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Engineering the spectral properties of fluorophores, such as the
enhancement of luminescence intensity, can be achieved through
coupling with surface plasmons in metallic nanostructures1–11.
This process, referred to as metal-enhanced fluorescence, offers
promise for a range of applications, including LEDs, sensor
technology, microarrays and single-molecule studies. It becomes
even more appealing when applied to colloidal semiconductor
nanocrystals, which exhibit size-dependent optical properties,
have high photochemical stability, and are characterized by
broad excitation spectra and narrow emission bands12. Other
approaches have relied upon the coupling of fluorophores
(typically organic dyes) to random distributions of metallic
nanoparticles or nanoscale roughness in metallic films1–4,6,8.
Here, we develop a new strategy based on the highly reproducible
fabrication of ordered arrays of gold nanostructures coupled
to CdSe/ZnS nanocrystals dispersed in a polymer blend. We
demonstrate the possibility of obtaining precise control and a
high spatial selectivity of the fluorescence enhancement process.

We fabricated, by electron beam lithography (EBL), highly
ordered gold nanopatterns on planar substrates with different
shapes and dimensions. A representative example of the two-
dimensional periodic arrays (200-nm-wide gold nanotriangles,
with a period of 400 nm) is shown in Fig. 1. A uniform blend
of CdSe/ZnS nanocrystals, dispersed in a polymer matrix
(polymethylmethacrylate, PMMA), was then deposited on the
substrates by spin-coating. Depending on several experimental
parameters (such as material, shape and dimensions of the metallic
nanostructures, as well as the average fluorophore–nanostructure
distance)1,2, the proximity effect may elicit an efficient coupling
between the surface plasmon (SP) resonance band of the
metallic nanostructures and the excitation/emission bands of
the nanocrystals. Upon proper optimization, such a procedure
increases the excitation and/or emission rates of the fluorophores,
thus resulting in a strong enhancement of their fluorescence.

The use of a polymeric matrix allowed us to tune the average
fluorophore–metallic nanostructure distance, and to obtain a
uniform dispersion of the nanocrystals (NCs) onto the substrates
(even for large areas), while maintaining good control of the
concentration of the active material in the blend. In this study, the
optimal thickness of the polymeric blend (in terms of maximum
enhancement of NC fluorescence, along with the achievement of a

uniform film; see also Methods) was determined to be �35 nm,
as measured from the surface of the metallic patterns.

Figure 2a shows the fluorescence map of the NC/PMMA
blend film deposited on a 100 � 100 mm2 metallic nanopattern
(200-nm-wide gold nanotriangles with a 400 nm period; see also
Fig. 1). A strong enhancement of the NC fluorescence, induced by
metal-enhanced fluorescence (MEF) coupling with the underlying
gold nanostructures, can be observed. After normalization over the
spatial duty cycle of the pattern, we estimated a fluorescence
increase as high as �30-fold (Fig. 2b). The emission spectra of the
NCs collected both on SiO2 and on the metallic nanopattern were
found to be identical (emission peak, lmax ¼ 580 nm; full-width
at half-maximum (FWHM) ¼ 40 nm; see also inset of Fig. 2b, in
which the two normalized spectra are reported), indicating the
absence of detectable MEF-induced emission shifts. On the other
hand, preliminary experiments performed with NCs emitting at
different wavelengths (both in the red and in the blue regions)
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Figure 1 A typical example of a highly regular gold nanopattern realized by

EBL. a, SEM image of a triangular gold array (lateral dimensions: 200 nm;

period: 400 nm). b, High-resolution SEM image of a single nanotriangle. c, AFM

image of the single nanostructure; the height of the triangle was 40 nm (5 nm

Cr, 35 nm Au), and the mean surface roughness was 1.3 nm.

LETTERS

nature nanotechnology | VOL 1 | NOVEMBER 2006 | www.nature.com/naturenanotechnology126

Nature  Publishing Group ©2006



Black plate (127,1)

revealed a significant shift of the enhanced fluorescence spectra
along with reduced enhancement factors (data not shown). The
high enhancement effect observed on the metallic nanopatterns is
due to the fluorophore dipole interacting with free electrons in the
metal1,2, and is marginally affected by the reflection of the emitted
photons (this contribution was always less than 2–3% as
compared to the MEF luminescence enhancement). Identical
results in terms of fluorescence increase were observed (upon
normalization over the corresponding periods) for different
patterns in which the spacing between the 200-nm-wide triangles
was varied in the 100–200 nm range, suggesting a minor role of
interparticle interactions in the observed MEF process. The
optimal height of the gold nanostructures, which led to maximum
fluorescence enhancement of the NCs (namely, a �30-fold
increase), was experimentally determined to be in the 30–35 nm
range, in qualitative agreement with theoretical predictions (see in
the following).

