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Abstract H-shaped resonant optical antennas are proposed
by adding resonant strips at the ends of arms of short dipole
antennas. Numerical simulations using finite-difference
time-domain method show that the H-shaped antennas
present greater electric field enhancement compared with
optical dipole antennas at the same resonant wavelength.
The slot coupling between the two arms also results in a
smaller full width at half maximum of the scattering
spectra. Two field-enhancing mechanisms are found to
decide the resonant properties of the H-shaped antennas.
The influence of the geometry is studied.
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Introduction

Recently, resonant antennas operated in optical frequency
range have attracted great interest because of their
promising abilities to interconvert propagating field and
localized field as well as the field enhancement in the feed
gap [1, 2]. The resonance decisively depends on the nature
of antennas, which is dictated by the shape, material,
dimensions of the antennas, and operation frequency. For
this reason, optical antennas of different shapes, such as
dipole antennas [1], bow-tie antennas [3], square spiral
antennas [4], V-shaped antennas [5], Yagi-Uda antennas [6],
sandwiched antennas [7], slot antennas [8], and L-shaped

antennas [9] have been proposed. Despite their distinguish-
ing features, all of these antennas have demonstrated a
localized and strongly enhanced field in the feed gap when
they are properly engineered. Many applications have been
demonstrated in the fields of biological and chemical
sensors [10, 11], nonlinear spectroscopy [12, 13], and
optoelectronic devices [14, 15]. Optical antennas were also
used to enhance the spontaneous emission of a fluorescent
dye by more than a factor of 5 [16]. The valuable properties
of optical antennas originate from the resonance of surface
plasmon polaritons in the antenna arms and the coupling
between the two arms, which is usually limited to the feed
gap. Unlike radiowave and microwave antennas, optical
antennas usually are not driven with galvanic transmission
lines. More complicated optical antennas, whose structures
may be deviated evidently from that of their radiowave and
microwave counterparts, can be designed in order to
improve their resonant properties.

In this paper, we propose H-shaped resonant optical
antennas to implement high electric field enhancement
factors and narrow full widths at half maximum
(FWHMs) of the scattering spectra. Besides the feed
gap coupling, the two arms of the H-shaped antennas
also couple like a plasmonic slot waveguide [17–19].
Numerical simulations using the finite-difference time-
domain technique show that the field enhancement factor
of the H-shaped antenna is twice as big as that of a
dipole antenna at the same resonant wavelength. Mean-
while, the FWHM of the H-shaped antenna is about a
half of that of the dipole antenna. These superior
properties are attributed to the nature of the high-
quality factor (Q factor) symmetric mode of the slot
cavity. The field-enhancing mechanism and the geomet-
rical influence on the resonant properties of the H-shaped
antennas are studied.
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H-shaped resonant optical antennas

The incident light gives rise to standing surface charge waves
on the arms of the optical resonant dipole antennas. The
reflectivity of the waves at the ends is usually fairly low, which
results in a low Q factor as well as the field enhancement.
Here, an H-shaped resonant optical antenna is formed by
adding a short dipole antenna in the middle of a slot cavity.
Due to the slot waveguide structure, the H-shaped resonant
optical antenna, which is schematically shown in Fig. 1a, has
a narrow FWHM and a high field enhancement. The short
dipole antenna has a cross section of 40×40 nm2. Its arm
length is labeled as l, and its feed gap is kept to be 20 nm.
The thickness of the two strips is 40 nm, the same as that of
the short dipole antenna. The length of each strip is labeled
as L and the width W. In the simulations, the perfectly
matched layer absorbing boundary conditions are imple-
mented at the boundaries of the modeling region. All other
surrounding space is supposed to be the vacuum. Because
the feature size in the x-direction is smaller than those in the
other two directions, the grid spacing along the x-direction is
set to be 1 nm, while those along the y- and z-directions are
set to be 2 nm. When a smaller mesh is used, the simulation
results change slightly. The dielectric constants of gold are
from Lynch et al. [20]. The H-shaped antenna is illuminated
by an x-polarized light source from the top along the z-axis
with amplitude of 1 V/m. Here, the vacuum resonant
wavelength of the H-shaped antenna is adjusted to be l0=
830 nm, which is the typical wavelength of Ti–sapphire
lasers, by adjusting the value of L for different l while W is
fixed at 65 nm. The combinations of L and l are shown in the
inset of Fig. 1b. The field enhancement factors at the center
of the gap as well as FWHMs for different combinations of L
and l are calculated, and the results are shown in Fig. 1b. It
shows that the field enhancement factor increases with
increasing l until it reaches the maximum when l is 35 nm.
Then it gradually decreases toward the limit of L=0, where
the H-shaped antenna becomes a dipole antenna. Neverthe-
less, the FWHM monotonically increases with increasing l.
For l=35 nm and L=320 nm, the field enhancement factor of

