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We investigate the effect of dielectric coating on the optical resonance of metallic bowtie
nanoantennas, both theoretically and experimentally. The resonance wavelengths of the
nanostructures measured by means of dark-field scattering spectroscopy are in excellent agreement
with our theoretical calculations. The resonance wavelength is redshifted as the thickness of the
coating layer increases, which is attributed to a longer effective optical path due to the larger
refractive index of the coating than that of the air. © 2010 American Institute of Physics.
�doi:10.1063/1.3478228�

Metallic bowtie nanoantennas have been investigated
theoretically and experimentally at optical wavelengths.1–5

The optical field between two metallic bowtie tips can be
enhanced tremendously by the plasmonic resonance and cur-
vature effect of bowtie tips. The enhanced optical field is
confined in a volume which is only a small fraction of the
cube of the resonance wavelength.6 Plasmonic resonance
spectroscopy has been widely applied to biochemical sens-
ing, biophotonics, and nanoscale devices.7 The strong field
confinement provides a higher spatial resolution and more
efficient excitation in the nanometer-scale regime, which are
useful for a variety of applications, such as the surface en-
hanced Raman scattering,8,9 subwavelength optoelectronic
devices,10 and near-field imaging.11,12 Surface plasmon po-
laritons exhibit a main field component normal to the metal-
dielectric interface and an exponentially decreased profile to-
ward both the metallic and dielectric regions away from the
interface.13 Recently, the surface plasmon wave has been ap-
plied to plasmonic nanocavity lasers14 and plasmonic an-
tenna lasers.6,15 Continuous-wave operation of metal-coated
semiconductor lasers has also been demonstrated at
room-temperature,16–18 which provides useful applications in
addition to those of passive plasmonic devices.

In this paper, we report the effect of dielectric coating on
the optical resonance of plasmonic bowtie nanoantennas in
the experiment and use the finite-element method �FEM� to
obtain the enhanced fields and resonance wavelengths for
bowtie nanoantennas with different coating thicknesses,
bowtie thicknesses, and tip-to-tip distances �gap widths�. The
dielectric coating provides the more flexible resonance tun-
ing once a nanostructure is fabricated, and can be useful for
the wavelength selectivity in many applications such as bio-
sensing and chemical sensing. Our calculations confirm the
large local field enhancement near the gold bowtie nanoan-
tennas, which are fabricated on a silica substrate �covered
with an indium-tin-oxide �ITO� layer� and coated with alu-
mina �Al2O3�. The resonance wavelengths from the FEM

calculations agree well with those from the experimental
dark-field scattering spectra of bowtie nanoantennas. We
show how the coating thickness, bowtie thickness, and gap
width affect the resonance wavelengths.

Figure 1�a� shows the scanning electron microscopy
�SEM� images of the fabricated gold bowtie nanoantennas
and a designated coordinate system. The bowtie nanoantenna
was then coated with an 8 nm alumina layer �Fig. 1�b��. The
geometry of the nanostructure in our calculation, which is
very close to the fabricated bowtie, has a length of 75 nm, a
thickness of 20 nm, a curvature radius of 10 nm at the tips,
and an apex angle of 60°. The gap width between the two
gold triangles of the bowtie is 25 nm. The substrate is fused
silica with a 50 nm ITO layer. The origin of the coordinate
system is placed at the center of the Au/ITO interface. In our
calculations, the x-polarized electromagnetic wave incident
along the positive z direction is used to excite the local field
near the bowtie nanoantenna. This local field is then obtained
based on the FEM from the commercial software COMSOL.19

The computation domain is enclosed by perfect-matched lay-
ers to avoid reflection. The refractive indices of gold, alu-
mina, ITO, and silica are taken from Ref. 20.

Figure 2�a� shows the theoretical calculation of field
enhancement ��E�2 / �Ex0�2� on the horizontal plane which is
10 nm �half the bowtie thickness� above the Au/ITO inter-
face. The surface plasmons significantly increase the field
enhancement within the gap. For uncoated and coated struc-
tures, the maximum values �2043 and 1875� of field en-
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FIG. 1. The SEM images of �a� uncoated, and �b� Al2O3-coated gold
bowties on the ITO/silica substrate. The length, L, of an equilateral-
triangular bowtie is 75 nm. The bowtie nanoantennas are illuminated from
the substrate along the positive z direction, and the incident electric field is
x-polarized.
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hancements are found to be located at the bowtie tip �x
=12.5 nm, y=0 nm� and the alumina-layer tip �x=4.5 nm,
y=0 nm�, respectively. The fields are small inside the gold
bowtie. The plot of field enhancement along the x axis is also
shown in Fig. 2�b�. The x component of the electric fields is
discontinuous at the air/gold interface �for no coating�, as
well as air/alumina and alumina/gold interfaces �for coating�,
to reflect the continuity of the x component of the electric
displacement �Dx,i=�iEx,i, where i is the label of different
regions� at the interfaces.21 The continuity �discontinuity� of
the normal displacement �electric� field also indicates why
the near field on the surface of a metallic nanostructure is
usually enhanced significantly.