The potential of this MEF-based approach with colloidal
NCs was further investigated by exploiting different gold
nanostructures. We fabricated 100- and 200-nm-wide triangular
and cylindrical nanopatterns (with height 35 nm), and the same
deposition procedure of the NC/PMMA blend was carried out.
The results obtained with the four different metallic arrays are
reported in Table 1. A remarkable increase in the NC fluorescence
emission was observed in all the experiments, although the
enhancement factors depended on the specific morphology of the
pattern. Also in these experiments, we observed no significant
variations in the line-shape of the enhanced NC emission spectra.
The highest fluorescence increase was obtained with the 100-nm-
wide triangular nanoprisms (a 33-fold increase), whereas the
NCs coupling with the cylindrical nanopatterns seemed to be
less effective.

Theoretical analyses were carried out in order to investigate
the spectral features of the SPs of the gold nanostructures used in
the MEF experiments. We computed the absorption spectra of
gold triangular prisms and cylinders with real dimensions using
the Discrete dipole approximation (DDA)13,14. The DDA method

solves Maxwell’s equations by replacing the particle with a cubic
array of dipoles, each having an oscillating polarization that is
determined by the local dielectric constant, the incoming
electromagnetic field, and the interaction with other dipoles. The
absorption cross-section can then be obtained from the optical
theorem15. The DDA is well suited for the computation of the
optical properties of particles with arbitrary shapes16–18.

As shown in Fig. 3, the SP resonance bands of the 100-nm-
wide gold triangular nanoprisms are characterized by a
remarkable overlap with the excitation/emission spectra of
the nanocrystals, strongly supporting the high efficiency of
MEF coupling observed in our experiments1,2. Moreover, a
comparison of the absorption efficiencies (see Methods) of the
different gold nanostructures (inset of Fig. 3) predicts a trend in
the fluorescence enhancement factors that is similar to the one
determined from confocal measurements on our patterns
(Table 1). Notably, for both shapes, the decrease in the lateral
dimensions from 200 to 100 nm leads to an increase in the MEF
efficiency, the best performances being achieved with the 100-nm-
wide nanoprisms. However, according to the calculated spectra,
the 100-nm cylinders are likely to provide a higher enhancement
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Figure 2 Fluorescence enhancement of colloidal NCs induced by MEF. a, Photoluminescence map of an NC/PMMA blend film deposited on a triangular gold

nanopattern (triangle lateral dimensions: 200 nm), collected by a confocal microscope. The bright region corresponds to the area in which the luminescence of the

NCs is strongly enhanced, due to the coupling with the underlying gold nanoarray. b, Fluorescence spectra of the NCs dispersed in the polymer matrix collected both

on SiO2 and on the metallic nanopattern; as shown, a �30-fold fluorescence increase was observed. The inset shows normalized fluorescence spectra of the NCs

with and without SP coupling; it is evident that the two spectra are identical and maintain the original spectral features of the reference samples in solution

(lmax ¼ 580 nm; FWHM ¼ 40 nm).

Table 1 Experimental enhancement factors of NC fluorescence emission

(SP-coupled NCs to NCs emission ratio) observed with different

nanopatterns: triangular prisms and cylinders with 100- and 200-nm lateral

dimensions (the height of these gold nanostructures was 35 nm). The

reported enhancement factors were normalized over the correspondent

spatial duty cycles.

Gold nanostructure Fluorescence
enhancement
factor

Triangular prisms, 100 nm 33
Triangular prisms, 200 nm 30
Cylinders, 100 nm 26
Cylinders, 200 nm 21
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compared with the 200-nm triangles. This latter discrepancy
with the experimental data might be due to slight variations in
the geometry of the fabricated gold nanostructures, and/or to
the strongly inhomogeneous electric-field distribution within the
prisms, which affects the coupling mechanism; indeed, the
electric-field enhancement at specific points may be different
from the absorption spectra18.

In addition, we studied the dependence of the calculated
absorption spectra on the height of the gold nanostructures (not
shown). We found that the SP resonance band red-shifts
significantly as the thickness decreases below 20 nm, thus
reducing considerably the spectral overlap with the NCs. The
optimized height (30–35 nm) determined experimentally is
therefore consistent with the above analysis.

A key point of the EBL-based MEF strategy (together with
the highly controlled and uniform dispersion of NCs onto the
substrates) is the possibility to localize the enhancement process
with high spatial control, thus opening up attractive perspectives
towards a tailored nanoscale design of ultrabright fluorescence
emission. This is demonstrated in Fig. 4, where the fluorescence
maps of the NC/PMMA blend film deposited on various metallic
nanopatterns are displayed. The 200-nm-wide gold nanotriangles
form a two-dimensional periodic array (period ¼ 400 nm; see
also Fig. 4a) and were designed in order to reproduce accurately,
on the micrometre scale, the National Nanotechnology
Laboratory acronym. A strong enhancement of NC fluorescence,
along with a precise localization of the phenomenon (due to the
underlying pattern), was observed (Fig. 4b). In line with the
previous results, we found a fluorescence increase as high as
�30-fold. Importantly, the localization of the enhancement

process can be driven down to the nanoscale, as revealed by
Fig. 4c–f. Bright MEF signals can be detected in few-micrometre-
sized stripes and even in submicrometre-wide stripes (the 600-nm-
wide patterns, formed by only two gold nanotriangle columns).

