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ABSTRACT:

Classical optical components, as they are
miniaturized, are getting increasingly closer of the
limit of diffraction while their fabrication is more
and more challenging. Here, we review various
nanostructures designs that, in contrast, are based
on their ability to interact with the light at a deep
subwavelength scale. They have promising
properties such as the ability to reach artificial
refractive index, to induce subwavelength phase
pattern or to have a simpler fabrication.

1. CONTEXT

The development of optical systems in cameras
and image post-treatments now permit to get all
the features of the radiated light of an observed
scene [1-2]. The light is an electromagnetic field
characterized by its wavelength, its amplitude, its
phase and its polarization; each can be selectively
modified by an optical component such as a filter,
a lens, a prism or a quarter-wave plate.

On the same timeframe, there has been a
miniaturization of the detectors pixels. They are
now reaching, in the infrared, dimensions close to
the diffraction limit, which will prevent future
designs to be only downsizing of conventional
refractive optics [3]. To overcome it, new optical
designs have been proposed, which relies on the
development of nanophotonics and of subsequent
nanoscale fabrication.

Here, we review several promising nanophotonics
designs, which address the need for optical
components at a subwavelength scale. The first
main design consists in engineering the refractive
index at the nanoscale. Such designs rely on the
effective medium theory and on metamaterials.
Second, we study plasmonic based devices. Then,
lenses based on diffraction planes. Eventually, we
present planar metasurfaces made of planar
nanoantenna arrays.

2. GRADIENT INDEX DIFFRACTION GRATING

In the case of a conventional refractive optical
component, i.e. having typical dimensions larger
than the incident wavelength, the modification of
the wavefront phase pattern is realized by the
surface topography and the optical index of the
chosen bulk medium. It must be emphasized that
this latter is limited by the materials available on
earth and in particular to the materials which can
be processed. Metamaterials were introduced with
the possibility to reach artificial index. In particular,
the patterning of a dielectric medium can be
described thanks to the effective medium index
theory [4].
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Figure 1: Effective index of the propagative mode
in an air (n=1)/GaAs (n=3.3) waveguide as a
function of the fill factor of the two materials in TM
(green curve) and TE (blue curve) polarizations in
the infrared range. The corresponding
birefringence is plotted in red.

In these cases, the artificial index is expressed as
a function of the fill factor of each material, e.g. air
and the patterned dielectric medium, as shown on
Fig. 1. Noteworthily, the artificial index obtained is
not the same in each polarization, and this can be
used to design artificial birefringent devices like
Wollaston prisms [5]. The incident wave upon such
artificial material perceives an effective optical
index that depends on the parts of each material
and the wave polarization [6-7]. Thus, in the two
materials case, the effective optical index ranges
from the lower to the upper bulk index. The
juxtaposition of increasingly filled factor pattern



leads to the realization of a gradient index
diffraction component.

References [8-10] present designs of lenses based
on the 1D (or 2D) etching of grooves (or pillars) in
a dielectric substrate with sampling period smaller
than the wavelength. All structures have identical
depth and their sections are modified in order to
create the required gradient index modulation.
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Figure 2 : Evolution of the real part of effective
optical index of the gold nanostructures, with
geometries as depicted above, as a function of

their dimensions W and H for a period D = 1um
and A=10.6 um.

Another way to implement a phase is to use
multilayered  planar  metallic  nanostructure
embedded in a dielectric substrate. Figure 2 shows
the optical index of a gold nanostructure
embedded in a SiO, substrate as a function of the
geometrical parameters and shape of the
nanostructure at A=10.6 pm. It demonstrates that
the index can be modulated over a [2-5.5] range.

Nevertheless, the gradient index in all these
methods is always modulated on a length scale
greater than the wavelength. In the next section,
plasmonic optical devices which overcome this
issue are presented.

3. PLASMONIC OPTICAL DEVICES

An alternative approach to improve the
compactness of planar optical component consists
in using the properties of the surface plasmons
polaritons (SPP) that propagate on a metallic
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surface. It has been demonstrated that the etching
of discontinuities such as periodic structure on a
metallic surface allows the excitation of SPP by a
TM-polarized (magnetic field perpendicular to the
structured direction) incident free space wave [11]
[12]. Plasmonic excitations can be used to do
either near-field optics [13-20], or far-field optics.

In this latter case, patterning of the phase has
been suggested using metal-insulator-metal (MIM)
waveguides. This abrupt structure allows a strong
coupling inside insulator layer of SPPs propagating
along its metallic walls [21-24]. These structures
react as metallic waveguides that present an
effective optical index depending on their
geometrical parameters such as their depth,
height, width and the optical index of the insulator
[25-26]. Despite their subwavelength dimensions,
MIM structures are able to extraordinary impact the
impinging light by modifying with a high efficiency
the phase and the amplitude of the reflected or
transmitted optical fields [27]. The MIM
waveguides can be placed either horizontally or
vertically with regards to the incoming wave.

