm, emission collection from
450 nm). Four imprinted structures numbered from 1 to 4 have
been tested with a pitch of respectively 700 nm (structure 1),
800 nm (structure 2), 900 nm (structure 3) and 1 lm (structure
4) and an associated half-pitch of respectively 350 nm (1),
400 nm (2), 450 nm (3) and 500 nm (4) (Fig. 3a). SEM images of

two of structures are shown in Fig. 1. Fig. 3b shows the photoluminescence intensity of the four structures. High intensities are detected for the structures with the pitch of 800 and 900 nm
(Fig. 1). The CCD camera presents a gain factor of 2.2. Fig. 3b has
been plotted by taking in account the gain of the camera. Samples
were then excited with the 514.5 nm line of an Argon laser with a
power of 5 lW, the incident beam is normal to the surface. The PL
is collected through a 20 microscope objective and dispersed in a
spectrometer with 0.1 nm spectral resolution. The PL data is
recorded at room temperature. An emission spectra comparison
of the unpatterned dye-doped polymer on a quartz substrate without metal, on quartz substrates coated with the nanoimprinted
plasmonic crystals, is presented in Fig. 3c. A 4.5-fold enhancement
in the PL peak intensity is observed for the unpatterned Au layer in
comparison of the unpatterned dye-doped polymer on a quartz
substrate without metal.
The transmission of the 50 nm Au layer spin-coated with undoped mr-NIL 6000 ﬁlm was measured to a value of 18% at
550 nm. The metallic layer acts as a mirror by doubling the path
of the pump and reﬂecting the emitted light. If the Au layer was
acting as a pure mirror, a 3.28 enhancement in the PL peak intensity should be expected. The higher enhancement (4.5) has been
associated to the surface plasmon generated by the metallic layer
suggesting a coupling with surface plasmons which are diffracted
by the roughness of the metallic layer [9]. In the case of nanostructured metallic layers, an enhancement of a factor 26.1 has been
measured for the nanoimprinted plasmonic crystal with a pitch
of 900 nm compared to the dye-doped polymer ﬁlm without
metallic layer. A proposed explanation is the following. Excited
electrons in the dye molecules couple to the free charges at the
metal surface. The corrugation of the metallic ﬁlm is used to recover partially the energy trapped in surface plasmon modes in
the vicinity of a metallic surface as shown by the schematic of
Fig. 2b. The nanostructured layers diffract differently the emitted
light and the surface plasmon out of the plane. This new path of
recombination (R2 in Fig. 2b) is an extremely fast process [14].
The radiative lifetime of emitters is expected to decrease, due to
the surface plasmon induced increase of density of electromagnetic
modes in the neighbourhood of the emitters; thus higher number
of photons are emitted leading to an increase in the PL intensity.
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layer. The PL enhancement was dramatically reduced; the surface
plasmon penetration depth does not interact anymore in the active
layer. The combination of surface plasmons and nanoimprinted
structures in an active layer can lead to a new class of cost effective
and high-efﬁciency OLEDs by using the metallic surface as an electrical contact as shown in Fig. 2a (Part A and B).
4. Conclusion
We explored the direct coupling of the light emitted by a dyedoped polymer to the surface plasmon modes at the periodic metal
layer interfaces. A strong enhancement of the photoluminescence
intensity has been achieved by controlling the geometry of the
plasmonic crystals to recover the trapped energy in surface plasmon modes and to allow a greater enhancement of the component
efﬁciency. We showed that nanoimprint lithography is a suitable
and simple process to fabricate these plasmonic structures with
no need to etch the residual layer. Our results show that the
nanoimprinted plasmonic crystal slab structures are a potential
candidate for high-efﬁciency OLEDs.
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Fig. 3. (a) CDD image of imprinted structures through an epiﬂuorescence microscope, excitation between 390 and 420 nm, emission collection from 450 nm.
Structures 1–4 present, respectively a pitch of 700, 800, 900 nm, 1 lm. (b) Intensity
of the four structures, and (c) photoluminescence spectra of a dye-doped polymer
ﬁlm on a quartz substrate (black line), on a unpatterned 50 nm Au quartz substrate
(red line), on a patterned (pitch of 1 lm) 50 nm Au quartz substrate (blue line), on a
patterned (pitch of 900 nm) 50 nm quartz substrate (red line). (For interpretation of
the references in colour in this ﬁgure legend, the reader is referred to the web
version of this article.)

To corroborate this explanation, a 200 nm layer of PMMA was spun
between the corrugated Au layers and the dye-doped polymer
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