the H-shaped antenna is 2,670, which is about twice that of a
dipole antenna (1,287) with arm length 149 nm, feed gap
20 nm and a same cross section of 40×40 nm2 at the
resonant wavelength 830 nm. At the same time, the FWHM
of the H-shaped antenna, 78 nm, is evidently smaller than
that of the dipole antenna, 136 nm. This means that the H-
shaped antenna has a higher Q factor, which can be
equivalently defined as “resonant wavelength over FWHM.”
The time-averaged near-field intensity distribution of |Ex|

2

for l=35 nm and L=320 nm in the z=0 plane at the resonant
wavelength of 830 nm is shown in Fig. 1c. It can be seen
that the H-shaped antenna has a strong field concentration in
the feed gap.

The field-enhancing mechanism of H-shaped antennas

In order to analyze the resonant mechanism of the H-shaped
antenna, resonant properties of the strips alone, without the
short dipole antenna in the middle, are investigated. The
coupled strips form the so-called slot cavity, which is
schematically shown in Fig. 2a. It consists of two same
gold strips with a thickness of 40 nm. The length of each
strip is labeled as L, and the width W. Firstly, the size of
each strip of the slot cavity is set as L=368 nm and W=
65 nm. The separation distance between the two trips is set
to be 20 nm. The scattering spectrum at the center of the
slot cavity is calculated with an x-polarized incident beam,
and the result is shown in Fig. 2b. It can be seen that the
cavity has a resonant wavelength of 830 nm and an FWHM
of about 60 nm, which is much smaller than that of optical
dipole antennas. The time-averaged near-field intensity
distributions of |Ex|

2 in the z=0 plane at the resonant
wavelength 830 nm are shown in Fig. 2c with a field
enhancement factor of 230 at the center of the slot. A
typical 2nd-order symmetric resonant mode [17] is ob-
served in the slot cavity. When the separation distance is
increased while other parameters are unchanged, the field
enhancement factor decreases whereas the resonant wave-
length keeps nearly invariant.

Fig. 1 a Schematic of an
H-shaped antenna. b Field en-
hancement factors and FWHMs
at the center of the gap versus l.
The inset: L versus l for the
resonant wavelength 830 nm.
c Near-field intensity distribu-
tion of |Ex|

2 for l=35 nm and
L=320 nm in the z=0 plane at
the resonant wavelength of
830 nm. The dashed lines
outline the boundaries of the
antenna
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Then, the instantaneous electric current density vector
distributions of both the slot cavity and the H-shaped antenna
with the same resonant wavelength 830 nm are calculated. The
maximum instantaneous electric current density distributions
in the z=0 plane are shown in Fig. 3. In the two gold strips of
the slot cavity, typical standing waves are observed with the
symmetric mode: one node appears in the middle for each
strip. From Fig. 3a, it can be seen that most electric currents
are perpendicular to the electric field vector of the incident
light. According to the continuity equation, the charge density
is proportional to the divergence of the current density vector
for a monochromatic field. Therefore, more charges will pile
up around the current nodes generating enhanced field at the
center of the slot. This effect originates from the coupling
between the two strips because electric currents in one single
strip are mostly parallel to the electric vector of the incident
beam rather than perpendicular to it. When a short dipole
antenna is added in the middle of the slot, the two feed points
of the dipole antenna become current nodes and the electric
currents flow into the arms of the short dipole antenna, as
shown in Fig. 3b. Accordingly, the short dipole antenna
provides an influx concentration for electric currents, so

