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A convenient nanotechnique is reported to tailor the light emission properties of organic emitter
poly�2-methoxy-5-�2�-ethyl-hexyloxy�-p-phenylene vinylene� �MEH-PPV� by coupling to
resonance-tuned silver nanoantenna arrays. It is revealed experimentally and theoretically that the
enhanced photoluminescence from the MEH-PPV/silver nanoantenna complex may originate from
the energy transfer effect in the surface plasmon resonance coupling between the MEH-PPV and
silver nanocaps and from local electromagnetic field enhancement of nanogaps between the silver
nanocaps in the background of the light-emitting MEH-PPV. The results are corroborated by the
finite difference time domain simulation results. © 2009 American Institute of Physics.
�doi:10.1063/1.3269190�

Since the early 1980s, enhancement of fluorescence from
molecules near a metal nanostructure has been regarded to be
associated with modification of the molecule excitation as
well as the radiative and nonradiative decay rates.1,2 Nowa-
days, improved nanofabrication methods allow precise con-
trol of the nanoparticle shape and arrangement of nanopar-
ticle ensembles thereby opening the possibility to flexibly
tailor specific molecule-nanoparticle couplings.3,4 Popular
approaches to obtain nanostructures which can provide in-
creased light extraction �or collection� from emitters �or de-
tectors� such as molecules, quantum dots, and wells or any
photoactive materials include nanomanipulation with an
atomic force microscopy probe, self assembly and lithogra-
phy using focused ion beams, electron beams or nanoim-
printing, microfabrication.5–9 However, these processes can
be laborious and costly and it is sometimes impossible to
extend to large dimensions.

Herein, we report the fabrication of resonance-tuned sil-
ver nanocap arrays templated by porous anodic alumina
�PAA� membranes as optical nanoantenna systems to support
localized surface plasmon resonance �SPR� at optical fre-
quencies. The use of PAA membranes as templates for the
fabrication of the optical nanoantennae is especially promis-
ing considering the easy fabrication, excellent reproducibil-
ity, modest cost, and large area production, thereby boding
well for applications in chip-level integration of optoelec-
tronic devices such as photodetectors and light emitters.
Considerable enhancement of photoluminescence �PL�
from organic emitter poly�2-methoxy-5-�2�-ethyl-hexyloxy�-
p-phenylene vinylene� �MEH-PPV� on silver nanoantenna
arrays is observed. Moreover, the use of PAA membranes as
the template to pattern the various periodic silver nanoan-
tenna arrays offers more flexibility when spectrally tuning
the SPR and controlling the ratio of scattering to absorption
cross sections. Our results indicate that it is essential to op-

timize the geometry of the nanoantenna arrays in order to
maximize the emission intensity.

High purity Al foils �99.99%� with a thickness of
0.2 mm were degreased by acetone and then electropolished
in a mixture of ethanol and perchloric acid with a volume
ratio of 5:1 under a constant dc voltage of 15 V for 3 min to
further remove surface impurities. After rinsing in distilled
water and drying, the Al foils were anodized separately in a
0.5 M oxalic acid solution under a constant dc voltage of 20,
30, 40, 50, or 60 V at 10 °C. In order to obtain an ordered
nanopore array, we used a two-step anodizing process.10,11

The Al foils were anodized for 2 h and then immersed into a
mixture of chromic acid �1.8 wt %� and phosphoric acid
�6 wt %� at 75 °C �1:1 in volume�. After 2 h, the alumina
layer was removed and the surface of the foil became bright.
The anodizing time in the next step was 2 h. Afterwards, the
PAA templates were obtained. Besides the ordered hexagonal
pore array in the PAA templates, there were small protru-
sions along the surface of the pore wall and a dent existed
between two neighboring protrusions. The three-dimensional
�3D� geometry of the PAA substrate is shown schematically
in Fig. 1�a�, in which D, G1, G2, and G3 are the island
�protrusion� diameter, ortho-, meta-, and paraisland �protru-
sion� gap, respectively. Such pores caused by volume expan-
sion when aluminum is converted to alumina10 can be used
as the template to design and fabricate periodic silver
nanoantenna arrays in which the areas exhibiting large gap-
related fluorescence enhancement12 are organized in a regu-
lar pattern. Afterwards, silver was deposited onto the surface
of the PAA substrates in a direct-current magnetron-
sputtering system. The magnetron power was �40 W �volt-
age of 410 V and a current of 100 mA�. The sputtering time
of silver was 10 min. The typical nanoantennae structure
shown in Fig. 1�b� is a 3D atomic force microscopy �AFM�
�Vecco NanoScope V� image of the silver nanocap/PAA sur-
face. This PAA membrane template was formed under a con-
stant dc voltage of 40 V. The diameter of the pore wasa�Electronic mail: tqiu@seu.edu.cn.
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�35 nm. A protrusion with a diameter of �50 nm occurred
at each corner of one hexagonal cell. A concave shape could
be observed between two neighboring protrusions.

