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Abstract. The electromagnetic coupling between metal nanoparticles lead to a
variety of fundamental studies and practical applications in plasmonics. For
example, by strong coupling between metallic nanostructures, plasmonic
antennas are able to concentrate and re-emit light in a controllable way. A va-
riety of structures of optical antennas have been investigated in the past decade.
In this review, we will discuss the coupled plasmonic nanoantennas from the
typical applications point of view, i.e., control of local intensity, control of
emission direction, control of far-field polarization, and outlook the corre-
sponding impacts in understanding physics.
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1 Introduction

Antennas appeared a century ago was first used to transmit and collect radio and
microwave which now play an essential role in the modern wireless world [1-4].
Optical antennas as an analogue at the nanoscale are of great interest due to the unique
ability of controlling absorption and emission at visible and infrared region [4, 5], such
as focusing optical fields to sub-diffraction limited volumes [6-8], enhance the exci-
tation and emission of molecules [9, 10] and quantum emitters [11, 12] and modify
their spectrum and lifetime [13, 14]. Propagating light can be converted into nanoscale
enhanced near field [15-18], and vice versa, a localized excitation can be coupled to
directed radiation. The efficiency of an optical antenna depends on its shape, material,
dimension, geometry, and operation frequency [19, 20]. Various optical antennas have
been developed experimentally and theoretically, such as individual discs [21], trian-
gles [22, 23], flowers [24], as well as coupled antenna such as dimers [3, 25], bowties
[8, 13], trimers [10], etc. [26-28]. Most of these antennas are based on metallic
nanostructures that support surface plasmons (SP) [29, 30], so called plasmonic
antennas. Single and coupled nanoantennas have been investigated thoroughly by
far-field spectroscopy, exploiting two-photon luminescence [9, 31] and near-field
scanning microscope [4, 22, 32]. Abundant applications have been found in surface
enhanced Raman scattering [6, 33], optical manipulation [25, 34], biosensing [35, 36]
and integrated photonic devices [37-39], etc.
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Here we provide an overview of the coupled antenna system, e.g. coupled nanorod,
bow-tie and nano-aggregates, etc. Light properties such as the intensity, polarization
and direction of emission, can be controlled effectively by different geometries of
nanoantennas, and will be discussed respectively.

2 Control of Local Intensity

To enhance the performance of nanoantennas, the way of plasmonic coupling between
nanostructures are usually adopted. Figure la shows two nanorod with the length
500 nm separated about 40 nm [9]. The coupling between these two rods gives rise to
strong local enhancement which is detected by the intensity of TPL. More experiments
and theoretical calculations indicate that, the intensity enhancement at the visible fre-
quencies can be as high as 10° when the gap reduced to a few of nanometers.
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Fig. 1. (Reproduced from [9]) (a) TPL scans for two 500 nm long gold bar with a 40 nm gap
and (b) the SEM image: The superimposed black lines plot the TPL signal along the symmetry
axis of the antennas.

The bow-tie structures [13] are one of the most investigated configurations. The
enhancement factor of |E|[/|Eo|* at the gap of the bow-tie antenna is evaluated by the
surface-enhanced fluorescence which is shown in Fig. 2. The size of the gap varies from
15 nm to 80 nm. The maximum enhancement of fluorescence fr can reach to 1340-fold.

More systematic study was done by Schnell et al., where they investigated the
near-field oscillations of progressively loaded plasmonic antennas at infrared frequency
by scattering-type scanning near-field optical microscopy [4]. In Fig. 3a the amplitude
signals at the both ends of the nanorod and phase change at the rod center, clearly
reveals the dipolar mode excited at a continuous nanorod. When a wedge is cut at the
middle, the dipolar mode of the nanorod still holds which is shown in Fig. 3b. But, if
the rod is cut more deeply and even fully cut, the case is completely different. In
Fig. 3c, the bridge between the two rods is only 2 % of the cross-section, which cannot
restore the dipolar mode any more. For the fully cut rod in Fig. 3d, a gap (80 nm) is
formed in the rod center. Each antenna segment oscillates as a dipole. Hence, a face
change exists between the two segments and the gap.
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Fig. 2. (Reproduced from [13]) (a) SEM image of a gold bowtie antenna. Scale bar = 100 nm.
(b) Calculation of the local electric field intensity enhancement. (c) Enhancement factor, fi, from
several nanoantennas as function of the gap size. Inset: Schematic representation of molecules
randomly placed around a gold bowtie antenna on a transparent substrate.
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Fig. 3. (Reproduced from [4]) Near-field images of progressively loaded nanoantennas at a
wavelength of 9.6 m. (a) Continuous rod antenna. (b) Low-impedance loaded antenna where a
thick metal bridge connects the two antenna segments. (c) High-impedance loaded antenna where
a tiny metal bridge connects the two antenna segments. (d) Fully cut antenna where the two
antenna segments are completely separated. Experimental results showing topography and
near-field amplitude and phase images.

