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(57) ABSTRACT

A circular polarization filter of a chiral metasurface structure
1s disclosed including a substrate having a nanograting
pattern extending from the substrate, a dielectric layer
formed directly on the nanograting pattern, and a plasmonic
structure 1n direct contact with the dielectric layer, where the
plasmonic structure may be oriented at a nonzero angle with
respect to the nanograting pattern. An integrated polarization
filter array 1s also disclosed including include a linear
polarization filter, and a circular polarization filter. Methods
of detecting full-stokes polarization using an integrated
polarization {filter array having both linear and circular
polarization filters made from chiral metasurface structures
1s disclosed. Methods of using a Mueller matrix to evaluate
polarization response of any optical device or system 1s also
disclosed.
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CHIRAL PLASMONIC METASURFACES FOR
POLARIZATION DETECTION AND
MANIPULATION

RELATED APPLICATIONS

[0001] This application 1s a divisional application of U.S.
patent application Ser. No. 17/157,438, filed Jan. 25, 2021,
1ssued as U.S. Pat. No. 11,487,051, and claims the benefit of

provisional patent application Ser. No. 62/965,510, filed Jan.
24, 2020, the disclosures of all which are hereby incorpo-
rated herein by reference in their entireties.

STATEMENT OF GOVERNMENT INTEREST

[0002] This invention was made with government support
under FA9550-16-1-0183 awarded by the Air Force Office of
Scientific Research. The government has certain rights in the
invention.

TECHNICAL FIELD

[0003] This disclosure relates to chiral plasmonic meta-
surfaces for generation, manipulation, and detection of the
polarization state of light.

BACKGROUND

[0004] Chiral materials and molecules are useful for vari-
ous applications, including optical communication, circular
dichroism (CD) spectroscopy, chemical analysis, biomedical
diagnosis as well as polarization detection and imaging. Yet,
chiral materials 1n nature usually have weak chiral-optical
ellect and require long optical paths to achieve sufliciently
large chirality for practical applications, resulting 1n funda-
mental limitations on device miniaturization. Recent dem-
onstrations ol chiral metamaterials have achieved much
stronger chiral effects than their natural counterparts with
ultra-compact footprints, which may lead to miniaturization
of polarization manipulation and detection devices and may
also enable a number of new applications such as hologram
multiplexing and refractive index sensing. Various types of
chiral metamaternial/metasurface structures have been
explored with different efliciency and performance (CD and
circular polarization extinction ratio (CPER)). 3D helical
structures may exhibit high efliciency up to 92% and CD up
to 0.87. However, the fabrication of 3D structures 1s very
challenging and not scalable. While chiral metamaterials
based on single or stacked planar plasmonic metasurfaces
may have the potential to significantly reduce fabrication
complexity, 1t 1s challenging to mitigate the high optical loss
of such plasmonic structures. The state-of-art solutions for
low-loss chiral metamaterials are based on dielectric and
dielectric-metal hybrid structures. Some of the more efli-
cient planar chiral metamaterial designs are based on dielec-
tric gammadion which has a transmission efliciency of up to
87%, vet with low CPER (<10). Therefore, 1t remains
challenging to achieve high-performance chiral metamate-
rials with both high efliciency and large CPER.

[0005] In addition, optical losses 1n plasmonic structures
severely limit practical applications, particularly 1n visible
(VIS) and near-infrared (NIR) wavelength ranges. Here we
present the design concept and experimental demonstration
for highly eflicient subwavelength-thick plasmonic chiral
metamaterials with strong chirality. Therefore, there i1s a
need for designs that utilize plasmonic metasurfaces to
control the phase and polarization of light and exploit
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anisotropic thin-film interference effects to enhance optical
churality while minimizing optical loss. There 1s further a
need for circular polarization filters with transmission efli-
ciency >90% and extinction ratio >180, polarization con-
verters with conversion etliciency >90% as well as on-chip
integrated micro-filter arrays for full-Stokes polarization
detection over a broad wavelength range (3.5~5 um), and
potentially applicable from near-infrared (NIR) to Terahertz
regions via structural engineering.

SUMMARY

[0006] The following presents a simplified summary 1n
order to provide a basic understanding of some aspects of
one or more embodiments of the present teachings. This
summary 1s not an extensive overview, nor 1s it imtended to
identify key or critical elements of the present teachings, nor
to delineate the scope of the disclosure. Rather, 1ts primary
purpose 1s merely to present one or more concepts 1n
simplified form as a prelude to the detailed description
presented later.

[0007] A circular polanization filter 1s disclosed which
includes a substrate. The circular polarization filter also
includes a nanograting pattern extending from the substrate,
a dielectric layer formed directly on the nanograting pattern,
and a plasmonic structure 1n direct contact with the dielectric
layer, where the plasmonic structure may be oriented at a
nonzero angle with respect to the nanograting pattern. In
certain embodiments, the circular polarization filter may
include a nanograting pattern having parallel protrusions
extending from the substrate. The plasmonic structure may
include plasmonic bar antennas, which may further include
parallel protrusions extending from or buried in the dielec-
tric layer. The dielectric layer may include S10,, aluminum
oxide, or an undoped semiconductor. The substrate of the
circular polarization filter may transmit light 1n an operation
wavelength of the circular polarization filter. The nanograt-
ing pattern of the circular polarization filter may have a duty
cycle between about 20% and about 80% or between about
40% and about 60%, and the dielectric layer may have a
thickness between about 100 nm and about 10,000 nm,
between about 100 nm and about 1000 nm, or between about

300 nm and about 400 nm.

