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Review of polarization components for infrared
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Infrared imaging polarimetry with structured surfaces components allows performance enhancement for observation,
supervision, identification devices, generally far-field detection in low visibility conditions (night, fog, smog, haze, smoke,
heavy rainfall, underwater conditions), for civil applications, e.g. environmental monitoring or communications, which aims to
reduce the risk of traffic accidents, as well as defense and security purposes, where a tactical advantage is needed. Other
applications aim at improving the performance of sub-wavelength imaging systems: spatial scanning, optical flaw detection,
microscopies, medical tomography or cancer diagnostics systems, generally near-field range investigation. We review many
important polarization components from wire-grid structured surfaces to reconfigurable metasurfaces, that can be achieved
in order to manage sub-wavelength near-field details and their transfer in far-field by polarimetry techniques without moving
parts. Advanced research is needed to show which concept will prevail in the market for the achievement of ultracompact
polarization optical components and their integration into a functional model of polarization state analyzer for imaging
systems with high efficiency in long wave infrared.
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situations. Otherwise, it cannot cancel the effects of
scattering. Even if the polarization is low, a physical
spectral analysis can be made on a wide range of weather
and visibility conditions.

Therefore, the imaging polarimetry operates in
conditions far from ideal. The polarimetric approach does
not rely on specific modeling of Rayleigh scattering, for
example, nor on the knowledge of illumination directions,
but only on images acquired through polarizers with
different orientations. In many applications, polarization
phenomena are ignored and scalar optical field is
analyzed. While the scalar approach can be quite accurate
in many situations, the ability to measure the polarization
of light coming from an observed object provides
additional details that can be exploited to improve the
equipment performance. If the polarized light which is

1. Introduction
A. Overview

An appropriate approach for easy removal of
environmental effects caused by difficult visibility
conditions (aerosols, rain, darkness) in passive acquisition
of images is based on the fact that the natural light
scattered by particles in atmosphere is partially polarized.
The Rayleigh scattering (on gas molecules) and the Mie
scattering (on aerosols) produce both polarization and
depolarization of radiation. Generally, the polarization
depends on the following features: the radiation source
(spectrum, polarized or unpolarized emission, continuous
or pulsed emission), the target object (if it is natural or
artificial) and the environment particles (reflection,

absorption, scattering, polarization characteristics). The
photons that are coming from a disturbing environment are
ballistic and snake. The first and the last have an
unscattered path or slightly deviated route. They keep all
polarization aspects of the source and also form the image.
These photons are very few in number and only they
should be allowed to pass through the "gate" to the
detector. Sometimes special techniques are required for
extraction and amplification. Noise generating phenomena
are back-scattering and multiple scattering. Optical
filtering can cancel the scattering effects only in particular

observed both entering and exiting the optical system is
described by Stokes vectors, then in the generalized
polarimetry, the analysis optical system will be described
by fourth order Mueller matrix [1]:

[Light output] = [Mueller Matrix] X [Light entry] (1)

The components of the polarization Stokes vector are
described by a matrix:
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where: S, is the total intensity of the light, S is the
difference between horizontal (+1) and vertical (-1)
polarization, S, is the difference between linear 45°(+1)
and linear 135°(-1) polarization, and S; is the difference
between right (+1) and left (-1) circular polarization.
Sometimes a single polarization parameter is sufficient.
However, for increased performance two, three, or even
four components of the polarization Stokes vector can be
used. There is a wide range of approaches in the literature
for reconfiguration of metamaterial devices, including
polarization surfaces, but only for certain wavelength
bands. An early survey of the development of
reconfigurable and tunable metamaterial technology as
well as of valuable applications are shown in ref. [2].