MEH-PPV was chosen as the organic emitter because its
optical property is well understood and has been widely ap-
plied to optoelectronic devices. The MEH-PPV powders
were dissolved in a tetrahydrofuran solution to a concentra-
tion of 0.2 mg/ml at room temperature and then coupled to
the silver nanoantennae by means of the drop coating of the
solution onto the sample. The PAA membrane was cut into
two pieces, one being a fresh sample and the other sputtered
with Ag for 10 min to form the silver nanoantennae. The PL
spectra of MEH-PPV coupled two samples are compared in
Fig. 1�c� with the same acquisition time of 0.1 s acquired by
excitation with the 500 nm line of a Xe lamp �Horiba Jobin
Yvon Fluorolog-3�. The peak intensity of the PL spectrum of
the MEH-PPV coupled silver nanoantennae is about 6 times
higher than that of the MEH-PPV on the PAA membrane and
the PL peaks at 575 nm are almost the same. The enhance-
ment of the PL efficiency of the MEH-PPV coupled silver
nanoantennae may originate from the energy transfer effect
in the SPR coupling.

The SPR-assisted PL enhancement is confirmed by the
UV-visible absorbance spectra �LAMBDA 750� in Fig. 1�d�.
The �-�� transition peaks at 500 nm from the MEH-PPV
and large UV-visible absorption from 330 to 500 nm from
the silver nanoantennae representing the surface plasmon en-
ergy, respectively, are observed. It should be noted that the
large UV-visible absorption band of the silver nanoantennae
is caused by the gaps with various sizes between neighboring
silver nanocaps on the samples.13 Similar to the donor accep-
tor energy matching in Förster resonance energy transfer be-
tween two fluorophores, the critical matching of the localized
resonating plasmon energy �2.48–3.76 eV, equivalent to
330–500 nm� in silver nanoantennae with the electron tran-
sition energy from ground to excited state �2.16–3.1 eV,
equivalent to 400–575 nm� in MEH-PPV permits the plas-
mon resonance energy transfer process. The quantized en-

ergy is likely transferred through the dipole-dipole interac-
tion between the resonating plasmon dipole in nanoantennaes
and the MEH-PPV dipole. Then, the resulting resonance �the
SPR coupling due to the hybrid junction of MEH-PPV and
the sliver nanoantennae� could lead to energy transfer from
the sliver nanoantennae to the light-emitting MEH-PPV with
the irradiating 500 nm line of Xe light, which created more
excitons in the light-emitting MEH-PPV.14

Another important factor responsible for the increase in
the luminescence efficiency may be local electromagnetic
�EM� field enhancement of nanogaps between the silver
nanocaps in the background of light-emitting MEH-PPV. To
study this effect, the size of the gaps between neighboring
silver nanocaps is altered by varying the anodic voltage of
the PAA membrane templates. A series of scanning electron
microscopy �SEM� �JEOL JSM-6335F� images taken from
the silver coated PAA membranes formed at different anodic
voltages are depicted in Figs. 2�a�–2�e�. The sputtering time
of silver is 10 min. These silver nanocaps cover the alumina
protrusions and exhibit periodically hexagonal arrangements.
Their sizes �D=50�5 nm� are quite similar due to the
similar-shaped alumina protrusions and same sputtering
time. The gaps �G1, G2� can be determined approximately
by measuring G3 assuming that the array of six silver nano-
caps is arranged in perfectly hexagonal disks. Thus, by vary-
ing the anodic voltage of the PAA templates, the nanopore
expands or contracts while moving the deposited silver nano-
caps closer or further together. The spacing can be tailored
from less than 10 to 90 nm. Since the spacing between the
nanocaps can be controlled by adjusting the anodic voltage,
the local EM field enhancement can be tuned to achieve the
strongest coupling between adjacent nanocaps. It should be
noted that perfect self-organized growth which controls the
nanopore arrangement occurs only under a certain anodic
voltage. This is shown to be 40 V by our experiments �see
Fig. 2�c��.

