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Optical nanoantennas are emerging as one of the key components in the future nanophotonic and plasmonic circuits. The first
optical nanoantennas were in a form of simple spherical nanoparticles. Recently more complex Yagi-Uda nanoantenna structures
were demonstrated. These nanoantennas enhance radiation of single emitters and provide well-defined directional radiation. In
this contribution, we present the novel design of the directional nanoantenna, which is excited from the propagating mode of the
plasmonic waveguide. The nanoantenna design is based on the travelling wave principle, well known at RF/microwave frequencies.
By properly designing the propagating parts of the nanoantenna, a very efficient coupling to free space wave impedance can be
achieved. Furthermore, the control over the radiation direction and beam width is relatively easy with this nanoantenna. Compared
to the previously published Yagi-Uda designs, the new nanoantenna presented in this work has directivity three times higher.

1. Introduction

In the future we foresee the development of optical wireless
communication networks at the nanoscale [1]. In this work
we will focus on one specific problem in the development of
the physical layer of such wireless networks-design of novel
nanoantennas (often also referred to as optical antennas, or
plasmonic antennas in the open literature). Nanoantennas
are key components and enabling technology for the future
wireless connectivity at the nanoscale, coupling light from
external world to nanoscale circuits and vice versa.

Nanoantennas have their origins in the field of physics
and more precisely in near-field microscopy. Wessel in
1985 was the first to mention explicitly the analogy of
local microscopic light sources to classical antennas [2]—a
concept that has since been thoroughly explored. History of
nanoantennas can be found in [3].

As one of the main applications for novel nanoantennas
we envisage (a) on-chip and intrachip wireless nano-links
in future micro- and nanodevices and (b) single-emitter
sources coupled to the directional nanoantenna.

The coupling of the nanoantenna to single-emitter light
sources has been investigated by several groups theoretically

[4–7] as well as experimentally [8, 9]. Nanoantenna in this
application is used mainly to direct and focus light. Due to
the lack of true nanoscale light sources, the coupling of the
emitter (e.g., quantum dot) to the nanoantenna has been
achieved by proximity coupling (near-field coupling) which
is rather inefficient. Ideally, one would like to connect the
source and the nanoantennas by efficient transmission line
(waveguide), similarly as at RF and microwave frequencies.
When designing nanoantenna, it is important to consider not
only the radiating part but also the feeding arrangement.

Nanoantenna-enabled wireless nano-links could be con-
sidered as an alternative solution to the problem of an inter-
connect bottleneck in the next generation-integrated circuits
(ICs). Currently silicon photonics is being actively researched
in academia and by many electronic manufacturers, who
see it as a means for keeping up with Moor’s law by
using optical interconnects to provide faster data transfers
between and within microchips. However, size of dielectric
waveguides used in silicon photonics is fundamentally
limited by diffraction optics, posing a limit on the maximum
achievable density of such interconnect technology. To tackle
this problem, plasmonic integrated circuits have been most
recently proposed [10] to achieve true nanoscale integration
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Figure 1: A concept of using directional nanoantennas as means of
providing wireless on-chip and intrachip communication. Photo is
modified from IBM.

in future ICs. Unfortunately, the price to pay for extremely
high density of plasmonic interconnects is relatively high
loss in such waveguides (compared to silicon photonics).
We would like to propose another approach to the optical
interconnect problem—wireless connectivity using nanoan-
tennas. We can imagine a very high data rate chip-to-chip
and intrachip links supported mainly by nanoantennas with
very few interconnects needed. Moreover, besides providing
a “simple” on-/intrachip connections, nanoantennas could
offer an advantage of having an extra wireless functionality
in future integrated circuits.

2. Differences between RF/Microwave
Antennas and Plasmonic Nanoantennas

Theory of RF/microwave antennas was being developed
for well over 100 years. Several design rules for antenna
engineers exist, and probably tens of textbooks are at their
disposal. However, if one wishes to design a nanoantenna,
not even a single book on a subject is available. Unfor-
tunately, due to different underlying physics at optical
wavelengths, based on plasmon resonance (specific electro-
magnetic solution of Maxwell’s equations at the metal-
dielectric interface at optical wavelengths [11]), most design
rules for RF/microwave antennas cannot be simply used
in nanoantennas. Even for the simplest possible antenna, a
dipole, there is a significant difference in radiation patterns
of the plasmonic nanoantenna and the RF antenna [12], as
shown in Figure 2.