that charges pile up more compactly around the feed
points of the H-shaped antenna resulting in further
enhanced electric field in the feed gap. Moreover, the
merit of high Q factor of the slot cavity mode makes the
FWHM of the H-shaped antenna much smaller than that
of a dipole antenna. Although most electric currents in
the H-shaped antenna are parallel to the y-direction, no
resonant behavior is found for a y-polarized incident light.

The arms of the dipole antenna can be considered as
nanorod cavities, of which losses and Q factor are usually
inferior to those of slot cavities due to the coupling between
the two strips of the slot cavity. Therefore, in the case of
the H-shaped antenna, extra coupling is induced by adding
the slot cavity parts resulting in stronger resonant collective
oscillations of the free electron gas, which generates greater
field enhancement and smaller FWHM to overwhelm the
dipole antenna.

Influences of geometrical parameters and substrate

The influences of the geometric parameter W upon the
resonance of both the slot cavities and the H-shaped
antennas are investigated. For the slot cavity, L and the
feed gap are kept to be 368 and 20 nm, respectively. The
resonant wavelength of the slot cavity, which is shown in
Fig. 4a, decreases monotonously when W increases from 40
to 100 nm. Nevertheless, the FWHM hardly changes
(Fig. 4a). The field enhancement factor gradually increases
with increasing W (Fig. 4b).

However, for the H-shaped antennas, the influence of W
is different. Here, the values of l, L, and feed gap are kept to
be 35, 320, and 20 nm, respectively. When W is increased
from 40 to 65 nm, the resonant wavelength blueshifts to
reach a minimum of 830 nm. Meanwhile, the field
enhancement factor increases to the maximum of 2,670
(Fig. 4b). As W continues to increase, the resonant
wavelength then redshifts while the field enhancement
factor gradually decreases. The FWHM monotonically

Fig. 2 a Schematic of a slot
cavity. b Scattering spectrum at
the center of the slot cavity. c
Near-field intensity distributions
of |Ex|

2 in the z=0 plane at the
incident wavelength 830 nm.
The dashed lines outline the
boundaries of the slot cavity

Fig. 3 Maximum instantaneous electric current density distributions
in the z=0 plane of a the slot cavity and b the H-shaped antenna at the
resonant wavelength 830 nm
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increases with increasing W. Therefore, the resonant
properties of the H-shaped antennas depend on two kinds
of mechanism. When W is small (from 40 to 65 nm), the
slot coupling is relatively strong and acts as a predominate
mechanism leading to the blueshift of the resonant
wavelength. Further increase of W results in weaker slot
coupling; meanwhile, the effect of the dipole antenna
becomes more decisive leading to the redshift of the
resonant wavelength. The dependence of enhancement
factors of the slot cavities and the H-shaped antennas on
W, which is shown in Fig. 4b, is also evidence of the two
different kinds of mechanism that influence the resonant
properties of the H-shaped antennas.

By increasing L of an H-shaped antenna, high-order
resonant modes can be obtained. Figure 5 shows the time-
averaged near-field intensity distribution of |Ex|

2 in the z=0
plane of an H-shaped antenna at the resonant wavelength
830 nm with l=35 nm, W=65 nm, L=868 nm, and a 20-nm
feed gap. The enhancement factor and FWHM are 694 and
46 nm, respectively. In the slot, two extra highlighted
regions are observed, which present a 4th-order resonant
mode similar to that in a slot cavity [21]. Although the 4th-
order resonant H-shaped antenna has a lower enhancement
factor, its FWHM is much smaller than that of the 2nd-
order resonant H-shaped antenna.