B. Polarization components

A significant opportunity arises from innovative ideas
needed to solve spatio-temporal trade-offs related to the
number of detected Stokes vector components and the
complexity of optical analysis. The simplest system uses a
single serial processing channel with rotating polarizer
relative to the waveplate and a detector array [3]. The most
complex approaches use four separate channels with
parallel processing [1] by integrating four polarization
state analyzers (PSA), each analyzer being composed of
one micro birefringent waveplate and one micropolarizer,
in a four-state subwavelength pixelated array [4] for
snapshot imaging. The last system has the advantage of
eliminating temporal fluctuations between adjacent pixels.
However, this system introduces signal degradation due to
the diffraction and interference effects between pixels. In
passive techniques for IR broadband one-dimensional
polarimetric imaging, the rotation of a single linear
polarizer is wused, for differential polarimetry two
polarizers and two separate channels of analysis are being
used. For three-dimensional polarimetry, up to four pairs
of polarizers and waveplates are involved. The active
imaging polarimetry techniques are: LIDAR techniques
and techniques involving frequency selective surfaces
(FSS). The polarimetric imaging rebuilds the image of an
object after determination of the parameters that give the
polarization state of the light for each pixel in the image.
The polarimetric imaging method involves sophisticated
calibration and verification procedures. The discrimination
by two-dimensional polarimetry is widely applied for the
scattering media and it was shown [5] that the distance up
to the targets, which can be detected, increased by factors
of 2 to 3. When the polarimetric imaging is used in quasi-
passive systems, this technique can improve the
penetration up to 5+6 photon mean-free paths in random
media. For time-gated imaging, the use of polarization
discrimination allows penetration to more than 10 photon

mean-free paths and achieves an improvement in contrast
and color correction [6]. Many artificial objects have
surface structures more uniform than natural objects or the
background such as soil, vegetation or trees. All of them
emit thermal radiation that is partially polarized. By
examining the polarization state of the IR radiation and the
correlation between the roughness and the IR emissivity,
the ability to see the artificial objects barely discriminated
from the background random signals can be significantly
improved and the reception of signals perturbed by
environmental factors may be enhanced [7]. Published
experimental results [8] indicate that the linear polarized
light penetrates larger distances than circularly polarized
light through biological tissues. Also, the visibility in fog,
rain, smoke, mist or darkness is a major problem in
aviation. Therefore, there are software that have allowed
the detection of random weather events, identifying and
monitoring their activity using polarimetric imaging
techniques, such as a dual system: passive (IR) and active
(LIDAR) [9]. By using a polarization discrimination
technique the system is able to warn of the ice crystals.
These are an environment with strong polarization. In
phenomenological terms, the polarization signatures in the
following regions: visible (VIS), 0.75+1.4um (NIR) and
1.4+3 um (SWIR) of the spectrum are dominated by
reflectance and are dependent of external light sources,
primarily the sun. In VIS, NIR and SWIR the polarization
has a wide dynamic range and can provide a rapid spatial
variation in imaging of external scenes depending on the
time of day or location sensor. In the 3+8 ym (MWIR) and
8+15 um (LWIR) ranges, the polarization signatures are a
combination of reflected and emitted radiation, which
tends to reduce the overall level of polarization [3].

In the 15+1000 um (FIR) range, the signatures are
dominated by emissions and can be very stable over time.
Unfortunately, in the LWIR and FIR the spatial resolution
is reduced. Likewise, the cost and the complexity of the
systems are generally high. In the case of outdoor
measurements, the fastest variations of polarization versus
wavelength derived from the spectral characteristics of the
atmosphere [10]. Some problems may arise in LWIR and
FIR, typically there the signal is weak and the resolution
of sensor is low. The advantages would be that signatures
are dominated by emission of target [1] and have less
dynamic range in polarization. Thermal imaging in the
8+12 um range has a significant advantage due to thermal
contrast which does not depend on the presence of an
external source. Any object that is warmer or colder than
the rest of the scene will have a thermal contrast. But the
polarization properties of the emissive objects are more
complicated. They do not depend only on the temperature
of the target object and the surrounding objects, but also
on that of the background objects, even if they do not
appear in the scene and these strongly affect the measured
polarization signature [3]. The polarizers can be
birefringent crystals (e.g. calcite), dichroic elements and
reflection or transmission polarizers with thin layer of
metal elongated particles or linear reticules. In NIR and
SWIR, polarizers with thin layer of metal particles or wire-
grid are more efficient than dichroic polarizers, offering
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10°:1 contrast [11]. For the polarization control in
MWIR~LWIR, besides metallic wire-grid polarizers, there
aren't any efficient and compact polarization components
commercially available. The current polarizers are made of
metal grid deposited on transparent substrate with low
refractive index in MWIR+~LWIR. Because the degree of
polarization of IR radiation depends weakly on the
wavelength and the angle of incidence, they are used in
broad band applications. The waveplates are obtained on
an IR transparent substrate with high refractive index. The
achromaticity is commonly provided by a serial
arrangement of two crystal slabs of 0.5+0.9 mm thickness
with different dispersions, ensuring a little and constant
phase difference between the states of polarization in a
certain spectral range. However, the achromaticity of the
retarders can be obtained by form-birefringent option, i.e.
the surface is structured as a diffraction grating by the
etching of a dielectric substrate in order to insure a spatial
period below the lower limit of the spectral range [4]. An
antireflection (AR) coating carefully made on the phase
retarder surface without nano- or microstructure, with a
thickness not exceeding the distance between the lines of
the structure, reduces the variation of extinction ratio
amongst the polarization components in the MWIR.
Achieving the AR coatings on nano- or microstructured
surfaces is not feasible, because the coverage would
change the optical characteristics of the network. In
addition, the deposition rates cannot be controlled on the
vertical walls of nano/ microstructure or AR coating
thickness may be greater than the width of the spaces
between the metal lines of the network [4]. The operation
principle of the metal grids as IR polarizers is based on a
strong anisotropic absorption of light in metallic structure
with sub-wavelength thickness of the grid line.