3. Nanoantenna Design

The design of the new directional nanoantenna was per-
formed using commercial electromagnetic finite integration
technique (FIT) solver-CST Microwave Studio [13]. In all
studies antennas were assumed to be made of gold. We used
gold permittivity values as measured by Johnson and Christy
[14], which were fitted as the fourth-order polynomial in the
numerical solver. Comparison between values from [14] and
those used in simulations is shown in Figure 3.

For the proposed new directional nanoantenna, shown
in Figure 4, we have chosen a design based on the travelling-
wave principle [15]. This nanoantenna can be seen as
a hybrid between a well-known V-antenna and Vivaldi-
antenna. In the study we assumed free-space operation only.

The first directional nanoantennas were based on the
Uda-Yagi design. However unlike at the RF/microwave
frequencies, these nanoantennas were excited either by near-
field coupling of the dipole source (quantum dot in [8]) or
by far-field laser radiation [16]. Obviously for our targeted
application, integrated on-chip plasmonic circuits, it is
desired to excite antennas using a waveguide. As shown
in Figure 4(a), our proposed design is easy to integrate
with the traditional metal-insulator-metal (MIM) plasmonic
waveguide. We used the same MIM waveguide as presented
in [17], composed of two 50 nm by 50 nm gold stripes, with
the gap of 20 nm. The calculated impedance is 449Ω. The
complex effective index of the feeding plasmonic waveguide
is neff = 2.19 + i0.068.

The leaky nature of propagating plasmons in the pro-
posed design makes the operation of the nanoantenna
similar to the V-antenna (composed of two wires over
a ground plane). The main difference between RF and
nanoversion is that in plasmonics the ground plane is not
used (due to the very nature of the plasmonic mode), and
the concept of the termination (used in the RF V-antenna)
does not exist at the nanoscale. For these two reasons the
proposed nanoantenna can be seen being close to another
travelling wave RF design-Vivaldi antenna.

During the design of our nanoantennas we did not aim at
any particular wavelength. Results presented hereinafter are
for the wavelength of 780 nm. However, this nanoantenna is
fairly broadband in its operation and can be used at other
wavelengths. The major difference in operation will be due
to the dispersive permittivity of gold.

In Figure 5(a) we present the radiation pattern for the
designed nanoantennas at 780 nm. The calculated radiation
efficiency at this wavelength is 48%. Considering a lossy
nature of plasmonic structures this is a relatively good result
(it also includes losses in the feeding waveguide).

The most important result of the new design is a high
maximum directivity value of around 24 (linear scale).
This is a major improvement over previously designed
Yagi-Uda nanoantennas. To obtain a more quantitative
comparison we have simulated gold Yagi-Uda nanoantenna
(shown in Figure 5(b)) similar to this presented in [18].
We could therefore compare only radiation patterns and
not efficiencies between these two designs. As clearly seen
in Figure 5 the nanoantenna proposed in this work has a
maximum directivity of 24, more than three times higher
directivity achieved by Yagi-Uda (around 7).

When analysing results for traditional RF/microwave
antennas, the input matching (or return loss) is often
considered as one of the main performance measures. At
the nanoscale however, although the concept of nanoantenna
impedance has been investigated [19, 20], because of the
lack of integrated nanoscale sources the input matching is not
being considered at the moment. By “integrated nanoscale
sources” we mean the sources similar to those found at
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Figure 2: Radiation pattern of dipole antenna in third-order resonance: (a) standard RF dipole and (b) nanoantenna.
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Figure 3: Complex permittivity of gold used in EM simulations
(CST Microwave Office). Values are based on measured data from
[14] and fitted using fourth-order polynomial.
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Figure 4: Geometry of the proposed new directional nanoantenna:
top view (left) and side view (right).