Due to the coupling between the arms of the H-
shaped antenna, its resonant properties are more sensi-

tive to the gap size than those of the dipole antenna.
When the gap size is set to 10 nm (30 nm) and other
parameters maintain l=35 nm, W=65 nm, and L=320 nm,
the field enhancement factor and the resonant wavelength
of the H-shaped antenna become 9,007 and 920 nm (1,117
and 793 nm), respectively. The corresponding results of
the dipole antenna with an arm length of 149 nm are 3,600
and 876 nm (660 and 807 nm).

In order to give more practical results, an underlying
dielectric substrate is then added beneath the H-shaped
antenna and the influence is studied. The substrate is supposed
to infinitely stretch along ±x, ±y and −z directions, which
means that in our simulation, the substrate crosses the
absorbing boundaries along those directions. Firstly, the
material of the substrate is set to be glass with the refractive
index of 1.5. The size of the H-shaped antenna is adjusted to
be L=200 nm, l=35 nm, and W=60 nm, when it presents the
resonant wavelength of 830 nm and highest field enhance-
ment. The scattering spectrum at the center of the H-shaped
antenna is calculated as well as that of a dipole antenna with
arm length of 118 nm placed on the same substrate for
comparison. Although the H-shaped antenna still has a
greater enhancement factor of 781 and a smaller FWHM of
117 nm than those of the dipole antenna (466 and 179 nm,
respectively), the superiority of the H-shaped antenna
diminishes. The presence of the substrate weakens the field

Fig. 5 Near-field intensity distribution of |Ex|
2 in the z=0 plane for

the 4th-order resonant mode of an H-shaped antenna at the resonant
wavelength of 830 nm. The dashed lines outline the boundaries of
the antenna

Fig. 4 a Resonant wavelengths and FWHMs of the slot cavity and the
H-shaped antenna versus W. b Field enhancement factors of the slot
cavity and the H-shaped antenna versus W

Fig. 6 Scattering spectra at the centers of the H-shaped antenna and
the dipole antenna when the refractive index of the substrate is 1.385
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enhancement and broadens the resonant peak. This is
because the dielectric substrate increases the energy dissipa-
tion. Therefore, a substrate with a lower index is preferable.
Then, the material of the substrate is changed to MgF2 glass
with a refractive index of 1.385. In order to be resonant at
830 nm, the size of the H-shaped antenna is set as L=
232 nm, l=35 nm, W=56 nm, and the arm length of the
dipole antenna is 123 nm. In this case, the enhancement
factor of the H-shaped antenna is 1,103 and the FWHM is
95 nm, while the dipole antenna presents an enhancement
factor of 614 and an FWHM of 178 nm (shown in Fig. 6).
The results indicate that the H-shaped antennas are a better
choice in practical applications.

Conclusions

In summary, we have proposed H-shaped resonant optical
antennas, which present a great field enhancement with a
desirable small FWHM. These preferable properties are
attributed to the slot coupling between the two arms, which
is a different enhancement mechanism from other kinds of
optical resonant antennas. The nature of the symmetric
mode of the slot cavity results in a reduced FWHM, and the
short dipole antenna in the middle of the slot compactly
concentrates charges generating greatly enhanced field. The
geometrical dependence of the resonant properties shows
that two mechanisms dominate the resonance of the H-
shaped antennas. The field enhancement at the resonant
wavelength is the result of the tradeoff between the two
mechanisms: slot coupling and dipole antenna effect. Due
to their superior properties, the H-shaped antennas can be
expected to have many applications in nanophotonic and
plasmonic devices, biosensors, and nonlinear spectroscopy.
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