2 (<— AR coating

j%Substrate

(b)
Fig. 1.(a) Wire-grid linear polarizer [12], (b) Ronchi
profile for birefringent retarder or quarter waveplate

For the MWIR range, the thickness of the metal grid
lines may be in the order of 200 nm [4].

A very good achromatic characteristic compared to
the birefringent crystal can be obtained if in order to
manufacture a physically large QWP, the form-
birefringent option is chosen over the more traditional
methods. The 8+12 pum polarizers can be achieved with
aluminum (Al) parallel lines with a period of 1.4+2.0 pum,
height of 1.8+2.8 pm and with 50% + 90% duty cycle of
the grating on Ge substrate (n~4.0) [13] (Fig. 1(a)).
Classically, birefringent retarders can be made with
Ronchi profiles etched directly on IR transparent substrate

(Fig. 1(b)).

2. State of the art in the field

In order to exploit the advantages of modern
technologies in the development and integration of the
polarization components, such as achromatic broadband,
ultracompact waveplates and linear polarizers, it is
necessary to consider the metamaterials (MTMs) option,
particularly metasurfaces (MTS). MTMs can be described
as a class of artificial composite materials with engineered
electromagnetic response, such as dielectrics with metallic
inclusions or inductive structures smaller than the
wavelength. These inclusions or are regularly distributed
in the bulk of a dielectric as metaatoms. MTS are surfaces
formed by a single layer of subwavelength MTM and
control the phase of light in a highly localized fashion.
MTM is projected to have a negative refractive index or
dielectric constant &, and/or negative values magnetic
permeability p [14, 15, 16]. The main features of a MTM
are related to the ability to guide/control the light through
its interaction with inclusions [17, 18]. The MTMs made
using nanotechnology can be seen as "continuous
effective" materials. Unlike a conventional insulating
material, the material with negative refractive index
considerably deviates the light, so it is enough to produce
a superlens, for example, using of a thin plate of this kind
of material with parallel faces (without curvature). In
addition, the use of a material with negative refractive
index leads to optical instruments without limitations
related to the diffraction. The difficulties encountered in
the development of technologies for MTM are special,
because obtaining negative refractive index requires a
nanoscale combination between materials with special
electrical and magnetic properties. The negative refractive
index strongly depends on the wavelength of the used
radiation. For example, the effect (n<0) may occur for red
light but it is not observed for blue light. The MTMs have
already demonstrated their capabilities in radio,
microwave (THz), IR, VIS and UV fields. The
ultracompact waveplates were designed and simulated
with thicknesses lower than operating wavelength using
MTM with a remarkable anisotropy [19]. These
waveplates are more efficient in the visible spectrum than
the conventional wave retarders commercially available.
The birefringent MTM and perfect lenses [20] are new
components with unusual properties, and more



Review of polarization components for infrared imaging systems: from wire-grid structured surfaces ... 239