RF/microwave frequencies, which can be simply “plugged”
to the antenna or transmission line. Also a concept of “stan-
dard” impedance (usually 50Ω for RF/microwave circuits
and antennas) is currently not defined for nanocircuits.

4. Nanoantenna Coupled to the
Single Emitter Source

Directional nanoantennas could also be used for extracting
light from single photon sources. This was recently demon-
strated in [8], where Yagi-Uda nanoantenna was used to
direct light from the quantum dot (QD). Because both the
QD and nanoantenna were placed on the surface of the high-
index material, main radiation was directed in the substrate.
In Figure 6 we present the example of our new directional
nanoantennas coupled to the dipolar emitter as well as the
reference result of the stand-alone dipole emitter embedded
in high-index material. Dipole is oriented along the x-axis (to
excite the plasmonic waveguide) and placed 2.15 µm below
the surface of the material with n = 1.5. This distance
was dictated solely by the size of the nanoantenna. Figures
6(c) and 6(d) present the electric field produced by the
stand-alone and nanoantenna-coupled dipole, respectively.
Due to the reflection off the interface between materials,
most radiation goes into the high index substrate for the
single dipole. The calculated far-field radiation for this case is
shown in Figure 6(e). However, unidirectional emission was
achieved when the dipole was coupled to the new directional
nanoantenna. The light generated by the dipole is propagated
along the plasmonic structure and efficiently radiated into
the low-index material (free space). The radiation pattern
of the dipole-nanoantenna-coupled system is shown in
Figure 6(f). Most importantly, in the direction of the main
radiation beam the amplitude of the electric field is more
than 30 dB higher when the dipole emitter is coupled to
the nanoantenna. Exact electric field (Ex) values taken 1 µm
above the interface between materials (see Figure 6(b) for
exact location of the E-field probe) are presented in Figure 7.

Naturally, the nanoantenna embedded in the high-index
material (Figure 6(b)) and its directional radiation into the
free space (Figures 6(d) and 6(f)) could be used to provide
wireless connectivity in the intrachip and board-to-board
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Figure 5: Comparison of simulated directivity (linear scale) far-field radiation patterns for (a) new directional nanoantennas designed in
this work, and (b) Yagi-Uda type nanoantennas from [18]. Both nanoantennas are shown in top view.

optical links (as shown in, e.g., Figure 1). Moreover, we
believe that in future 3D-integrated circuits with optical
interconnects, the presented directional nanoantenna could
be used as an “optical via”, providing vertical connection
between different chip layers. Currently proposed solutions
of 3D optical integration involve microlenses and micromir-
rors [21].

5. Nanoantennas for Wireless
Optical Nano-links

In the future we foresee the development of optical wireless
communication networks at the nanoscale. Nanoantennas
are key components and an enabling technology for future
optical wireless connectivity at the nanoscale, coupling light
from external world to nanoscale circuits and vice versa. As
one of the main applications for novel nanoantennas we
envisage a provision of on-chip and intrachip wireless nano-
links in future micro- and nanodevices.

One of the main challenges in using nanoantennas
fabricated on high-index substrates is the problem with most
of the radiated power going into the substrate [8]. This is
presented in Figure 8 for the nanolink composed of our
new nanoantennas on glass. The distance between antennas
is 4 µm. Figure 8 shows the amplitude of electric field as
radiated by the transmitting antenna on the left-hand side.
Most of the radiation goes straight into the glass, which
is obviously not desired in achieving efficient transmission
between antenna.

To overcome the problem of radiation to the substrate,
we have embedded our nanoantennas in high-index material
and placed on the edge of the substrate, as shown in
Figure 9. The distance between antennas is again 4 µm
and the medium between them is free space. Practically,
this scenario could be realized in the case of end-fire on-
chip nanoantennas for interchip interconnects (see, e.g.,
Figure 1). In this case we can observe symmetrical radiation
with the maximum in the direction of the receiving antenna
on the right-hand side, where we can clearly see the prop-
agation of the guided wave along the nanoantenna.