3 Control of Emission Direction

Controlling the far-field emission from an emitter is another important property of
nanoantennas. For an emitter such as quantum dot, the emission direction involves a
large solid angle. To beaming the emission, a Yagi-Uda plasmonic antenna are
developed [11]. In Fig. 4, a quantum dot is positioned near one of the arm of the
antenna. The constructive interference of the emission from each arm excited by the
emitter results in a narrow directional radiation pattern. The gap between each arm in
Yagi-Uda is about 100 nm, which is relative large for plasmonic coupling.
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Fig. 4. (Reproduced from [11]) (a) SEM image of a five-element Yugi-Uda gold nanoantenna.
A quantum dot is attached to one end of an arm, indicated with a red square. (b) Radiation pattern
(intensity distribution at the back focal plane of the objective) from Yagi-Uda after an 830-nm
long-pass filter. (c) Measurement (black line) and calculation (red line) of the radiation angular
distribution for the structure. (Color figure online)

A stronger coupling case is shown in Fig. 5 [40]. The scattering properties can be
tuned by two closely spaced silver and gold disks. Interestingly, the direction of the
scattering is dependent on the wavelength. For blue light at 450 nm and red light at
700 nm, the scattering is in opposite directions shown in Fig. 5b, which can be used as
an ultra-small ~ A/100 photon-sorting nanodevice.
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Fig. 5. (Reproduced from [40]) (a) An artist’s view of colour routing from a bimetallic dimer
supported by a glass substrate. (b) Experimental directivities as a function of wavelength. Insets:
corresponding direct and Fourier color images. Radiation patterns recorded at specific

wavelengths corresponding to scattering to the right (450 nm) and to the left (700 nm). (Color
figure online)
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4 Control of Far-Field Polarization

Not only the intensity and direction, but also light polarization from an emitter such as
Raman scattering (RS) of molecules in the gap between nanoantennas can be manip-
ulated significantly [10, 41]. First a simplest case of a nanocrystal dimer is considered.
Figure 6a shows the SEM image of such a dimer, and it is seen that the angle of the
dimer axis, is ~130° with respect to the x axis. This angle is corresponding to the
maximal RS intensity shown in the Fig. 6b by black and red dots, which means the
favorite incident polarization of the laser for the enhancement is along the dimer axis
for both Raman shift (773 cm™ ' and 1650 cm™'). Here the low concentration of
molecules used ensures that each aggregate contains no more than a single molecule
[42]. The depolarization p in Fig. 6c¢ is defined as p = (I, + 1,)/(1, + 1), where I,and
I, are RS signals with orthogonal polarization, which indicates the polarization of the
RS light is also along the dimer axis at these two frequencies. These properties of dimer
can be simulated by treating the nanoparticles as spheres. As the single molecule
Raman signal can only from “hot sites”, the calculations are concentrated on the field
enhancement in the junction of the dimer at the laser wavelength, and the depolar-
ization of the emission from a dipole situated in this junction. The calculated results
shown by the curves in Fig. 6b and c are consistent to the experiment. This expected
agreement is actually due to the axial symmetric geometry of the dimer.
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Fig. 6. (Reproduced from [10]) Polarization response of a nanocrystal dimer. (a) A SEM image
shows a dimer of nanoparticles, which is tilted ~ 1300 from the x direction. (b) Normalized SERS
intensity at 555 nm (black squares) and 583 nm (red circles) as a function of the angle of rotation
by the A/2 waveplate. The green line is the result of the generalized Mie theory calculation of the
normalized local field enhancement factor at A = 532 nm, using the geometry from the SEM
image as the only input. (c) Depolarization ratio (p) measured at 555 nm (back squares) and
583 nm (red circles). Black and red lines show the result of Mie theory calculation performed at
555 nm and 583 nm, respectively. (Color figure online)

A drastically different behavior is obtained from the trimer shown in Fig. 7. The
intensity profile in Fig. 7b is maximal at an angle of ~ 75, which is close to the axis of
1** and 2" nanoparticles. Whereas, the depolarization ratio profiles do not coincide with
each other and in addition they are both rotated with respect to the intensity profile. The
depolarization pattern of the 555 nm light is rotated by ~45°, while the 583 nm light is
rotated by ~ 75°. In order to simulate this situation of trimer, calculation was performed
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by assuming that the molecule is placed in turn in each of the three possible junctions.
Only when the molecule is set in the junction marked with a red arrow in Fig. 7a, the
calculated and experimental results are in good agreement for both normalized intensity
and depolarization, which also confirms the assumption that only one molecule in the
junction, contributes to the signal. What should be note is this counter-intuitive
wavelength-dependent polarization rotation is not an accident. The rotation only exists
in the cases with the number of the particles are larger than two.
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Fig. 7. (Reproduced from [10]) Polarization response of a nanocrystal trimer. (a) SEM image of
the trimer. (b) Normalized SERS intensity at 555 nm (black squares) and 583 nm (red circles) as
a function of the angle of rotation by the A/2 waveplate. The intensities at both wavelengths show
approximately the same profile, but the maximal intensity is observed at ~75°, which does not
match any pair of nanoparticles in the trimer. The green line the result of a calculation assuming
that the molecule is situated at the junction marked with red arrow in SEM image.
(c) Depolarization ratio (p) measured at 555 nm (back squares) and 583 nm (red circles). The
black and red lines show the result of calculations at the two wavelength, assuming that the
molecule is situated at the junction marked with red arrow in SEM image. (Color figure online)

5 Summary

Various coupled nanoantennas have been introduced here. Plasmonic antennas can be
used to manipulate light properties at the nanoscale. Compare with single structures,
more important nanoantennas are coupled systems, such as nanorod with small gap,
bow-tie, Yugi-Uda structure and nanoparticle aggregates, etc. With the help of SP
coupling, light intensity, direction and polarization can be well tailed. Although there
are still a lot of unsolved problems, it is no doubt, nanoantennas as a new subject will
be further developed, and more applications will be found in, such as ultra-sensitive
sensor, and biosensing, integrated photonic devices, etc.
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