importantly, could show a wider range of potential
applications in comparison with isotropic MTM and
perfect lenses described by Veselago [14] and Pendry [15],
that have generated the idea of taking advantage of
superlenses for evanescent waves processing. The W.
Lukosz's older demonstration [21], which proves that it is
possible to increase the bandwidth of the harmonics that
form an image by redirecting spatial frequencies, even
doubling bandwidth by transmitting only optical
information for one state of polarization, is fully
applicable to the ultracompact polarization components.
Creating a MTM to ensure operation on a wider range of
wavelengths, such as the 8+12 um domain, remains a
challenge. But the most interesting phenomenon observed
in MTMs is a giant improvement of the electric field of the
light at plasmonic (metallic) grid surfaces or
nanostructured MTS. This improvement occurs only for
the first order of diffraction of a single polarization state
(p). However, looking for the best plasmonic properties,
few metallic materials were found, but with high mobility
carriers [22, 23]. The propagation of the light just through
a thin layer of silver, called near-field superlens (NFL),
has been experimentally studied since 2005. Thus, the
evanescent waves are amplified in the thin metal layer and
contribute to image formation in near field. If over the
metal layer is performed a metallic diffraction grating or
the NFL has a curvature radius [24], then this structure
converts evanescent waves into propagating waves, and an
image with resolution beyond the diffraction limit in the
far field is obtained [18]. Amplification of the electric field
may be higher than for usual schemes [25, 26] for surface-
enhanced Raman scattering and, what is most important, it
refers to the entire surface. The nanostructured MTS are
not less important than bulk metamaterials and deserve
creating a special theory [27] for them. Sometimes, the
difference from a homogeneous material is small enough
to justify the definition of effective refractive index.
However, many nanostructured MTS cannot be
characterized by specific parameters of the bulk material.
This assertion applies to structures with spatial dispersion
effects. In these cases the models based on homogeneity
should be different from those based on spatial mediation
in volume and once a parameter is found, although it
would be called effective, it will not give any useful
information to characterize the MTM [51, 54]. Fabrication
of QWP or polarization splitter using anisotropic MTM is
based on the fact that variations in the amplitude and the
phase of electromagnetic radiation are interrelated. At
frequencies where the phase variation is maximum, the
amplitude remains almost unchanged and vice versa [28].
Artificial grid structures have been reported [29]. Most of
the structures with micrometer or submicrometer period
for the MWIR polarizers or filters are obtained by
structuring of thin metal layers evaporated on IR
transparent polymers or crystals (CaF,, KRSS, etc.) using
lithographic methods [30]. The design of such a wire-grid
polarizer by analogy with a transmission line taking into
account the effect of different support substrates, the
method for obtaining such a polarizer by lithographic
techniques and measurements in the range from 20 pum to

hundreds of microns for the obtained device are shown in
ref. [31]. Its performance [32] compares favorably with
those of the polarizers obtained by other experimental
methods using an assembly presented in Fig. 2.
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Fig. 2. The application for spectral and polarimetric

measurements (FTIR spectrometer, respectively LWIR

camera) for evaluating the surface roughness (adapted

from K. P. Gurton et al. [7]). The QWP and the LP form

a PSA. Auxiliary IR optics is a focus subsystem. FTIR is

the main method for the characterization of thin MTM or
a MTS

In conventional bulk optics, circular polarization is
analyzed using a QWP in combination with a LP, i.e. PSA.
The diagram from Fig. 2 can be used to measure the
Stokes vector components, if the sample is a Frequency
Selective Surface (FSS) excited by a thermal source [3].

Polarization broadband optics is suitable for analysis
instruments such as a LWIR camera for evaluation of
Stokes vector components or a FTIR spectrometer. FSS
can be used for calibration and IR target simulation [33,
34]. Typically, their period is comparable to the
wavelength of the work radiation. FSS can be designed to
be sensitive or insensitive to IR polarization [35]. A
temperature of 45°C is sufficient to excite the FSS and
obtain thermal image with a LWIR camera through
polarization optics [36]. Polarimetric estimation requires
multiple measurements made in different optical
conditions for each observed scene. This measurement
strategy makes the evaluated polarization to be susceptible
to errors. Sources of errors depend on the type of
measurement scheme used. With scheme designed for
8.3+9.3 um range [37], an analytical model is used for
realistic interpretation of the results obtained by
simultaneous measurements of the scene polarimetric
modulated. The model is radiometrically corrected and
takes into account the temperature of system optics, spatial
unevenness and drift, optical resolution and other noise
sources.

This model can be used in our simulations to validate
the laboratory measurements and to determine the
precision and accuracy of the system. Imaging systems
using linear polarization microcomponents have been
demonstrated from VIS [38, 39] to LWIR [30]. However,
these systems have examined only linear polarization
components of the Stokes vector, due to the difficulty of

fabricating  microstructures ~ sensitive  to  circular
polarization.

Several alternative approaches to manufacture
waveplates were reported [40, 41, 42, 43]. The
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birefringence has been reported in a type of asymmetric
plasmonic analog antenna structures (Fig. 3) including
meanderline [44], matrices of holes [45], cross-shaped
antennas [46] and elliptical antennas [47] or networks of
spirals with a central opening [48].

