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Abstract

Gold nanoantenna arrays composed of paired elliptical cylinders are fabricated and studied experimentally and numerically.
The arrays show far-field spectra resonances in the visible range for two orthogonal polarizations. Finite element method is used
to accurately simulate the far-field spectra with modified gold optical properties. The resonance wavelengths and electrical field
enhancement are studied as functions of the antenna dimensions. The field enhancement is found to be inversely proportional to the
gap size.
© 2008 Elsevier B.V. All rights reserved.
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Optical nanoantennas have been of great interest
recently due to their ability to support a highly efficient,
localized surface plasmon resonance and produce signif-
icantly enhanced and highly confined electromagnetic
fields. Such enhanced local fields have many appli-
cations such as biosensors, near-field scanning optical
microscopy (NSOM), quantum optical information pro-
cessing, enhanced Raman scattering as well as other
optical processes [1–9]. A nanoantenna mounted on a
NSOM tip can achieve sub-diffraction resolution and
modify the fluorescent properties of light emitters in
the vicinity of the nanoantenna [10–12]. A optical
nanoantenna embedded on the facet of a diode laser is
capable of generating enhanced and spatially confined
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optical near fields, which can be used in optical stor-
age and NSOM [13]. Nanoantennas are also used in
nanometer-scale optical lithography [14]. In most of the
studies, the optical nanoantennas consist of paired metal-
lic nanostructures including 2D structures such as metal
strips [2,15–17] and 3D structures such as nanorods
[1,12,18], bow-tie particles [10,11,19–24], nanodiscs
[25,26], spheres [27], and other shapes like core-shell
structures [28–30]. It has been shown theoretically and
experimentally that such structures can produce strong
resonance and large field enhancement.

The electrodynamics of optical nanoantennas have
been simulated by several groups using Green’s tensor
technique [1], the finite element method (FEM) [2], finite
difference time domain (FDTD) methods [14,19,20,24],
the Fourier modal method [25], discrete dipole approx-
imations (DDA) [22,26,28], and the boundary element
method [18,28]. Although some simulation results were
compared to experimental results [19,24], there is still a
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Fig. 1. (a) The schematic of a unit cell; (b and c) FESEM images of the samples A and B; (d and e) surface profiles measured by AFM of samples
A and B.

lack of direct matching between theoretical and exper-
imental results in the visible range that can verify the
validity of the simulation methods. In this report we use
FEM to simulate experimentally measured far-field opti-
cal transmittance and reflectance spectra of nanoantenna
arrays. We show that with modified material properties
taken into account, excellent matching can be achieved
between experimental and simulated data. The FEM
model is also used to study the resonance–geometry
relationship and the optical near-field distribution. The
near-field maps obtained by FEM modeling are com-
pared with NSOM measurements elsewhere [31].

1. Experimental details

Two samples of paired gold nanoantenna arrays,
named A and B, were designed and fabricated. The
arrays are composed of gold nanoparticles with ellip-
tic cylinder shapes. Each unit cell has two nanoparticles
with a gap between the two particles along their major
axes (Fig. 1(a)). The periods along the major and minor
axes are 400 and 200 nm, respectively. The fabrica-
tion process is as follows: a quartz substrate is first
spin-coated with the positive e-beam resist ZEP520A,
and a 20-nm-thick film of aluminum is deposited by
thermal evaporation on top of the resist to act as a
charge-distribution layer during electron beam lithog-
raphy (EBL). The nanoantenna array pattern is defined

by 100 kV EBL (JEOL JBX-9300FS). The aluminum
layer is removed in Microposit® MF-322 and the pat-
tern developed in ZED-N50. A layer of gold 40 nm thick
is then deposited by e-beam evaporation, and a lift-off
process in Microposit® remover 1165 completes the pro-
cedure. The size of the arrays is 150 �m × 150 �m.

The samples were then examined by field emis-
sion electron scanning microscopy (FESEM) and atomic
force microscopy (AFM). Representative FESEM
images and AFM profiles are shown in Fig. 1(b–e).
Although all unit cells in an array have the same design,
each particle randomly deviates from the designed shape
to certain extent. In sample A the major axis ranges from
104 to 118 nm, the minor axis from 52 to 62 nm, and
the gap from 12 to 27 nm. In sample B the major axis
ranges from 105 to 117 nm, the minor axis from 54 to
65 nm, and the gap from 22 to 37 nm. We observe from
the FESEM images that both samples are very similar
except for the gap sizes: sample A has a gap approxi-
mately 10 nm smaller than B. The AFM images show
that the surface roughness of the gold nanoparticles is
around 1 nm.