[0008] An integrated polarization filter array is also dis-
closed. The integrated polarization filter array may include
a linear polarization filter, and a circular polarization filter
which further includes a substrate, a nanograting pattern
extending from the substrate, a dielectric layer formed
directly on the nanograting pattern, and a plasmonic struc-
ture 1n direct contact with the dielectric layer, where the
plasmonic structure 1s oriented at a nonzero angle with
respect to the nanograting pattern. In certain embodiments,
the integrated polarization filter array may have a nanograt-
ing pattern which may include parallel protrusions extending
from the substrate, and the plasmonic structure may include
parallel protrusions extending from or buried in the dielec-
tric layer.

[0009] A method of detecting full-stokes polarization is
also disclosed. The method of detecting full-stokes polar-
ization may include introducing polarized light into an
integrated polarization filter array having at least two polar-
ization filters, measuring intensity of linear and circular
polarization components of the polarized light, collecting
incident light transmitted from the integrated polarization
filter array with a detector, and calculating stokes parameters
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of the incident light. The method may include moving the
integrated polarization filter array 1n an x-axis and/or a
y-axis relative to the polarized light. The method may also
include measuring insertion loss for a polarization state
transmitted by one of the polarization filters or generating,
additional polarization states of the polarized light by chang-
ing a rotation angle of a linear polarizer and a quarter wave
plate coupled to the integrated polarization filter array. The
integrated polarization filter array may include six polariza-
tion filters, including 1n an embodiment, four linear polar-
ization filters and two circular polarization filters.

BRIEF DESCRIPTION OF DRAWINGS

[0010] FIG. 1 1s a three-dimensional plot illustrating a
comparison of etliciency, circular dichroism (CD) and cir-
cular polarization extinction ratio (CPER) between chiral
metamaterial designs based on 3D helical structures, plas-
monic, dielectric and hybrid metamaterial/metasurfaces.

[0011] FIGS. 2A-21 represent several design concepts and
simulation results of highly eflicient chiral plasmonic mate-
rials, according to one or more embodiments disclosed.

[0012] FIGS. 3A-3G represent device fabrication and

characterization steps of chiral plasmonic metamaterial
(CPM) devices, according to one or more embodiments
disclosed.

[0013] FIGS. 4A-4F illustrate polarization state conver-
sion setup, simulation, and measurements for CPM struc-
tures, according to one or more embodiments disclosed.

[0014] FIGS. SA-5D 1llustrate the detection of Full Stokes
parameters, according to one or more embodiments dis-
closed.

[0015] FIGS. 6A-6D illustrate a broadband polarization
detection process based on the Muller matrix method,
according to one or more embodiments disclosed.

DETAILED DESCRIPTION

[0016] The following description of various typical aspect
(s) 1s merely exemplary 1n nature and 1s 1n no way intended
to limit the disclosure, its application, or uses.

[0017] As used throughout, ranges are used as shorthand
for describing each and every value that 1s within the range.
Any value within the range may be selected as the terminus
of the range. In addition, all references cited herein are
hereby incorporated by reference in their entireties. In the
event of a conflict in a definition 1n the present disclosure
and that of a cited reference, the present disclosure controls.

[0018] Additionally, all numerical values are “about” or
“approximately” the indicated value, and take into account
experimental error and vanations that would be expected by
a person having ordinary skill i the art. It should be
appreciated that all numerical values and ranges disclosed
herein are approximate values and ranges, whether “about™
1s used 1n conjunction therewith. It should also be appreci-
ated that the term “about,” as used herein, in conjunction
with a numeral refers to a value that may be +0.01%
(inclusive), £0.1% (inclusive), £0.5% (inclusive), £1% (in-
clusive) of that numeral, £2% (nclusive) of that numeral,
+3% (inclusive) of that numeral, £5% (inclusive) of that
numeral, £10% (inclusive) of that numeral, or £15% (inclu-
sive) ol that numeral. It should further be appreciated that
when a numerical range 1s disclosed herein, any numerical
value falling within the range 1s also specifically disclosed.

May 4, 2023

[0019] As used heremn, the term “or” 1s an inclusive
operator, and 1s equivalent to the term “and/or,” unless the
context clearly dictates otherwise. The term “based on™ is
not exclusive and allows for being based on additional
factors not described, unless the context clearly dictates
otherwise. In the specification, the recitation of “at least one
of A, B, and C,” includes embodiments containing A, B, or
C, multiple examples of A, B, or C, or combinations of A/B,
A/C, B/C,A/B/B/ B/B/C, A/B/C, etc. In addition, throughout
the specification, the meaning of “a,” “an,” and “the” include
plural references. The meamng of “in” includes “in” and

94 22

OI1.

[0020] Reference will now be made 1n detail to exemplary
embodiments of the present teachings, examples of which
are 1llustrated in the accompanying drawings. Wherever
possible, the same reference numbers will be used through-
out the drawings to refer to the same, similar, or like parts.