(e)
Fig. 3. Several approaches for waveplate MTS
configurations: (a) © 2010 OSA [44], (b) ©2010 AIP
[45], (c) © 2009 B.Hecht [46], (d) © 2008 A. Drezet
[47], (e) © 2008 OSA [48]

The liquid crystals integrated with wire-grid polarizers
provide a possible approach to obtain a circular
polarization signature in imaging applications [49]. It has
been shown that a gold-type MTM with three-dimensional
spirals area operates as a circular polarization filter in the
IR spectral range (3.5+7.5um) [50].

An example of MTM with controlled birefringence in
far IR range involves elementary cells with metallic (gold)
cross structures with arms of 200 um and a thickness of 25
pm. Due to inevitable dispersion that occurs in
transmission bands, characteristic to the two arms of the

cross structure, the resulting MTM has different values for
the effective refractive index for the two polarizations and,
thus, a plate from this MTM acts as a birefringent material.
The length of the horizontal cross arm varies in order to
introduce the tunability of system birefringence [51].

Due to the large refractive index contrast achievable
in such proposed structures, the total thickness of the
retarder plate is less than the thickness of a quarter-wave
plate based on liquid crystal operating in the range of THz
[52]. Manufacture of optical MTM with negative
refractive index is quite problematic, due to the obtaining
requirements for structural units or "metaatoms" with
dimensions of 100 nm or below 100 nm, and an
arrangement period of 300 nm or less. The need for higher
resolution for the VIS range makes the Electron Beam
Lithography (EBL) to be still the first choice in
manufacturing small area MTM (100 pum x 100 pm).
Larger areas require longer imprinting time and, therefore,
increase the cost of implementation. A serial technology
similar to EBL technology, widely used for rapid
prototyping, is the Focused Ion Beam (FIB) milling.
However, FIB is not considered to be feasible for large-
scale manufacture of MTM for practical applications due
to the low productivity.

Another approach to manufacture high-quality large-
area (cm®) MTM is the Interferential Lithography (IL). To
increase the resolution the IL can be combined with self-
assembling techniques. Moreover, this technique could
also be applied in the manufacture of three-dimensional
(3D) MTM by overlapping two-dimensional layers in 3D
structures. This step of arrangement of 2D layers obtained
with IL into 3D stack was not done until now due to the
complexity of multiple alignments. Nanoimprint
Lithography (NIL) is another promising technological
approach to create large scale high quality MTM. The NIL
is a parallel process and has the advantage of high
productivity, high resolution and low cost [58]. Because
the NIL requires a stamp made by other nanotechnology
(such as EBL) it is ideal for parallel production of already
optimized MTM, when preliminary test structures were
patterned by EBL.

The first steps towards the realization of 3D MTM
were made both by direct creation of multilayer structures
(instead of a single functional layer) and by using the
layer-by-layer technique. Both approaches to produce
stacking MTM have limitations, namely the problem of
challenging lift-off procedure in the first case and
alignment requirements in the second case. While complex
3D nanostructures can be fabricated via several techniques
(e.g. direct electron beam writing, FIB or chemical vapor
deposition), these methods are too complex and time-
consuming to be adapted to large-scale production of
MTM. A manufacturing method for 3D MTM that is
widely regarded today as one of the most promising
approach is based on two-photon-photopolymerization
(TPP). This technique provides resolution at the diffraction
limit (~100 nm) and due to the inherently nonlinear
multiphotonic process, it shows 3D capability. Unlike
direct writing of complex structures in the polymer matrix
with a single laser beam, the large-scale 3D polymer
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structures for future practical applications can be achieved
through TPP technique. 3D multilayered, polymer-metal
structures [53, 54] can also be made by NIL. This method
provides high reproducibility over large areas of the order
of mm’. Combined with multiple material deposition
technique, these lithographic approaches could be adapted
for future MTM configurations. Careful selection of
materials, e.g. new crystalline metal structures with lower
absorption (instead of the traditional silver and gold) or
less metallic compounds, together with the optimization of
the manufacturing process for low roughness and high
uniformity, can lead to the creation of low-loss optical
MTM on a substrate with high thermal stability.

Ultrathin MTS made of novel low-loss plasmonic
material components is a promising way to address this
challenge. Researchers can work to replace silver and gold
in materials that are created either by making
semiconductors more metallic by adding metal impurities
to them, or by adding non-metallic elements to metals,
thus making them less metallic. Examples of new
materials include transparent conducting oxides (TCO)
[55], titanium nitride and graphene [56].