The horizontal distribution, corresponding to MIM
ribbons or MIM patches nanostructures, placed on
a metallic mirror permits to conceive flat lens mirror
[28] or flat prism mirror [29] working in reflection.
The phase modulation achievable by these
metasurfaces is limited to 1 due to the insensitivity
of MIM response to the sign of the field amplitude
[30].

The vertical configuration, corresponding to the
etching of rectangular slits or holes in a metallic
layer, allows designing plane transmission optics
such as lenses [31-34], prisms [35] or more
complex design as angle compensation lens [36]
or polarization-selective lens [37]. A phase shift
over the [0-21T] range is achievable [38] but this
requires etching heterogeneous arrays of high
aspect ratio nanoslits with a high nanometric
precision [39]. Fig. 3(a) shows the design of a 3
um focal length plasmonic lens for a normal
incident plane wave at A=650 nm. The
corresponding simulated electric field map intensity
is represented in Fig. 3(b). These technological
constraints constitute important drawbacks that
limit their practical use. Moreover in both cases,
the phase modulation is correlated with an
amplitude modulation implying a decrease in the
transmittance or reflectance efficiency of these
metallic metasurfaces [40].
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Figure 3: Design for a 3 um focal length of a (a) plasmonic lens based on 53-slit structure and (c) the
Huygens lens structure based on central aperture surrounded by 6 single mode slits. The thickness of the
gold layer is respectively 450 and 100 nm surrounded by air. (b,d) Simulated electric field intensity map
respectively for the structure shown in (a) and (c).

4. DIFFRACTIVE PLANE

The methods presented above are based on the
phase modulation thanks to the use of dielectric or
metallic nanostructures. An alternative method that
consists in the control of the diffraction pattern of
an array of slits has also been demonstrated. In
this case, each slit presents dimensions that
induce an identical phase delay to the exiting
wave. According to the Huygens-Fresnel principle,
all the waves emitted beyond the structured layer
can spatially interfere  constructively  or
destructively according to their path difference
phase value [41-42]. Thus, an optical function can
be realized by choosing the position and the width
of the slits in the structured layer in order to keep
only the spatial part that contributes to constructive
interference of the corresponding phase pattern.
The medium in which the slits are etched must be
opaque at the working wavelength, so that the
contribution of destructive interferences is reduced.

This diffractive method leads to designs,
technologically producible, based on analytical
models. It permits to miniaturize even further
classical optical functions such as Huygens lenses
[43], Fresnel lenses [44-45] or super-oscillatory-
lenses [46]. Fig. 3(c) depicts a Huygens lens
design obtained by a combination of a central
pinhole surrounded symmetrically by 6 identical
single mode metallic waveguides engraved in a
100 nm-thick gold layer. Fig 3(d) represents the
related electric field intensity map. Similar focusing
performances than a plasmonic lens are obtained
with a Huygens lens (see Fig. 3(b) and Fig. 3(d)).

5. METALLIC SUB- A ANTENNA

A metasurface, based on plasmonic effects,
induces a phase modulation which is limited to
as a consequence of the symmetry of MIM
structure. The 21 range phase modulation can be
reached by working with the cross-polarized light,
i.e. polarized perpendicularly to the polarization of
the incident light [45,47]. According to these
considerations, references [48-49] have
demonstrated successfully that metallic V-shaped
nano-antennas metasurface can realize a beam
shaping of the cross-polarized scattered light. They
show that an arbitrary phase pattern can be
implemented by tuning the dimensions and the in-
plane angle of the arms of the antennas. Figure 4
shows the phase shift obtained with a gold V-
shaped antenna illuminated by a y-polarized
antenna (see inset). A phase shift of up to 30°on
the cross-polarized scattered wave (x-polarized) is
attainable in transmission, as well as in reflection,
simply by varying the in-plane angle a up to 45°

Moreover, the possibility to refract a beam with an
anomalous angle leading to the generalization of
the Snell-Descartes’s law was demonstrated [50].
The drawback of this approach lies in its low
efficiency of the cross-conversion of light [51].
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Figure 4: Evolution of the phase shift A® of the
scattered cross-polarized (x-polarized) wave in
transmission (cross) or in reflection (circle) as a
function the in-plane angle a of the gold antenna
represented in the inset. The phase at a=10°is
taken as reference, D = 1.5 pm, A = 3.5 um. The
length and the width of the antenna placed on a
SiO,substrate are respectively 1 pm and 100 nm.

6. CONCLUSION

Nanophotonics offer a promising alternative to
classical optical components, with the ability to
reach artificial indices and to pattern the phase at a
subwavelength scale. Besides, most of the
concepts reviewed here rely on planar
nanostructures which make them relatively easy to
fabricate. Eventually, they add degrees of freedom
to modify not only the phase of the light, but also
its polarization and amplitude which should pave
the way to a new generation of optical components
with new and appealing properties.
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