[0021] Plasmonic chiral metasurface structures as circular
polarization (CP) filters for wavelength ranges from visible
through mid-infrared ranges and beyond are disclosed. In
one 1mplementation, CP filters with a transmission efliciency
>85% and an extinction ratio (r=TLCP/TRCP) over 100 at
4 um are described. These structures include rationally
designed plasmonic antennas and nanowires that are verti-
cally integrated with a subwavelength-thick dielectric spacer
layer. The total thickness of the device can be less than 1o
of the operation wavelength. The CP filters can be integrated
with nanowire grating linear polarization filters on the same
chip for full stokes polarization detection. The operation
wavelength of the devices can be engineered from visible to
far-infrared (FIR) regions (400 nm to 30 um) and beyond by
changing the design parameters. The designs can be directly
integrated onto various semiconductor-based photodetectors
and 1maging arrays, and thus enable on-chip polarization
detection and imaging for various applications such as
circular dichroism (CD) spectroscopy, polarimetric imaging
and sensing, and molecular spectroscopy.

[0022] Plasmonic chiral metamaterial structures described
herein may include two anisotropic metasurfaces and a
dielectric spacer layer between them, as shown 1n FIG. 1.
FIG. 1 1s a three-dimensional plot 1llustrating a comparison
of efliciency, circular dichroism (CD) and circular polariza-
tion extinction ratio (CPER) between chiral metamaterial
designs based on 3D helical structures, plasmonic, dielectric
and hybrid metamaterial/metasurfaces. The working wave-
length of each design type 1s indicated 1n the accompanying
legend. The material of each design 1s indicated with shape
(triangle: dielectric; circle: plasmonic; square: hybrid).
Solid/hollow shapes represent structures operated 1n trans-
mission/retlection mode. The performance of the exemplary
embodiments of chiral plasmonic metamaterial (CPM)
designs as described herein are represented with a star.

[0023] Exemplary implementations of chiral plasmonic
metamaterials (CPMs) with strong chirality (CD>0.9), high
transmission efficiency (>90%) and subwavelength thick-
ness (<A/7) i mid-infrared (mid-IR) spectral range are
described herein. The aforementioned rationale for such
highly ethicient plasmonic metamaterials with ultra-strong,
optical chiral effects has been established, and experimental
demonstration of polarization converters with conversion
elliciency up to 90% and CP filters with CPER up to 180 1s
turther disclosed herein. By integrating the CPMs 1nto an
on-chip microscale polarization filter array, full-Stokes
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polarization detection with high accuracy over a broad
wavelength range from 3.5 to 5 um may be realized.

[0024] FIGS. 2A-21 represent several design concepts and

simulation results of highly efficient chiral plasmonic mate-
rials, according to one or more embodiments disclosed.
FIGS. 2A and 2B shows a schematic of two CPM designs
with opposite handedness. In both designs, the bottom
metasurface consists of parallel gold nanogratings along the
y-axis; while the plasmonic antennas of the top metasurfaces

are oriented at 135° (right-handed CPM, FIG. 2A) and 45°
(left-handed CPM, FIG. 2B) with respect to the x-axis,
resulting 1n chiral plasmonic structures with no inversion
center or reflection symmetry. These two structures 1n FIGS.
2A and 2B are mirror images of each other; therefore, they

exhibit selective transmission for circularly polarized (CP)
light with opposite handedness, 1.e., right-handed CP (RCP)
and left-handed CP (LLCP) light, respectively.

[0025] FIG. 2A illustrates a schematic of a right chiral
plasmonic metamaterial (RCPM) device 200. The RCPM
200 1ncludes a substrate 202 with several gold nanogratings
204 disposed 1n parallel pattern upon the surface of the
substrate 202. The nanogratings 204 are covered and leveled
by a dielectric layer 206. Disposed upon the dielectric layer
206 are several plasmonic antennas 208 which are oriented
at a nonzero angle with respect to the nanograting pattern, 1n
this embodiment at an angle 222 of 135°. This structure
provides two anisotropic non-chiral plasmonic metasurfaces
with a dielectric spacing layer between them. Also 1llus-
trated 1n FIG. 2A 1s incoming right-handed circularly polar-
1zed (CP) light 210 having an indication of right-handed
chirality 212. Also shown 1s incoming left-handed circularly
polanized (CP) light 214 having an indication of left-handed
chirality 216. Selectively transmitted right-handed circularly
polarized (CP) light 218 having an indication of right-
handed chirality 220 1s exhibited with the right chiral
plasmonic metamaterial (RCPM) device 200.

[0026] FIG. 2B illustrates a schematic of a left chiral
plasmonic metamaterial (ILCPM) device 224. The LCPM
includes a substrate 226 with several gold nanogratings 228
disposed 1n a parallel pattern upon the surface of the
substrate 226. The nanogratings 228 are covered and leveled
by a dielectric layer 230. Disposed upon the dielectric layer
230 are several plasmonic antennas 232 which are oriented
at a nonzero angle with respect to the nanograting pattern, 1n
this embodiment at an angle 246 of 43°. This structure
provides two anisotropic non-chiral plasmonic metasurfaces
with a dielectric spacing layer between them. Also 1llus-
trated 1n FIG. 2B 1s incoming left-handed circularly polar-
1zed (CP) light 234 having an indication of left-handed
chirality 236. Also shown 1s mncoming right-handed circu-
larly polarized (CP) light 238 having an indication of
right-handed chirality 240. Selectively transmitted left-
handed circularly polarized (CP) light 242 having an 1ndi-
cation of left-handed chirality 244 1s exhibited with the right
chiral plasmonic metamaterial (RCPM) device 224.