Another possibility is to introduce a material with
optical gain to compensate the losses in MTM. Even
though it is still a long way to becoming reality, 3D MTM
with negative refractive index at optical frequencies of
interest, several technological approaches seem to be
feasible [57]. With technologies like NIL, contact

lithography, direct laser engraving and new types of self-
assembly, 3D MTM can be created with structural units
smaller than the wavelength [58] for superlenses (Fig. 4).

/LU LSS

(d)

(©) ®

Fig. 4. Periods of conductive elements or plasmonic

antennas with fixed forms on superlens MTS: (a) © 2014

F. Capasso [59], (b) © 2012 L. Zhou [60], (c) ©2012 T.

Zentgraf [61], (d) © 2012 OSA [62], (e) © 2007 AIP
[63], or circular polarizers: (f) © 2012 OSA [64]

ORGYDIAITDDINTIL
NA233J2332450<

ARPAAAATIAAARNSA

Thus, a selection of future manufacturing techniques
requires a reliance on considerations of structural quality
built with the methods suggested above and lower
associated costs.

The MTM characterization was described in a
synthesis article [27]. The error correction strategies were
defined and modeled for a conventional system in ref.
[65]. IR polarizers and superlenses made from MTM give
the following advantages: there are no optical aberrations,
the optical substrate is not required [30] and they can
collect more diffraction orders for improved contrast.

3. Future directions: reconfigurable photonic
metasurfaces

A special interest in MTS as new kind of 2D MTMs
was developed since 2011 to achieve exotic optical
phenomena and optical components, including negative
refraction or reflection, plasmonics, polarization, as well
as aberration-free ultrathin lenses [66, 67]. The evolution
of MTS is shown in Fig. 5 on the basis of Gartner’s hype
cycle. E.g. surfacetronics (SFX) is a new research area that
concerns the conception, analysis and realization of
reconfigurable, sensorial, adaptive and cognitive “skins”
for sensing and communications [68]. Various
technologies are emerging to provide modulation of MTS
responses using mechanical, electrical, or optical control.
Therefore, unconventional devices without volumetric
counterparts, but with reduced dimensions can be
achievable. Nanoarchitectronics (NTX) is a scientific
jargon term developed in a document written by the 40
members of the FORESEEN consortium as a roadmap for
a next generation of nanostructured MTS as artificial and
bio-inspired “skins”, able to adapt themselves to the
environment, being cognitive and reconfigurable as well.
SFX is aimed at combining radiating and sensing functions
for future communication beyond 5G, namely antennas,
radars, and body area networks. Furthermore, various
technologies are nowadays emerging to provide
modulation of MTS response using mechanical, electrical,
or optical control. Although the general purpose of these
approaches is to obtain tunable versions of static MTS,
recent studies have uncovered that the impact of dynamic
MTS far exceeds tunability alone and comprises new
physical effects such as Lorentz non-reciprocity. The
FORESEEN document denotes all the area of dynamic
MTS to achieve time-varying properties and their
conceivable applications as “Surfacetronics”. SFX can be
divided in “phase variable SFX” and “sensing/radiating
SFX”. Phase variable SFX can control and address the
surface/plasmonic waves as: phase gradient changing SFX
by stretching or heating, phase gradient changing by light-
surface interaction, phase gradient changing fluid based
SFX, phase gradient changing SFX by micro- or nano-
mechanical actuations, Huygens type SFX, dispersion SFX
(for surface/plasmonic wave control), transformation
optics SFX, subwavelength focusing lenses, non-
reciprocal and time reversal lenses. On the other hand,
sensing/radiating SFX receive (RX)/transmit (TX) signals
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or power in free space as leaky-wave SFX, RX distributed
conformal surfaces, adaptable and stretchable receiving
surfaces, variable radiating apertures, energy harvesting
SFX, cloaking SFX [68]. In the U.S., the Multidisciplinary
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University  Research  Initiative  (MURI)  “Active
Metasurface for Advanced Wavefront Engineering and
Waveguiding” has been launched in 2014 with support of
AFOSR (Air Force Office for Science and Research) [69].
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Fig. 5. The evolution of MTS in agreement with the general Gartner’s hype cycle for emerging technologies [70]: <1>©2002

0S4 [33], <2>©2005 K. Rauscher [71], <3>©2006 C. M. Soukoulis [72], <4>©2007 AAAS [73], <5>©2007 OSA [74],