The transmittance and reflectance spectra of these
samples were measured in the visible range with inci-
dent light normal to the sample surface. The incident
light was linearly polarized, and we used two polariza-
tions: the principal polarization where the electric field
is parallel to the major axis and the secondary polariza-
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Fig. 2. The experimental (exp) and simulated (sim) transmittance (T)
and reflectance (R) spectra for both principal (p) and secondary (n)
polarization of sample A (a) and sample B (b).

tion where the electric field is normal to the major axis.
The measured spectra are shown in Fig. 2. Both samples
show strong resonances for the principal polarization,
one at 660 nm and the other at 640 nm. Since the only
significant difference between the two samples is that
the gap of sample A gap is roughly 10 nm smaller than
that of sample B, we conclude that the change of gap
size shifts the resonance. This is confirmed by numer-
ical simulation results. For the secondary polarization
only a weak resonance is visible, and both samples have
virtually identical spectra, which indicates that the gap
does not affect this resonance.

2. Simulation results and discussion

A FEM model was created using a commercial
package (COMSOL Multiphysics) to simulate the elec-
trodynamics of the nanoantenna arrays. The dielectric
constants of gold were obtained from literature [32].
The dimensions of the major axis, the minor axis, and
the gap in the FEM models were tuned in order to match

the simulated resonance wavelengths to the experimental
results, and the resulting dimensions used in simulations
are as follows: for sample A, the major axis is 110 nm,
minor axis 55 nm, and gap 17 nm; for sample B the major
axis is 108 nm, minor axis 58 nm, and gap 28 nm. These
values are all within the range of dimensions obtained
from SEM measurements. The 40 nm thickness and the
400 and 200 nm periods along the major axis and minor
axis, respectively, were taken from the initial design. The
results are compared with the experimental spectra in
Fig. 2.

Although the resonance wavelengths for the princi-
pal polarization obtained from simulations match those
from experiments, the shapes of the spectra are very
different. Varying the dimensions in the simulations of
the nanoantenna arrays cannot further reduce the differ-
ences. Possible reasons for this discrepancy are the size
effect and the surface roughness, which may affect gold
optical properties and particle coupling [33–36]. Since
both effects may result in a broadening of the absorption
band, one can model this combined effect by modifying
the gold optical constants [37–39]. As a first step, the
Drude–Lorentz model (DLM)

ε = 1 − ω2
p

ω2 + iΓpω
+

∑

m

fmω2
m

ω2
m − ω2 − iΓmω

(1)

is used to fit the experimental optical constants of gold
from the literature [32]. Here ωp is the plasmon fre-
quency, Γ p is the damping constant, and ωm and Γ m are
the resonant frequency and the damping constants of the
mth Lorentz oscillator, respectively. The Drude–Lorentz
model has two terms: the Drude term and the sum of
Lorentz terms. The Drude term describes the free elec-
tron response and is widely used to characterize the
optical properties of metals at relatively low frequen-
cies. The sum of the Lorentz terms gives the contribution
from Lorentzian oscillators due to interband transitions,
which is common for dielectric materials and for met-
als at high frequencies. In the fitting, three Lorentzian
oscillators together with the Drude term (with the known
parameters [32] ωp = 9 eV and Γ p = 0.07 eV) are used
to describe the gold dielectric constants above wave-
lengths of 400 nm; the fitting parameters are ω1 = 2.7 eV,
f1 = 0.4, Γ 1 = 0.4 eV, ω2 = 3.1 eV, f2 = 0.9, Γ 2 = 0.6 eV,
ω3 = 15 eV, f3 = 6.1, and Γ 3 = 1.6 eV. The surface rough-
ness effect as well as possible size effect on the optical
spectra in fabricated nanostructures can then be modeled
by modifying the damping constant Γ p in bulk metal. We
introduce a loss factor α to represent this change so the
modified Drude term damping constant is αΓ p. The real
and imaginary parts of the permittivity of gold with α = 2
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Fig. 3. The real (a) and imaginary (b) parts of permittivity of bulk Au:
the experimental data (from literature [32]), the fitted curves with the
Drude–Lorentz model (DLM α = 1), and calculated curves with loss
factor α = 2 and α = 3.

and α = 3 are shown in Fig. 3. The change to Γ p of bulk
gold modifies the imaginary part of the permittivity in
the long wavelength range significantly, but it has only a
slight effect at shorter wavelengths. The real part of the
permittivity is essentially unchanged in the frequency
range of interest.

We applied the modified gold optical constants to the
FEM model to simulate the spectra for the nanoantenna
array. The results are plotted in Fig. 4 together with the
experimental results for comparison. Although the vari-
ation of α does not shift the resonance wavelengths, it
does change resonance strength for the principal polar-
ization and improves the agreement between simulation
and experimental results. For sample A the simulated
spectra with α = 3 match the experimental spectra almost
perfectly, while for sample B α = 2 gives the best fit.
The reason that samples A and B need different loss
factors to fit the experimental spectra is likely due to
the fact that sample A has a smaller gap and hence
higher field strength inside the gap, therefore the sur-
face roughness effects is stronger than in sample B.
For the secondary polarization, the different loss factors

have smaller effects on the spectra because the resonance
wavelength is very close to the interband transition wave-
length, so the change in the Drude term does not affect
the optical properties near the resonance drastically.