[0027] The circular dichroism (CD) of the right-handed
CPM (RCPM, FIG. 2A) and left-handed CPM (LLCPM, FIG.
2B) obtained via full-wave simulation 1s shown 1 FIG. 2C.
Both structures show strong chiral response (ICDI1>0.9) at
wavelengths around 4 um, indicating that both structures are
optimized for wavelength around 4 ym. The design dimen-
sions for the devices shown i FIGS. 2A and 2B are
nanoantenna length of 1000 nm, thickness of 33 nm, and a
period of 920 nm. The nanograting dimensions are a width
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of 115 nm a period of 230 nm and a spacer thickness of 350
nm. Simulation results of the near field distribution for the
LCPM design suggest that RCP 1nput light 1s reflected from
the nanograting layer with very low transmission T, -,<0.
3%, as shown 1n FIG. 2D, while LCP nput light 1s trans-
mitted through the double-layer structure with transmission
T, -p=90%, as shown 1n FIG. 2E. Unlike conventional
plasmonic structures, which usually suffer from high optical
loss, the presented CPM structure embodiment exhibit
strong optical chiral effects with record-high efficiency
among all reported chiral metamaterials and metasurfaces,
including dielectric structures. Adopting an anisotropic thin-
f1lm 1nterference model may provide an mntuitive explana-
tion.

[0028] FIG. 2F shows a schematic of an LCPM structure
250 with a bottom gold nanograting layer 254 having
parallel nanogratings 256 oriented along the y-axis and the
plasmonic antennas 258 of the top metasurface oriented
along the u-axis (43° with respect to x-axis). For simplicity,
only consider normal incident light 260 1s considered here.
Assume the electric field vectors for incident, transmitted
and reflected light are

Ene Ey E}
Eipe = E}]:m ) k= E;; and E, = (E}]f ]:

respectively. Multi-order transmission and reflection occur
between the top and bottom metasurfaces, as indicated by a
set of arrows 268 Transmitted light 270, 272, 274 1s also
indicated. FIG. 2G 1s a plot showing amplitude and phase of
transmission (solid lines) and reflection (solid circles) matrix
elements of nanoantenna metasurface (top panel) and
nanograting metasurface (bottom panel) of the LCPM
design of FIG. 2B. Each order of transmitted and reflected
electric field vectors are considered as partial waves. The
partial waves accumulate phase during the propagation
inside the spacer layer and experience abrupt phase changes
upon reflection and transmission at the top and bottom
metasurfaces. The anisotropic nature of both metasurfaces
results 1n polarization-dependent phase and amplitude trans-
mission/reflection, which 1s modeled by 2-by-2 matrices.
The transmission and reflection coefficient for the 1 (1=1, 2,
3, . . . ) order partial waves can be described with 2X2
) respectively. The total transmitted

matrices t*’ and r
electrical field can be expressed as the sum of all transmuitted
partial waves E =(Z,_,”t'”)-E,__ and the total reflected elec-
tric field as the sum of all reflected partial waves E =(X,_,~r
).E. . A detailed description of the theoretical model is
presented later. The reflection and transmission matrix ele-
ments of the top plasmonic antenna metasurface (FIG. 2G)
indicate 1ts first order resonance wavelength 1s around 3 um
while the operation wavelength of this CPM design 1s close
to 4 um, which 1s intended to reduce the plasmonic loss of

the antenna metasurfaces.

[0029] By rationally engineering the top and bottom plas-
monic metasurfaces, the constructive/destructive interfer-
ences of the partial waves may be exploited for incident
LCP/RCP light to achieve strong chirality (~0.9), as 1llus-
trated by the phasor diagrams 1in FIG. 2H, which 1s a set of
vector plots for the complex Ex field components of trans-
mitted light through LCPM with LCP (FIG. 2B)/RCP (FIG.
2A) cident light, 1llustrating anisotropic thin-film con-
structive/destructive interference effects. The order of the
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transmitted partial waves 1s indicated on the black arrows.
The total transmitted Ex field i1s presented with a red arrow.
Ey components are blocked by the nanogratings hence
negligible. The amplitude and phase of the partial waves are
represented by the length and direction of the vectors in
complex planes. By adding up all the partial wave vectors,
one can obtain the total transmitted field. It should be noted
that the total field is dominated by 1* to 3" partial waves and
higher-order partial waves decay exponentially. For LCP
input light, the transmitted 1°* to 3’ partial waves exhibit
similar vector directions and thus add up constructively,
which leads to high transmission; while for RCP light, the
transmitted 27 and 3’“ order partial waves exhibit almost
opposite directions to the 1°° order partial waves and thus
add up destructively which leads to diminished transmis-
sion. Based on the analysis of the phasor diagrams, 1t may
be concluded that the key to strong chirality and high
elliciency of the CPM designs lies 1n engineering structures
to achieve constructive/destructive mterferences for CP light
with different handedness as well as low optical loss of both
metasurfaces (<5% for nanoantenna metasurface and <3.8%
for nanograting metasurface) around the operational wave-
lengths (~4 um). The proposed structures offer great design
flexibility, including geometries of the top and bottom
metasurfaces, rotation angle between metasurfaces, spacer
layer material and thickness, etc. Moreover, if necessary, one
can also design structures with more than two layers of
metasurfaces. Such design tlexibility 1s appealing for real-
1zing desired properties and operational wavelengths; how-
ever, 1t 1s time-consuming to perform structure optimization.
In this case, an anisotropic transier matrix approach may be
employed to assist the design process and structure optimi-
zation. Using this approach, one can employ the transmis-
s1on and reflection matrices of each metasurface obtained by
tull-wave stmulation and apply the transfer matrix model to
optimize other design parameters, such as rotation angles of
metasurfaces, spacing layer thickness, etc. Furthermore,
results obtained by the transfer matrix model show reason-
ably good agreement with the full-wave simulation results.
More details of the transfer matrix model for amisotropic
metasurfaces are provided later 1n the disclosure. Combining
the transfer matrix method and full-wave simulation, 1t has
been demonstrated that designed and optimized chiral meta-
materials with high efliciency (80-90%) and high perfor-
mance (CPER>100) for the wavelength range from 2 to 6
um may be designed, as shown in FIG. 21. FIG. 21 1s a plot
illustrating simulated transmaission spectra (Top panel) and
CPER (bottom panel) of LCPMs designed for different
operational wavelengths from 2 to 6 um. Mirror 1images of
the LCPM designs result in RCPMs {for corresponding
wavelengths.

