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a b s t r a c t
We have fabricated sub-quarter-micron-patterned Au templates with electron beam lithography, and
studied their effect on the ﬂuorescence intensity of immobilized, anti-rabbit IgG antibody labeled with
AlexaFluorÒ 546. Varying the geometry of the structured surface, the plasmon resonances are tuned to
match the ﬂuorescence wavelengths and achieve signiﬁcant ﬂuorescence enhancement. Full electrodynamic simulations were used to understand the optical response and access the quality of the fabricated
structures for surface plasmon excitation.
Ó 2011 Elsevier B.V. All rights reserved.

1. Introduction
Light emission properties of organic molecules and quantum
dots can be tailored by properly engineering the electromagnetic
environment [1]. In this respect, metal nanoparticles and nanopatterned metallic surfaces are studied intensively [2–4], since light
interacts with the metallic electrons and produces very strong,
sub-wavelength, light localization and drastic enhancement of
the local electromagnetic (EM) ﬁeld. These coupled oscillations of
the EM ﬁeld and the conduction electrons of the metal are called
surface plasmons. Generally, surface plasmon excitation can occur
in a metal–dielectric interface when the dielectric function
changes sign, and is characterized by light localization at the interface. The progress in the nanofabrication methodologies has
revived the study of surface plasmons, which are currently considered for sensor applications but also for wave guiding in the nanoscale. The EM ﬁeld enhancements could be used for non-linear
optics, surface enhanced Raman scattering, or ﬂuorescence
enhancement. Due to the importance of the ﬁeld, several recent
reviews have been published on the physics and applications of
surface plasmons [4].
Plasmon resonance frequencies depend on the metal, on the
dielectric environment, as well as the shape and size of the metallic
nanoparticles [5,6]. An interesting concept is to use periodicity as
an additional parameter to control the plasmon excitations. The
surface plasmon microscope is already used in the study of biological reactions. However, the setup is rather complicated and requires prisms to excite the surface plasmons. In this respect it
would be desirable to develop low cost systems for rapid analysis
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of low volume samples [7]. Plasmonic interactions give a rich and
complex variety of optical properties since, for example, two
metallic nanoparticles in close proximity might lead to plasmon
hybridization phenomena and ‘‘photonic metamolecules’’ since
their optical response can be explained in a way similar to molecular energy spectra. An interesting plasmonic system is the periodic array of metallic nanoparticles or nanorods that combine
the plasmon tunability of the individual particles with simultaneous control of the interparticle interaction, to achieve tailored
plasmon excitations [6]. Enhanced ﬂuorescence of semiconductor
core–shell CdSe/ZnS quantum dots close to periodic Ag nanoparticle arrays in direct contact with an Ag surface was recently
reported [8].
Our aim is to study the inﬂuence of tailored surface plasmons in
the ﬂuorescence intensity of immobilized, labeled, biomolecules.
Simple optical transmission experiments are used to detect the
surface plasmon resonances. Additionally, once the optimum
geometries are found, electron beam lithography can be replaced
by other nanofabrication methods like nanoimprint [7] or 193 nm
lithography that allows for fast and low cost fabrication of plasmonic templates.
2. Results and discussion
We have ﬁrst fabricated periodic arrays of sub-quarter-micron
pillars in a thin PMMA ﬁlm on Si substrate using electron beam
lithography. Pillars with different nominal diameters d, were
arranged in a square lattice with different lattice constants a. Each
patterned area is 0.5  0.5 mm2 to allow for optical characterization.
High acceleration voltage (100 kV) electron beam lithography has
been performed on 230 nm thick PMMA (beam current: 3 nA; dose:
400 mC/cm2). The patterns have been developed in a MIBK:IPA = 1:1
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solution for 30 s. The height of the PMMA pillars, after development,
was approximately 150 nm. The samples were subsequently covered with 150 nm Au using sputtering. An SEM micrograph of a ﬁnal
structure is shown in Fig. 1, where we observe a 150 nm thin Au ﬁlm
over the patterned PMMA layer. Nominal parameters d = 150 nm,
a = 450 nm, d = 150 nm, a = 500 nm, and d = 200 nm, a = 600 nm
were used for the fabrication. The analysis of the SEM images shows
that the resulted patterns have somewhat larger diameters, while
there is a small deviation of the fabricated patterns from the circular
shape. The measured dimensions where: a = 450 nm, d = 180 nm,
a = 500 nm, d = 180 nm, a = 600 nm, d = 240 nm. The optical properties of both Au pillars as well as hole-arrays in metallic ﬁlms have
been studied extensively in the past. In particular similar metallic
nanorod structures are reported to be more sensitive to changes in
the refractive index of the environment compared to isolated nanorods that makes them useful for biosensing applications [9].
For visible frequencies the samples are opaque. The reﬂectance
was measured with a FR-Basic visible-near infrared tool (ThetaMetrisis), the experimental setup collects light at a small light cone
around the normal direction. The measured spectra are shown in
the upper diagram of Fig. 2. Reﬂectance is normalized to the one
of the ﬂat Au surface on a Si substrate. We observe strong absorption at wavelengths depending on the geometrical parameters of
the structures. Absorption is due to surface plasmon modes with