FIG. 1. �Color online� �a� Schematic representation of a 3D PAA surface
with dimensional parameters D, G1, G2, and G3, where D is the island
diameter and G1, G2, and G3 are the ortho-, meta-, and paraisland gap,
respectively. �b� A typical 3D AFM image of the silver nanocap/PAA sur-
face. �c� Comparison of PL spectra of the MEH-PPV coupled silver nanoan-
tennae and MEH-PPV coupled PAA membrane. �d� Normalized UV-visible
absorption spectra of the MEH-PPV and silver nanoantennae.

FIG. 2. �Color online� A series of SEM images acquired from the silver
coated PAA membranes formed under different constant dc voltages: �a� 20
V, �b� 30 V, �c� 40 V, �d� 50 V, and �e� 60 V, respectively. Scale bar: 100 nm.
The sputtering times of silver are all set to be 10 min. �f� PL spectra of
MEH-PPV coupled silver nanoantennaes formed under different constant dc
voltages �samples �a�, �b�, �c�, �d�, and �e� in Fig. 2�. The dependence of the
PL enhancement ratio of MEH-PPV coupled silver nanoantennaes to MEH-
PPV coupled PAA membrane is shown in the inset.
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Figure 2�f� displays the PL spectra of MEH-PPV
coupled silver nanoantennae formed at different constant dc
voltages �samples �a�–�e� in Fig. 2�, excited by the 500 nm
line of a Xe lamp. The PL intensity increases slightly and
then decreases sharply with increasing anodic voltages. The
PL enhancement ratios are shown in the inset of Fig. 2�f� as
a function of the anodic voltages. The maximum PL en-
hancement ratio �approximately six times� is observed from
sample �c� in Fig. 2�c�. Such a strong enhancement in
sample �c� can be attributed to the fact that the nanoantenna
array is assembled with the favorable gap configuration
�G3= �35 nm, G2= �25 nm, G1�10 nm� as well as
the highly ordered arrangement. This is necessary for intense
PL enhancement as well as a high density of both Ag nano-
caps ��1�1010 cm−2� and hot gaps ��1�1011 cm−2�. Al-
though mass particle aggregation in samples �a� and �b�
�Figs. 2�a� and 2�b�� can be observed, the values of G2 and
G3 decrease, thus not reducing the PL enhancement signifi-
cantly. It can be further concluded that the larger interstitial
sites in samples �d� and �e� �Figs. 2�d� and 2�e�� do not lead
to enhanced PL.

In order to assess the relative contributions of different
geometries to the experimentally observed PL intensities, the
local EM-fields are calculated using commercial finite differ-
ence time domain �FDTD� software �RSOFT FULLWAVE�. The
array of silver nanoantenna is approximated by six hexago-
nally arranged hemispheres using dimensional parameters
�D, G1, G2, G3� equal to the mean values of the samples
produced experimentally. 500 nm light is assumed to be in-
cident normal to the sample �inset in Fig. 3�a��. Figure 3
mimics the situation of the samples fabricated at different
constant dc voltages �the value of D is fixed at 50 nm

whereas G1 increases from 1 nm to 50 nm�. According to the
contour plots of the near EM field distributions in Fig. 3, a
larger enhancement is observed from a smaller gap size. The
simulation results are in agreement with the studies reported
by Wei et al.15 as well as our experiments.

In summary, we have experimentally and theoretically
demonstrated enhanced luminescence efficiency from MEH-
PPV coupled to silver nanoantenna arrays. The enhanced PL
from the MEH-PPV/silver nanoantennae complex originates
from the energy transfer effect in the SPR coupling between
the MEH-PPV and silver nanocaps and from local EM field
enhancement of nanogaps between silver nanocaps in the
background of a light-emitting MEH-PPV. The results are
corroborated by FDTD simulation. This design incorporating
silver nanoantennae arrays introduces a framework for the
fabrication of robust, cost-effective, and large-area biochemi-
cal sensors, photodetectors as well as light emitters.
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