EXAMPLES

[0030] FIGS. 3A-3G represent device fabrication and
characterization steps of chiral plasmonic metamaterial
(CPM) devices, according to one or more embodiments
disclosed. FIG. 3A 1s a flow chart of the device fabrication
process. Based on the proposed CPM designs, the device
with experimentally demonstrated subwavelength-thick
highly ethicient CPMs with strong chirality 1in the mid-IR
wavelength range have been demonstrated. A device 300 as
tabricated on a sapphire substrate 302 due to 1ts high
transmission up to 6 um at mid-IR. Certain embodiments
may utilize a substrate comprised of sapphire, fused silica,
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undoped silicon, zinc selenide, calctum fluoride, barum
fluoride or other suitable materials with low optical insertion
loss at the wavelengths of iterest known in the art. FIG. 3A
details the {fabrication procedures. First, parallel gold
nanogratings 304 (period: 230 nm; duty cycle: 50%; thick-
ness: 130 nm) were patterned on top of the sapphire sub-
strate 302 with electron beam lithography (EBL), metal
evaporation (5 nm chromium and 125 nm gold) and lift-off.
Certain embodiments may have non-parallel nanogratings,
which may also be referred to as protrusions, or nanograt-
ings made from gold, silver, aluminum, copper, palladium,
platinum, and their alloys, doped semiconductors or other
suitable plasmonic materials, for example, metals or metal-
like matenals that exhibit negative real permittivity at the
wavelengths of interest known 1n the art. A scanning electron
microscope (SEM) image of this fabrication step exhibiting
the nanogratings 304 1s shown 1n FIG. 3B, prior to S10x
deposition. Then a 350 nm-thick silicon oxide spacing layer
306 was deposited on top of the nanogratings 304 wvia
sputtering. The purpose of the spacing layer 1s two-fold.
First, it introduces proper propagation phase delay to
achieve constructive or destructive interference for CP light
with different handedness, as discussed previously i the
design concept section. Secondly, 1t reduces the surface
height fluctuation of the regions over the 130 nm thick
nanogratings 304. The Si10x-covered nanograting region
exhibits surface roughness Ra=11.4 nm, as shown in the
atomic force microscopy (AFM) image 1n FIG. 3C, which 1s
an 1mage of the S10x-covered nanogratings with height
profile taken along the white dashed line perpendicular to
nanogratings. Certain embodiments may have dielectric
layers made from aluminum oxide, silicon oxide, silicon
nitride, undoped semiconductors, Zinc selenide, Zinc oxide,
calctum fluoride, barium fluoride, or other dielectric mate-
rials with low or zero optical loss at the wavelengths of
interest. Next, the plasmonic gold nanoantenna 308 meta-
surface was patterned on top of and in direct contact with the
spacer layer 306. Certain embodiments may have non-
parallel nanoantenna protrusions, which may also be
referred to as plasmonic bar antennas, or nanoantennas made
from gold, silver, aluminum, copper or other plasmonic
materials known 1n the art. Plasmonic matenials are metals
or metal-like materials that exhibit negative real permittiv-
ity. FIG. 3D shows a scanning electron (SEM) 1image of a
portion of the fabricated nanoantenna array. The shape and
dimension of the nanoantennas 308 were not significantly
allected by the surface fluctuation. The fabricated devices
were characterized with an infrared polarization-dependent
spectroscopy setup 310 as shown 1n FIG. 3E. Unpolarized
broadband light 314 from a Fourier transform infrared
(FTIR) spectrometer 312 was converted to circularly polar-
1zed light with a linear polarizer 318 and a quarter-wave
plate 320 (QWP) working around 4 um (FIG. S4). The
handedness of the CP light was controlled to be right-handed
(or left-handed) by setting the angle between the optical axis
of the linear polarizer and the fast axis of the QWP to be
—-45° (or 45°). Then the light was incident onto the CPM
sample 300 and the transmitted light 322 was collected by a
Mercury Cadmium Telluride (MCT) detector 328. The mea-
sured CD spectra of an LCPM and an RCPM device are
shown 1 FIG. 3F. Design dimensions for the measured
LCPM/RCPM were with nanoantenna having a length of