It is worth noting that the proposed approach has several
interesting properties: (1) intense multicolour (or even white)
fluorescence emission can be obtained by using NCs of different
sizes; (2) coupling with the SPs generally induces an increase of
the photostability of the active layer1,2; (3) both the shape and size
of the metallic nanopatterns can be accurately designed, at the
nanoscale (as shown for instance in Fig. 4), depending on the
specific application to be pursued; and (4) single metallic
nanostructures can be properly engineered/optimized owing to
the nanometre resolution of the EBL. This allows accurate
tailoring of SPs over a wide range of wavelengths, and may enable
very strong enhancements (theoretically, up to several hundred-
or thousand-fold increases, even though significant SP losses can
be expected in some spectral regions), while preserving a very
precise spatial control. Finally, (5) this method can be applied to a
wide range of emitters (likely allowing the investigation of the
optical properties of new nanomaterials with low emission
efficiency). We have demonstrated, for instance, that the identical
strategy can be exploited to increase the fluorescence emission of
semiconductor quantum rods19 (not shown). Moreover, as EBL-
based nanopositioning of NCs dispersed in PMMA has recently
been demonstrated in our laboratory20, we are currently working
on the exact localization of single/few emitters (even with
different fluorescence properties) on the metallic nanopattern.
This may open up attractive perspectives for both research and
applicative purposes.
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Figure 3 Comparison of the calculated absorption spectrum of triangular gold nanoprisms with the absorption and emission spectra of the colloidal NCs

used in the MEF experiments. The lateral dimensions are 100 nm, the height 35 nm. A strong overlap between the NC absorption/emission bands and the SP resonance

bands of the gold nanostructure can be observed. The spectral position of the excitation wavelength used in the MEF experiments (405 nm) is indicated. The inset shows

the calculated absorption efficiencies of the different gold nanostructures (35 nm height) used in the MEF experiments (for computational details, see Methods).
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METHODS

Highly regular nanopatterns with different shapes and dimensions (100–
200-nm-wide triangular prisms and cylinders) were designed by EBL (Leica
LION LV1) on a positive resist (PMMA-950K, All Resist) spin-coated on a
SiO2 substrate. After the development of the resist (120 s at room temperature
in a methyl isobutylketone/isopropyl alcohol solution), we deposited, by
electron beam evaporation, 5 nm and 35 nm of Cr and Au, respectively (Cr
was necessary to improve gold adhesion onto the SiO2), followed by lift-off.

The morphology of the fabricated patterns was assessed by scanning
electron microscopy (SEM) and atomic force microscopy (AFM) (AFM images
were acquired in the tapping mode).

CdSe/ZnS core/shell colloidal NCs were synthesized following traditional
methods21,22, dispersed in chlorobenzene, and characterized by absorption and
photoluminescence spectroscopy (emission peak: lmax ¼ 580 nm;
FWHM ¼ 40 nm). The NCs were subsequently dispersed in PMMA-950K
(final concentrations in chlorobenzene: CNCs ¼ 7 � 10 – 6 M and
CPMMA ¼ 1.9 � 10– 5 M) and deposited onto the substrate by spin-coating.
The samples were then baked at 180 8C for 120 s and characterized by AFM
measurements in order to probe the film uniformity and thickness.

Spatially resolved photoluminescence measurements on the samples
were performed by confocal microscopy (excitation wavelength,
lexc ¼ 405 nm).

In our MEF experiments, we probed different thicknesses of the polymeric
blend in the range 20–120 nm (from the surface of the metallic patterns). We
found that maximum enhancement of NC fluorescence was obtained with a
35-nm-thick layer (in this case the layer was very uniform), and we observed a
decrease of MEF enhancement as the polymer thickness was increased. In the
case of very thin layers (,35 nm), spatially resolved fluorescence
measurements revealed nonuniform distributions of the NCs onto the
substrates, so a reliable quantification of the MEF effect was not possible.
However, we are currently working on a further optimization of the deposition
process, which is likely to allow us to obtain homogeneous layers with a
thickness down to few nanometres.

Theoretical calculations have been made using a modified version of the
DDSCAT program23. The bulk complex dielectric constant for gold has been
taken from the tabulated values of Johnson and Christy24. The number of
dipoles included in the DDA calculations are 14,464 (for the 100 nm triangular
prisms), 57,904 (for the 200 nm triangular prisms), 26,368 (for the 100 nm
cylinders) and 105,168 (for the 200 nm cylinders). The dimensionless
absorption efficiency used is defined as the absorption cross-section,
normalized to the area A of the particle, as seen from the direction of the
incident radiation; in the case of a prism (cylinder), A is the area of the
triangle (circle).

The theoretical results are related to the absorption efficiency of gold
particles in vacuum, whereas in the experiments they are actually embedded in
a PMMA matrix and deposited on a SiO2 substrate (via a 5-nm thin layer of
Cr, see above). The different refractive index of the surrounding environment
and the coupling to the substrate might cause red-shifts of the plasmon
peak25,26, which are difficult to reproduce quantitatively using the
DDA method18.

Received 19 May 2006; accepted 26 September 2006; published 3 November 2006.
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