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The physics of optical patch antennas
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Abstract

In the last ten years, optical patch antennas have emerged as
a platform allowing for a complete control of light — from
huge Purcell enhancement to wavefront control. We review
here the rich physics of these antennas, ranging from plas-
monic slowdown of light to the impact of nonlocality on the
optical response and show that a “gap-plasmon optics” can
be established, bringing a full and thorough understanding
of such structures.

1. Plasmonic effects and optical patch
antennas

In the past ten years, there has been a growing interest for
optical patch antennas. Chemically synthesized nanopar-
ticles can actually be used to form optical patch antennas
when deposited on a metallic film[1]. Such self-assembled
resonators have proven to be the tiniest optical cavities
which can be realized[2], and the extreme miniaturization
associated with plasmonic effects allows for an unprece-
dented control of the Purcell effect[3] for instance.

Optical patch antennas share a large number of prop-
erties with more classical patch antennas. They constitute
resonant cavities, so that the formalism which is used to
describe classical patch antennas can be applied to optical
patch antennas[4]. The first and main difference between
the two are plasmonics effects - the fact that the mode prop-
agating under the patch in the case of an optical antenna is
a gap-plasmon, a mode with a very high effective index be-
cause it propagates in the metal where the Poynting flux is
negative[5]. Presenting such a high effective index leads to
a dramatci reduction in the size of the patch, so thata A/10
large resonator is able to support a resonance.

Such a miniturization has very important consequences.
First, the Purcell effect should obvisouly be much stronger
in such cavities, as has been several times proven. Then
the ratio of the absorption cross-section over the geometri-
cal cross-section reaches very high values, typically of the
order of 30 — meaning only 3% of the surface needs to be
covered with resonators to absorb 100% of the incoming
light. Furthermore, the large cross-section, for the fun-
damental resonance, does almost not depend on the angle
of incidence. This is very peculiar, and an interferometric
model of the cavity, which is excited on both sides, allows
to understand this point[6].

The large effective index of the gap-plasmons has fi-

-

Figure 1: The incidence angle 0 of the gap-plasmon propa-
gating between the patch and the metallic film.

nally a very important consequence: the resonators are so
sensitive that they require an advanced description of the
optical response of metals, able to take into account the fact
that electrons repulse each other. Otherwise, experimental
results can not be explained numerically[7, 8, 9, 10].

2. Total reflection of gap-plasmons

In order to completely understand what happens under an
optical patch, we used a modal method[11] to retrieve the
reflection coefficient of the gap-plasmon when the inci-
dence angle (shown Fig. 1) is increased.

The modulus of the reflection coefficient is shown Fig.
2 and clearly shows that above a critical angle, there is a
phenomenon which can be compared to total internal re-
flection - except for the losses. The angle 8, for which such
a response occurs is given by

sinf, = Z" (1)
ap

where ng, is the effective index of the surface plasmon
propagating along the metallic film, and n, is the effective
index of the gap-plasmon. This shows that a gap-plasmon
optics can be established — it is even possible to predict phe-
nomenon like the Goos-Hnchen shift of the gap-plasmon
total reflection.

This allows to understand the last properties of such
patch antennas, like the fact that their emission can depend
on the polarization for instance and how precisely their
cross-section may vary with the distance between the patch
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Figure 2: Modulus of the reflection coefficient of the gap-

plasmon for a distance of 10 nm between the metallic film

and the patch. The two vertical lines show the critical an-

gle predicted when taking the index of air as the outside

impedance (left) and the effective index of the surface plas-

mon (right). Definitely, the right impedance to consider is
the

and the metallic film: the increase in the effective index of
the gap-plasmon leads to an increase of the reflection coef-
ficient. The patch thus forms a better cavity, which explains
the increase in the cross-section. When the gap is below 5
nm however, the reflection coefficient is so high that cou-
pling the cavity becomes difficult.

We underline in conclusion that the mechanisms which
are explained here are actually not limited to such patch
antennas and to the optical domain. It turns out that doped
semi-conductors, in the close IR, present exactly the same
kind of behaviour[12], including the sensitivity to spatial
dispersion[13].
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