1000 nm/1030 nm, a thickness of 55 nm, and a period of 920
nm along both x and y axes. The nanogratings had a width
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of 115 nm, a period of 230 nm, and a spacer thickness of 350
nm. The measured CD was —0.92 at 3.97 um for the LCPM

device and 0.88 at 4.02 um for the RCPM device as shown
in FIG. 3F. FIG. 3G shows that the LCPM devices exhibit
transmission over 90% and CPER over 180 at 3.94 um. Its
CPER 1s more than 20 over a wavelength range from 3.8 um
to 4.1 um. The measured CPER at wavelengths other than 4
um 1s aflected by the non-ideal CP input due to the limited
bandwidth of the available quarter wave plate. Taking into
account the non-ideal CP put, the measurement results of
FIG. 3G were analyzed and the extracted transmission and
CPER were obtained for the device, which show slightly
improved CPER {for all wavelengths. In certain embodi-
ments, substrates can be fabricated using other materials
with low optical insertion loss for the wavelength of interest,
for example, fused silica, quartz, glass or even transparent
plastic substrates in visible wavelengths, zinc selenide
(ZnSe), silicon or other semiconductor substrate for infrared
wavelengths, and combinations thereof. Certain embodi-
ments may also use nanogratings comprised of use metals
such as gold, silver, aluminum, copper, their metal alloys,
and combinations thereof. Doped semiconductors can also
be used for longer wavelengths where their optical response
exhibit the features of plasmonic materials (negative real
part of permittivity). Certain embodiments may employ
nanoantennas made from metals such as gold, silver, alu-
minum, copper, their metal alloys, or combinations thereof.

Polarization Conversion

[0031] FIGS. 4A-4F illustrate polarization state conver-
sion setup, simulation, and measurements for CPM struc-
tures, according to one or more embodiments disclosed.
Conventional methods for polarization conversion utilize
birelringent crystals, Faraday rotation, total internal reflec-
tion or Brewster angle reflection, which requires bulky
optics and limits system integration. Ultra-compact polar-
1zation conversion devices have been demonstrated based on
chiral plasmonic metamaterial and metasurface structures as
well as dielectric metasurfaces. Embodiments of disclosed
CPMs can be used for polarization conversion from linear to
circular and elliptical polarization states with record-high
conversion efliciency in transmission mode. FIG. 4A 1s a
schematic of a polarization state conversion from linear
polarization to elliptical polarization by the RPC (top) and
LPC (bottom) devices based on right chiral plasmonic
metamaterial (RCPM) and left chiral plasmonic metamate-
rial LCPM structures, respectively. The conversion process
from linearly polarized (LP) to CP and elliptically polarnized
light with different handedness 1s 1llustrated. A polarization
state conversion device 400 having a RCPM structure 402
and a LCPM structure 404 1s shown. Linear polarized (LP)
light 406, 410 with electrical field vector oriented 408, 412
along the x-axis was incident first onto the nanograting
metasurface of the polarization state conversion device 400
(oriented along the y-axis) and then onto the nanoantenna

metasurface. The transmitted elliptically oriented light 414,
418 1s also shown 1n FIG. 4A.

[0032] FIG. 4B is a plot showing the simulated degree of
circular polarization (DOCP) and transmission spectra of
polarization converters based on LCPM and RCPM designs,

respectively. The left-handed polarization converter (LPC)
based on LCPM converts LP mput light to LCP light with
DOCP ~-0.99996 and conversion efliciency >90% while the

Right-handed polarization converter (RPC) based on RCPM
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converts LP input light to RCP light with DOCP ~0.99996
at wavelength ~4.4 um. The output polarization state varies
with the mput light wavelength. As the wavelength varies
from 3 to 5 um, the output polarization state exhibits DOCP
ranging from —-0.99996 to 0 for the LPC and from 0 to
0.99996 for the RPC with reasonably high conversion efli-
ciencies (~75% to 90% depending on the wavelengths). FIG.
4C 1s a plot of the converted polarization states generated by
RPC (solid line) and LPC (dashed line) at different wave-
lengths (as indicated in the legend) on a Poincare sphere for
both devices. The converted polarization states by the LPC
and RPC devices form continuous traces on the Poincare
sphere connecting the north/south pole and the equator. The
proposed CPM structure can perform a similar function to
the combination of a linear polarizer and a low-order QWP,
yet, with a total thickness of about 550 nm (<5 of the
operation wavelength).

[0033] FIG. 4D 1s a schematic of the measurement setup
for polarization generation. 4D measurement setup for
polarization generation 422. Unpolarized light 426 from the
FTIR spectrometer 424 was first converted to LP light 432
using a linear polarizer 430 oriented perpendicular to the
nanogratings, then incident onto the device 434 from the
nanograting metasurface side. The transmitted light 438 was
collected by an MCT detector 446 to obtain the transmission
spectra. The polarization state of the transmitted light 438
was characterized by a polarization state analyzer (PSA) to
obtain the Stokes parameters and DOCP, as 1s discussed
later. FIGS. 4E and 4F are plots showing simulated (FIG.
4E) and measured (FI1G. 4F) DOCP and transmission of the
polarization converter devices for different wavelengths,
respectively. Design dimensions of the nanoantenna used