With the addition of the loss factor, the simulations
match the experiments well, which provides confidence
in the FEM model. We then used this same model to
study the nanoantenna’s geometry–resonance relation-
ship. Since the change of α does not shift the resonance,
for simplicity we assume α = 3 in the remainder of this
paper. The major axis, minor axis, and gap in sample A
were individually varied while other dimensions were
kept the same as in the actual device. The corresponding
resonant wavelengths were plotted versus the dimen-
sions (Fig. 5). All these dimensions affect resonance
in different ways. Increasing the major axis red-shifts
the resonance almost linearly, and the linear dependence
on the major axis is similar to a thin, linear, center-fed
antenna [19]. An increase of the minor axis blue-shifts

Fig. 4. The transmittance (T) and reflectance (R) spectra of samples A
and B for both principal polarization (p) and secondary polarization (n).
The experimental spectra (exp) are compared to the simulated spectra
using the Drude–Lorentz model with loss factor α = 3 for sample A (a)
and α = 2 for sample B (b).
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Fig. 5. The resonance wavelengths as functions of major axis, minor
axis, and gap.

the resonance. When the minor axis is long and close
to the major axis, the particles are similar to nanodiscs
so we have the resonance of paired nanodiscs; when the
minor axis is small, the particles are like nanorods so
we have the resonance of paired nanorods. The resonant
wavelength is very sensitive to the gap when the gap is
small but does not shift much when the gap is large. When
the gap is small, the coupling between the pair is strong
and therefore sensitive to the gap; when the gap is large,
the coupling is weak and we basically observe a single
particle resonance which does not strongly depend on
the size of the gap. This exponential-like resonance shift
caused by the gap is similar to the results obtained for
gold nanodisc pairs using the DDA method and can be
explained by the coupling of surface plasmons between
the gold particle pairs [26,28].

Many applications of nanoantennas, such as NSOM
and surface-enhanced Raman scattering (SERS), rely on
the nanoantenna near-field characteristics, especially in
the “hot spot,” i.e. an area with high enhancement of the
local field (the amplitude of the local electric field nor-
malized by the incident electric field). Such a hot spot
generated by sample A is prominent in the electric field
enhancement map, which is plotted at 20 nm above the
substrate for the principal polarization at a wavelength
of 680 nm (Fig. 6(a)). The electric field enhancement
inside the gap is more than 10, but the hot spot is con-
fined by the gap. Outside of the gap the electric field
is also enhanced in the area close to the gold particle,
but to a lesser extent. The strength of the resonance is a
function of wavelength. The electric field enhancement
at the center of the gap is plotted versus incident wave-
length in Fig. 6(b). The near-field resonance, where the
field enhancement is the highest, is at 680, 20 nm red-
shifted compared to the far-field resonance at 660 nm.

Fig. 6. (a) The normalized electric field map of a unit cell in sample A
at 20 nm above the substrate at a wavelength of 680 nm. The particle
outlines are shown for reference (blue ellipses). (b) The normalized
electric field at the gap center 20 nm above the substrate as a function
of wavelength.

This red-shift is consistent with other authors’ observa-
tions [18].

The field enhancement also depends on the antenna
geometry. The dimensions of sample A are varied in sim-
ulations as before, and the on-resonance electric field
enhancement at the center of the gap 20 nm above the
substrate for the principal polarization is plotted as a
function of the major axis, the minor axis, and the gap
(Fig. 7). From Fig. 7 we see that the local field strength

Fig. 7. The normalized electric field strength as a function of major
axis, minor axis, and gap. The inset shows that the electric field strength
is inversely proportional to the gap size.
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increases with major axis length but saturates after a cer-
tain value, while it is nearly independent of minor axis
length. The field enhancement is found to be roughly
inversely proportional to the gap size (Fig. 7 inset),
therefore shrinking the gap is the most effective way to
increase the local field. However, this technique is most
useful for small gaps since it is only for small gaps that
the coupling between the pair begins to emerge.

3. Conclusions

We have demonstrated that FEM simulations can
accurately model the far-field spectra of optical nanoan-
tenna arrays in the visible range if material property
modification for fabricated nanostructures as compared
to bulk data is taken into account. For the optical nanoan-
tenna arrays composed of paired gold elliptical cylinders,
the resonant wavelength red-shifts with an increase of the
nanoparticle major axis and blue-shifts with an increase
of the minor axis. Decreasing the gap also red-shifts the
resonance, and the shift has an exponential-like relation
with the gap size. The near-field hot spot is confined
inside the gap. Changing the major axis and minor axis
has only limited effects on the field enhancement. The
field enhancement at the center of the gap of the nanoan-
tenna pairs is inversely proportional to the gap size, so
decreasing the gap size is an effective way to achieve
large field enhancement.
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