Fig. 2. Up: measured, normal incidence, reﬂectance spectra of Au covered PMMA
pillars arranged in a square lattice with diameter d = 180 nm, lattice constant
a = 450 nm triangles, d = 180 nm, a = 500 nm circles, and d = 240 nm, a = 600 nm
squares. Down: simulated reﬂectance spectra for the same geometries, a = 450 nm,
d = 180 nm full line, a = 500 nm, d = 180 nm dashed line, a = 600 nm, d = 240 nm
dash-dotted line. Both theory and experiment are normalized to the reﬂectance of a
150 nm ﬂat Au ﬁlm on a Si substrate.

Fig. 1. Typical SEM micrographs of the patterned PMMA after sputtering with Au
top: cross section and bottom: top view. In the inset, we show a schematic of the
cross-section with the PMMA pillars and the Au ﬁlm on top.

charge oscillation along the x–y plane, parallel to the surface. Plasmon modes connected with oscillations normal to the surface cannot be efﬁciently excited in the optical characterization setup used,
since they require off-normal light incidence. The position of the
resonance mainly dependents on the size of the pillars, while
changing the lattice constants causes only a small shift for pillars
of the same diameter. The pillars with d = 180 nm show strong
absorption with a peak close to 560 nm wavelength while the
wider d = 240 nm pillars have a peak in absorption around
670 nm. In order to understand the experimental spectra, we have
performed full electrodynamic simulations using a multiple scattering method [10]. In our theoretical approach the structure is divided in layers that should have the same periodicity. Based on the
micrographs shown in Fig. 1, we consider an 150 nm thin Au ﬁlm
perforated with cylindrical holes of diameter d ﬁlled with PMMA
(refractive index n = 1.5) dielectric cylinders on an inﬁnite Si substrate. On top of the holes we consider Au cylinders with the same
diameter d and height 150 nm. Multiple scattering in each layer is
calculated in a spherical basis expansion and then projected to a
plane wave basis. Individual scatterers (particles or holes) are characterized by the scattering T matrix, multiple scattering events in
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the inﬁnite periodic layers are summed using the Ewald summation method in case of a loss-less dielectric environment while direct sums converge fast for the hole arrays where losses are
included in the metal [10]. The scattering from each layer is
described by the scattering S matrices and multiple scattering
between successive layers give us the S matrix of the whole
structure. The method allows the calculation of complex geometries and the inclusion of realistic, measured, dielectric functions
[11] and losses. The calculated transmission is negligibly small
while the reﬂectance spectra, normalized to the reﬂectance of a
ﬂat, 150 nm thick, Au on an inﬁnite Si substrate, are shown in
the lower diagram in Fig. 2. The general trends like the red-shift
of the resonance with increasing lattice constant and the relative
intensities of the resonances are well reproduced, but the simulations predict stronger reﬂectance drops on resonance as well as
higher reﬂectance away from the resonances. Surface roughness
and small disorder in the shape of the fabricated pillars could be
possible causes for this discrepancy, but also the fact that the
shapes of the pillars are not exactly cylindrical as assumed in the
simulation. From the simulations we conclude that the plasmon
resonances observed are due to particle plasmons of the top Au pillars. Interestingly the presence of the hole-array does not give extra plasmon excitations in the visible-near infrared up to 800 nm.
However, the calculations show that for different layout characteristics delocalized plasmons on the Au ﬁlm can be also excited in
this geometry [12]. A more detailed theoretical study of this system will be published elsewhere.
In order to evaluate the effect of Au surface nanostructuring on
the ﬂuorescence intensity of immobilized molecules, images of the