were a length of 910 nm (LPC), 940 nm (LPC), 970 nm
(LPC), 1000 nm (RPC), 1030 nm (LPC), 1060 nm (LPC),
and 1090 nm (LPC). Nanoantenna dimensions used were a
width of 100 nm, a thickness of 55 nm, and a period of 920
nm along both x and y-axes. Nanograting dimensions were
a width of 115 nm, a period of 230 nm, and a spacer
thickness of 350 nm. The measurement results (FIG. 4F) for
LPC and RPC devices with different design parameters
show reasonably good agreement with simulation results
(FIG. 4E). The DOCP curves exhibit dispersive behavior as
wavelength varies and the wavelengths for LP to CP con-
version can be tuned by changing the length of nanoanten-
nas. The demonstrated polarization converters exhibit efli-
ciency higher than 82% from 3 to 5 um according to
measurement results. One of the best polarization converters
designed with nanoantenna length ~1090 nm exhibits con-
version elliciency over 86% for all wavelengths from 3 to 5
um and generates close to perfect CP polarization state
(DOCP=-0.99998) at 4.35 um. One can optimize a polar-
1zation converter design to generate the desired polarization
state at any wavelength of interest by varying the design
parameters, such as the metasurtace design, the spacer
thickness as well as the rotation angle between the two
metasurfaces. Moreover, different designs can be integrated
onto the same substrate to realize pixelated control of
polarization states with spatial resolution down to a few
micrometers.

Full-Stokes Polarization Detection

[0034] FIGS. 5A-5D 1llustrate the detection of Full Stokes
parameters, according to one or more embodiments dis-
closed. Various chiral metamaterial and metasurface struc-
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tures may be applied to realize ultra-compact devices for
polarization detection from visible (VIS) to mid-infrared
(mid-IR) wavelengths. The compactness and design flex-
1ibility of such devices are highly desirable for a wide range
of applications, including biomedical diagnosis, chemical
analysis, optical communication, astronomy and target
detection. Yet, most of the devices are still limited by low
measurement accuracy, efficiency and narrow operation
wavelength range. Here based on the certain embodiments
of CPM structures, an ultra-compact chip-integratable full-
stokes polarization detection device has been demonstrated
with the record-high measurement accuracy and broadband
coverage 1n the mid-IR wavelength range from 3.5 to 5 ym.
FIG. 5A 1s a schematic of a detection device 500 having an
array of pixels or devices 500 used 1n the detection of Full
Stokes parameters, according to one or more embodiments
disclosed. The device 500 has a pixel array 502, which may
also be referred to as a superpixel, super-pixel array device,
or integrated polarization filter array. The pixel array 502 1s
coupled to a motorized stage 504 configured to move with
respect to an x-axis and a y-axis. The device 500 design 1s
based on the spatial division concept and consists of six
chip-integrated microscale polarization filters (FIG. 5A, P,
516; P, 518; P, 520; P, 522; P. 524; P, 526). Four linear
polarization filters, P, 516; P, 518; P, 520; P, 522, com-
posed of gold nanogratings were used to selectively transmit
P light with electric field vectors oriented at angles of 90°
(P,), 0° (P,), —<45° (P;) and 45° (P,) with respect to the
x-axis. Two circular polarnization filters, P. 524; P, 526,
based on LCPM (P5) and RCPM (P,) were used to selec-
tively transmit LCP and RCP light, respectively. One empty
cell (P,) without any patterned structures 1s located in the
center to collect total light intensity (I,). Ps' 525 and P, 527
were used as backups for P. and P,, respectively. Unpolar-
1zed light 506 from an FTIR went through a linear polarizer
508 and QWP 512 to generate an arbitrary input polarization
state. Next, the light went through the device 500 on the
motorized stage 504 and was collected by an MCT detector
connected to the FTIR. FIG. 5B 1s a top view showing the
integrated polarization filter array as shown mm FIG. 5A.
SEMs of one polarization detection unit 502 1n the center
with LP filters based on nanogratings oriented at four angles
0° (P, 516), 90° (P, 518), 45° (P; 520), -45° (P4 522) , as
well as CP filters based on RCPM (P 524) and LLCPM (P
526).

[0035] First, a widely used simple method was adopted to
obtain Stokes parameters (Sq, S, S,, S;) by measuring the
intensity of linear and circular polarization components to(I,
to I,) with the polarization filter array (P, to P.). For
simplicity, relative Stokes parameters were used in the
following discussion.

C Sp=1 (1)
81 =L — D)/
S2 = (s — K)o
53 = (g — 15)/ 1

4

[0036] In the experiment, the response of each polariza-
tion filter was first measured to obtain the nsertion loss for
the corresponding polarization state 1t transmits (see method
section for details). Then various additional 1nput polariza-
tion states were generated by changing the rotation angle of
the linear polarizer and QWP (operation wavelength around
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4 um). For each mput polarization state, transmitted light
through all six polarization filters was collected onto an
MCT detector sequentially while moving the motorized
stage as described previously 1n regard to FIG. 5A. It should
be noted that it 1s possible to simultaneously collect light
transmitted through all polarization filters at a single shot
with an mnfrared 1imaging sensor, 1n alternate embodiments.
Based on the measured light intensity, each polarization
component of mput light was obtained, 1.e., I, to I, taking
into account the measured 1nsertion loss of the polarization
filters. Finally, the Stokes parameters of the mcident light
were calculated using Eq. (1). To evaluate the measurement
accuracy, the input polarization states were characterized
with a PSA as will be discussed later.