<6>©2007 R. Averitt [75], <7>©2008 OSA4 [76], © 2008084 [77], ©2009 AIP [78], <8>©2011 J. Henzie [79], <9>©2012

X. Chen [80], <10>©2012 ACS [81], © 2012 X. Ni [82], <11>©2013 ACS [83], <12>©2013 AAAS [84], <13>©2013 J. Y.

Ou [85], <14>©2014 AAAS [86], <15>©2015 G. Zheng [87], <16> © 2003 S. Tachi [88],©2015 AAAS [89], <17>©2015 L.
Li [92], <18>©2015 NIMP[90]

This project involves: Harvard University (leader),
Columbia University, Purdue University, Stanford
University and University of Pennsylvania. It explores the
underlying physics with focus on the connection between
active MTS design, the control of SPP and
reflected/transmitted beams, and on the interaction of
device building blocks (optical antennas, dielectric
resonators, quantum emitters, etc.) including nonlinear
MTS for broadband frequency conversion. The MURI
project has many affinities with a portion of the NTX
Initiative.

Also, J. Valente et al. have demonstrated that spatial
arrangement and  optical  properties of MTM
nanostructures can be dynamically controlled using
currents and magnetic fields [91]. Another initiative was
included in a H2020 project from National Institute of
Research and Development of Materials Physics (NIMP),
”New type of flat optics with electrically controlled optical
properties by surface structure based on low-loss
plasmonic materials”, for development of aberration-free,
ultrathin  plasmonic optics with voltage-controlled
properties, Fig. 6.
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Fig. 6. Electrically configurable MTS based on Schottky

array architecture concept: (left side) for EW (SW) to

PW  conversion and two dimensional imaging

polarimetry, and (right side) only two dimensional

imaging polarimetry (inset with detail of Schottky pixel

structure for conduction switching: (1) IR-TCO layer, (2)
P-TCO layer, (3) quartz or Si substrat)
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Recently, metallic or less metallic nanostructures with
a very limited sample thickness offer efficient solutions in
polarization control with a vectorial configuration of
surface plasmon field. In most of these devices, the
functions were usually limited to a few polarization states.
Lin Li et al. presented a plasmonic polarization generator
that can reconfigure an input polarization to all types of
polarization states simultaneously.

The plasmonic polarization generator is based on the
interference of the in-plane field of the surface plasmons.
This longitudinal field gives rise to versatile near-field
polarization states on a metal surface. The in-plane field of
surface  plasmon-polaritons  (SPPs)  with  proper
polarization states and phases can be selectively scattered
out with a well-designed nanohole array in order to obtain
the desired light beams.

Fig. 7.(a) Schematic of the polarization reconfiguration

process. The inset is the polarization states of the in-

plane SPP field distribution with incident RCP light.

Design strategy for routing the polarization states to

special beams: plane wave scattering (b) and focusing
beam scattering (c) © 2015 T. Li [92]

A manifestation of eight focusing beams with well-
routed polarizations, represented in Fig. 7, was
experimentally demonstrated [92]. For near-field
applications, such as microscopy or imaging analysis, the
superlenses can be characterized by the smallest resolvable
distance given by Ar=A2nsin(#), where 1 is the working
wavelength in free space, n is the refractive index of the
surrounding medium, and @ is the collection angle of the
imaging optics. To overcome the diffraction limit and
achieve nanoscale optical imaging, a straight-forward way
is to detect the signal in the near-field of the object [93].

For far-field application as imaging polarimetry, the
polarization components from a PSA should be evaluated
with a factor of merit which combines the great

transmission efficiency (TE) with the great extinction ratio
(ER), as product TE x ER versus wavelength [94].

4. Conclusions and outlook on real world
applications

Many fish, cephalopods, crustaceans, insects and
other animals are able to perceive polarized light. Some of
the current applications that are mimicking the visual
behavior of the animals are: object recognition by
segmenting of scene and disclosure of camouflage,
communication and underwater viewing. An approach to
underwater vision with processing algorithms on
computer, which removes the degradation effects of
underwater images with natural light, is shown in ref. [95].
Through a physical analysis of images obtained by
polarizers and 3D rendering from different angles, the
natural backscattering is associated to the partial
polarization of light. The used algorithm reverses imaging
process and leads to better visibility compared to previous
methods. Also, there are applications that utilize
polarization and their inspiration is not biological, such as
calibration of cameras, microscopy [96], fiber optic
communications, industrial control, robotics [97].