patterned areas as well as of the surrounding planar Au surface
were obtained using an epiﬂuorescence microscope (Axioskop 2
Plus; Carl Zeiss), facilitated with a 8-bit digital camera, both prior
to and after biomolecule immobilization, using exactly the same
camera settings. Two different ﬁlter sets where used to investigate
the spectral windows where surface plasmons show a resonance.
We used a band-pass excitation ﬁlter at 546 nm (±12 nm) with a
band-pass emission ﬁlter at 575–640 nm for the 180 nm pillars
and an excitation ﬁlter at 625–655 nm with a band-pass emission
ﬁlter at 665–720 nm for the 240 nm pillars. After acquisition of the
images and the spectra of the untreated surfaces, a 10 mg/L solution of an anti-rabbit IgG antibody labeled with AlexaFluorÒ 546
(Molecular Probes, Inc., Eugene, OR, USA) diluted in phosphate buffer 50 mM, pH 7.4, was applied onto them for 1 h at room temperature. Then, the surfaces were washed extensively with phosphate
buffer 50 mM, pH 7.4, and distilled water and dried under nitrogen
ﬂow. A typical image from the microscope is shown in the upper
part of Fig. 3. Strong ﬂuorescence enhancement in the pattered
areas is seen in all cases. The ﬂuorescence spectra through the
microscope objective (40), acquired with the FR-lProbe (ThetaMetrisis), are shown in the lower part of Fig. 3. For comparison,
in Fig. 4 we also show the absorption and ﬂuorescence spectra of
the biomolecules in solution. All Au surfaces, both patterned and
planar provided the same signal prior to labeled antibody immobilization. This signal was taken as background signal (arising mainly
from the reﬂection of the incident light from the Au surface) and
subtracted from the signals determined after the labeled antibody
immobilization. The results show an increase in the ﬂuorescence
for all patterned surfaces that ranges form 30 to 70 times compared to the surrounding ﬂat Au surface. The highest signal increase was obtained from the pattern with pillars of diameter of
180 nm and lattice constant 450 nm. This structure shows the
strongest light absorption close to the emitted ﬂuorescence wavelengths, as seen from Fig. 3. The ﬂuorescence enhancement is
reduced but still remains signiﬁcant in the other patterned surfaces
while stronger light absorption generally leads to bigger enhancement. As supported also by the simulations, there is signiﬁcant
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Fig. 3. Up: typical ﬂuorescence image obtained from a patterned area a = 450 nm,
d = 180 nm (bright square) surrounded by ﬂat Au surface after coating with antirabit IgG antibody labeled with AlexaFluor 546. Down: ﬂuorescence of antibody in
the three different patterned areas (d = 180 nm, a = 450 nm full line, d = 180 nm,
a = 500 nm dashed line, d = 240 nm, a = 600 nm dash-dotted line) normalized by the
ﬂuorescence of the antibody on the unpatterned Au surface.

Fig. 4. Normalized absorption (black, dotted line) and emission spectrum (red, full
line) of a 100 nM solution of anti-rabbit IgG antibody labeled with AlexaFluor 546 in
50 mM phosphate buffer, pH 7.4. (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)

potential to tailor the plasmon excitation by optimizing fabrication
and geometry.
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3. Conclusion
Gold covered patterned PMMA surfaces were found to enhance
the ﬂuorescence intensity of directly immobilized-ﬂuorescently labeled biomolecules up to 70 times compared with a ﬂat Au surface.
This ﬂuorescence signal enhancement could be beneﬁcial in terms
of increased detection sensitivity. However, the discrepancy between measured and simulated spectra requires further study.
Moreover, a richer plasmon spectrum is expected for different
geometries but also for off-normal incident light which should be
more sensitive to changes of the refractive index and could be used
for label free detection of biomolecules.
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