The last example of the nanolink is presented in Figure 10
where both nanoantennas as again embedded in the high-
index material, which is also acting as the propagation
medium. This scenario could practically be considered in
multilayered integrated circuits, where nanoantennas could
in-plane connectivity, as well as connections between layers
on multiple chip levels. As expected, because of the homo-
geneous environment the nanoantenna radiates horizontally
towards the receiving antenna. This is an efficient wireless
link.

The quantitative comparison of transmission efficiency
of all three nano-links is shown in Figure 11. We compare
the magnitude of the scattering parameter S21, indicating
the power captured by the receiving antenna. At 300 THz
we can see that the best transmission is achieved using the
link from Figure 10, with both antennas embedded in glass.
Slightly less efficient is the end-fire-like nano-link shown in
Figure 9. The worst result is achieved with nanoantennas
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Figure 6: Comparison of far-field radiation of the dipole emitter embedded in high-index material with and without the nanoantenna. (a)
Dipole emitted embedded 2.15 µm below the surface of n = 1.5 material, (b) dipole coupled to the nanoantenna, (c) E-field of the dipole
emitter, (d) E-field of the coupled dipole-nanoantenna system, (e) far-field radiation pattern of the dipole in high-index material, and (f)
far-field of the dipole coupled to the directional nanoantenna. All results are presented at the wavelength 1 µm.
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Figure 7: Comparison of the amplitude of the radiated Ex electric
field taken 1 mm above the material interface (see Figure 6(b)).

placed on glass (Figure 8), with the |S21| smaller by more
than 20 dB, compared with the other two cases. These
results clearly show that for most efficient transmission
nanoantennas should be placed in homogeneous dielectric
on top (superstrate) and below.

Figure 8: Optical wireless link between nanoantennas on glass
substrate and corresponding radiated E-field. Distance between
nanoantennas is 4 µm; frequency is 300 THz.

6. Fabrication of Nanoantennas

After very encouraging design results of the new nanoan-
tennas, we made the first attempts at fabricating them. In
Figure 12 we can see two examples of different nanoantenna
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Figure 9: Optical wireless link between nanoantennas embedded
in glass substrate and corresponding radiated E-field. Distance
between nanoantennas is 4 µm, frequency is 300 THz, and propa-
gation medium is free space.

Figure 10: Optical wireless link between nanoantennas embedded
in glass substrate and corresponding radiated E-field. Distance
between nanoantennas is 4 µm, frequency is 300 THz, and propa-
gation medium is glass.

samples. They were fabricated in 50 nm gold deposited on
thick glass slides using focused ion beam milling.

We are currently in a phase of improving our fabrication
process and building a measurement setup. All final nanoan-
tenna designs will need to be optimized for operation on a
glass substrate.

7. Conclusions

In this contribution we presented the novel design of the
directional nanoantenna, which is excited from the MIM
plasmonic waveguide. The nanoantenna design is based
on the travelling wave principle and can be considered as
a hybrid between a well-known V-antenna and Vivaldi-
antenna. The most important result of the new design is
a high maximum directivity value of around 24 (linear
scale), more than three times higher than that achieved
by previously published Yagi-Uda (directivity of 7). First
samples of designed nanoantennas were fabricated and
measurements are currently being set up. This novel nanoan-
tenna could be used in the end-fire configuration in the
intrachip and board-to-board free space optical links or in
efficient directional extraction of light emitted by single-
photon sourced.
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cated in 50 nm gold on thick glass slides.
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[19] A. Alù and N. Engheta, “Input impedance, nanocircuit load-
ing, and radiation tuning of optical nanoantennas,” Physical
Review Letters, vol. 101, no. 4, Article ID 043901, 2008.

[20] J. J. Greffet, M. Laroche, and F. Marquier, “Impedance of a
nanoantenna and a single quantum emitter,” Physical Review
Letters, vol. 105, no. 11, Article ID 117701, 2010.

[21] B. Ciftcioglu, R. Berman, J. Zhang et al., “A 3-D integrated
intrachip free-space optical interconnect for many-core chips,”
IEEE Photonics Technology Letters, vol. 23, no. 3, pp. 164–166,
2011.