Figure 3 shows the experimental dark-field scattering
spectra in the wavelength range 400–1000 nm for the bowtie
nanoantennas shown in Fig. 1. From Fig. 3�a�, a resonance
peak at 710 nm is present on the spectrum of the bare bowtie
�uncoated structure�, and the counterpart of the coated
bowtie in Fig. 3�b� shows a resonance wavelength at 790 nm.
The alumina coating leads to the redshift of resonance wave-
length. From the cavity perturbation, we can express the
resonant frequency shift caused by material perturbation as22

� − �0

�
=

− ���VdV���� · H� · H� + ��� · E� · E��
���VdV��H · H� + �E · E��

. �1�

Thus, the increase in permeability �� �=0 in this case� or
permittivity �� of material inside the cavity decreases the
resonance frequency. This wavelength redshift can also be
explained via the wave number k=2�n0 /�0�2�n /�, where
n0 and n are the refractive indices of air and alumina coating,
and �0 and � are the resonance wavelengths of the uncoated
structure and coated structure, respectively. The wave num-
ber reflects the spatial variation in the bowtie gap qualita-
tively. The alumina coating has a higher index than unity so
that the extra index requires a longer wavelength to keep the
wave number unchanged. In other words, the redshift is
caused by a longer effective optical path due to the larger
refractive index of the alumina coating than that of the air.

The calculated resonance spectra of the field enhance-
ment for different coating thicknesses �t=0, 4, and 8 nm� are
shown in Fig. 4. The observation point A is located at the
center of the gap �10 nm above the Au/ITO interface�. In
Fig. 4, each resonance spectrum has one resonance peak
�resonance wavelength �res=714, 754, and 781 nm for t=0,
4, and 8 nm, respectively�. The resonance wavelength and
corresponding redshift at t=8 nm from the FEM calculation
are in excellent agreement with the experimental data. More-
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FIG. 2. �Color online� �a� Plots of the field enhancement �E�2 / �Ex0�2 near the
tips in the x-y plane at a height of one half of the bowtie thickness from the
top of ITO layer without coating �left� and with an 8 nm Al2O3 coating
�right�. Both calculations are carried out at respective resonance wave-
lengths. �b� A logarithmic plot of �E�2 / �Ex0�2 along the x direction for coated
�long dashed� and uncoated �short dashed� antennas.

FIG. 3. �Color online� Experimental data of dark-field scattering spectra for
the fabricated bowtie nanoantennas: �a� uncoated, and �b� with an 8 nm
coating layer. The resonance wavelengths of the bare and coated bowties are
710 nm and 790 nm, respectively.

FIG. 4. �Color online� Theoretical calculations of the field enhancement
�E�2 / �Ex0�2 vs wavelength for different coating thicknesses t=8 nm �long
dashed�, 4 nm �dashed-dotted�, and 0 nm �short dashed�. The inset shows a
schematic drawing of the coated bowtie nanoantennas.
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over, we find that the amounts of redshift and field enhance-
ment increase as the coating thickness increases. The in-
creasing field enhancement is mainly due to an observation
point closer to the alumina-coated tip as the coating thick-
ness increases. However, the maximum field enhancement is
still located at the tip, as shown in Fig. 2.

Figure 5 shows the resonance spectra of field enhance-
ment from the FEM calculations under different bowtie
thicknesses h and different gap widths g. If the bowtie thick-
ness or gap width is small, as indicated by the curve for
h=20 nm in Fig. 5�a� or that for g=25 nm in Fig. 5�b�, the
spectrum shows a large field enhancement. In addition, ac-
companied by the increase in field enhancement as the
bowtie thickness h or gap width g decreases, the resonance
wavelength also exhibits a redshift, as indicated in Fig. 5.
Such a tendency is similar to that of a pair of spherical
particles.23 The increase in the field enhancement as h de-
creases has a similar origin to that as the coating thicknesses
t becomes larger. In this case, a smaller h means that the
point A is closer to the bottom Al2O3/air interface, where the
field is maximal due to the nature of surface wave. On the
other hand, the increase in the field enhancement as g de-
creases is caused by the more localized field distribution. As

g decreases, the field at the point A becomes larger because
the exponential decay of the surface wave into the air region
is incomplete. This phenomenon is analogous to that of a
metal-dielectric-metal plasmonic slab waveguide—the more
significant field confinement occurs when the dielectric re-
gion becomes narrower.

In summary, we have studied the optical resonance of
gold bowtie nanoantennas coated with an alumina layer. The
theoretical calculations are compared with the experimental
data from the dark-field scattering spectroscopy, and the cal-
culated resonance wavelengths are in excellent agreement
with experiment. When the thickness of the coating layer
increases, the resonance wavelength exhibits a redshift. From
our theoretical results, redshifts also occur when the bowtie
thickness or the gap width decreases. In all three cases, we
obtain significant field enhancements, which are accompa-
nied by a redshift of the resonance wavelengths.
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FIG. 5. �Color online� Theoretical calculations of electric field enhancement
vs wavelength for bowtie nanoantennas with �a� a 25 nm gap and three
different bowtie thicknesses h=20 nm �long dashed�, 30 nm �dashed-
dotted�, and 40 nm �short dashed�; �b� a 20 nm bowtie thickness and three
different gap widths: g=25 nm �long dashed�, 30 nm �dashed-dotted�, and
35 nm �short dashed�. The observation point A is located at the center of the
gap and a height of one half of the bowtie thickness.
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