Near field superlenses exploit details from evanescent
waves and surface waves to lower resolution below
diffraction limit, whereas polarization components for near
field (Fig. 8) or far field (Fig. 9), i.e. linear polarizer and
QWP, use Stokes vector components in order to improve
sharpness, transparency and contrast.

Fig. 8. Near field imaging polarimetry: bright (a to d)
and dark (e to f) field images taken by the modulated
polarization parameter imaging system using 100x
objective, direct grey scale image of a chemically
prepared graphene overlapped to 1 to 6 layers on a glass
slide (a, e), its indirect polarization parameter images of
polarization averaged intensity 1, (b, f), polarization
phase difference (c, g) and polarization angle of slow
axis []to horizontal axis (d, h), © 2014 OSA [98]

Phase difference contrast image (Fig. 8(g)) resulted
from collecting phase changes during polarization scan
containes stronger image contrast. With even higher
sensitivity than phase difference to anisotropic field
variation, polarization angle contrast picked up more near
field scattering spectra to form the image (Fig. 8(h)) filled
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with characteristic scattering noise. However, this is
highly desirable for scattering modeling and edge
characterization.

On the automotive market, the FLIR PathFindIR II
and MICRO T-SCAN imagers are available [99]. These
systems distinguish objects below 310 meters without
polarization accessories, but with accessories the system
could view from 2 times (differential polarimetry) to 10
times more (polarimetry with temporal integration), a
sufficient distance for braking and collision avoidance
with unmarked road users under difficult visibility
conditions.

Also, a three-dimensional image can be obtained
combining the Stokes images with Fresnel relations to
extract the surface normal at each pixel, and integrating
over these surface normals [100].

(i) Sy image is sbown.

Fig. 9. Optical details revealed by far-field imaging
polarimetry, © 2014 OSA [100]

In molecular spectroscopy, the A = 3+10 um range is
of great interest. One of the main uses of the IR polarizer
is monitoring the molecular orientation in thin films and
fibers. During the obtaining process, the polymers tend to
be oriented along the axis of mechanical tension and the
preferred orientation is preserved after ceasing the phase
flowing. In some cases the polymers are a mixture of
material phases: crystalline (polarized) and amorphous
(less polarized). To study the orientation, the polarized
light is directed on film or fibers. If the electric vector of
polarized light coincide with the orientation of the active
dipole in IR, then the absorption increases, thus the
absorption band and the molecular group orientation are
easily identified [101].

A biosensor based on bimetallic nanoparticles
attached to electrodes that are more sensitive and can give
a faster response to polluting factors is emerging through a
collaboration between NIMP and Institute of Physical
Chemistry (IPC) under program PCCA-1/2011. A new
biosensor for detection of Localized Surface Plasmon
Resonance (LSPR) displacements in VIS can be developed
with the same type of bimetallic nanoparticles (Pt-M, Pd-
M, Rh-M, with M = Cu, Ag and Au) fixed on a dielectric
surface where total internal reflection of laser beam
occurs.

The dielectric and the included bimetallic
nanoparticles are a specific MTM for application in
molecular biodetection. Future studies are required in
order to assess if these bimetallic nanoparticles arranged in
strips or parallel lines on LWIR transparent substrate will
effectively polarize the radiation [102].

In addition to increase the visibility for canceling the
navigation hazards in aviation, automotive and navy,
experimental results are published [103] to indicate that
the linearly polarized light travels longer distances through
biological tissues than the circularly polarized light. This
is the premises of developing rapid diagnosis polarimetric
noninvasive methods in cancerous tumors using medical
thermal system or multispectral imaging Mueller
polarimeters. Now, the proposed polarimeters for
diagnosis operate in the visible spectral range [104]. In
order to make early detection of cancer, to improve the
performance of the biopsy by exact location of the cancer
cells, to specify the tumor stage before surgery, to detect
residual tumors after treatment and monitor the recurrence
of tumor, the spectral range should be extended. For
cavities of the human body, in order to increase contrast,
the polarimetric investigation can be done using a fiber
optic with illumination in detected spectral region.
Depending on the type of aerosols in the atmosphere the
polarization degree of thermal radiation varies. In
environmental pollution monitoring, a direct application of
a system with IR PSA follows the warning when the
radiation transmission falls below a certain limit due to
increased environmental pollution [105].

Using optical MTS or MTM, the superlenses and
polarization components can be further developed. Then,
new materials and devices with special properties, new
technologies [106] and procedures will be developed
following research and experiments.
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