[0037] FIG. 5C 1s a plot showing a comparison between
the measured Stokes parameters obtained by the device (at
4.077 um) according to embodiments described in FIGS. 5A
and 5B (denoted by Exp.), and reference values (Ref.)
obtained by the PSA for the same 10 different polarization
states. The ellipse plots for four polarization states are
shown 1n FIG. 5D, with arrows indicating the handedness of
polarization states. Measurements by the PSA are indicated
by the solid circle while measurements using the device A as
shown 1 FIG. 5A are indicated by the dashed lines. The
average measurement errors for S, S,, S5 are 0.0044, 0.014
and 0.0079, respectively, and the measurement errors for
DOCP and degree of linear polarization (DOLP) are 0.0079
and 0.015, respectively. These devices as fabricated accord-
ing to embodiments herein have shown the highest mea-
surement accuracy among all metasurface/metamaterial-
based full-Stokes polarization detection devices reported 1n
the literature to date. The measurement accuracy 1s limited
by the linear polarization extinction ratio (LPER, the ratio
between T, _and T, . with LP mput light oriented perpen-
dicular or along the nanogratings)/CPER of the linear polar-
1zation filters/circular polarization filters; therefore, despite
the simplicity and trivial computation requirements, this
method can only provide high measurement accuracy over a
limited wavelength range (~100 nm), over which the circular
polarization filters exhibit high CPER (>100). To achieve
high-accuracy polarization measurement over a broad wave-
length range, another method has also been developed based
on the Muller matrix for polarization detection over the

whole wavelength range from 3.5 to 5 um.

[0038] FIGS. 6A-6D 1llustrate a broadband polarization
detection process based on the Muller matrix method,
according to one or more embodiments disclosed. FIG. 6A
1llustrates a flow chart for broadband polarization detection
process based on the Muller matrix method. The transmis-
sion of normal incident light with unknown polarization
states through each of the detection units 1s measured with
FTIR. Then based on Muller Matrix calculation, the input
polarization states may be calculated. FIG. 6B illustrates
several Muller matrix elements (on the first row) of polar-
1zation filters P, (left), P, (middle) and P, (right). FIG. 6C 1s
a plot showing Broadband Stokes parameter measurement
results obtained by the PSA (solid line, Ref.) and the device
according to certain embodiments (dashed line, Exp.) for
different polarization states from 3.5 ym to 5 um. FIG. 6D
1s a plot showing measurement errors for Stokes parameters

as a function of wavelength (corresponding to measurement
results presented 1n FIG. 6C).

[0039] FIG. 6A 1llustrates a Muller-matrix-based method
including a flow chart, according to embodiments described
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herein. Before measuring an arbitrary input polarization
state, the Muller matrix elements shown on the first row of
FIG. 6A for each polarization filter may be determined with
a set of calibrated polarization states as input, as will be
described 1n further detail later. FIG. 6B shows extracted
Muller matrix elements for the LP (P,), LCP (P5) and RCP

(P¢) filters shown 1n FIGS. 5A and 5B over the wavelength
range from 3.5 to 5 um. To characterize an unknown

polarization state (S_;z(SD, S1, S5, S3)) for each wavelength
A, the transmitted light intensity was measured through each
filter 1n sequence with the FTIR and a motorized stage.
Similar to an instrument matrix method for division-of-
amplitude photopolarimeter, the relation between the output
intensity through the six polarization filters (I"* (A), I"? (A),

I3 (A), I™ (L), IS (L), I® (L)) and the input polarization state
Sin(i) can be described by the following equation.

1) (2)
"2 (A) So(A)

X S1()

Py | Apya(A)-Io(A) S0

175 () 83 (A)

176 ()

where I,(A) is the input light intensity obtained by the empty
cell P,; and the instrument matrix A, ,(A) is formed by the
Muller matrix elements of all s1x polarization filters obtained
previously:

il 3
(MDD My My My ©)

Aﬁb{fﬂr ('1) — P4

[0040] During the experiment, an incident beam was gen-
erated with different polarization states from 3.5 to 5 ym
with a linear polarnizer and a low-order QWP. Since the
retardance of the QWP 1s dispersive, the generated beam will

have different Stokes Parameters at different wavelength.
The transmitted Light intensity was measured through all 6
polarization filters to obtain the vector on the left of Eq. (2).
According to the Rouché-Capelli theorem, the existence of
a unique solution of Eq. (2) requires the rank of the matrix
A, (A) to be 4, which can be satisfied as long as the
LPER/CPER 1s not equal to 1 at the wavelengths of interest.
In practice, since the noise 1s unavoidable during measure-
ment, Large LPER and CPER would be desirable to achieve
high measurement accuracy. FIG. 6C i1llustrates the mea-
sured Stokes parameters using devices according to embodi-
ments herein from 3.5 ym to 5 um, which agrees well with
the reference values obtained by the PSA. The correspond-
ing measurement errors of all Stokes parameters are shown
1in FIG. 6D. The measurement method achieved small mea-
surement errors over the enfire 3.5 to 5 um wavelength
range. The averaged absolute errors

May 4, 2023

1 —m
(; Z:':I |S?“Ef. _Sﬁxp.l)

for S, S, and S; are 0.01, 0.022 and 0.008, from 3.5 to 5 ym.
The corresponding measurement errors for DOCP and
DOLP were 0.009 and 0.016, respectively. The measurement
errors can be further reduced by increasing extinction ratios
of the polarization filters and improving measurement accu-
racy of the Muller matrix of the polarization filters.

[0041] The results 1llustrated 1n FIGS. 6 A-6D demonstrate
that the Muller matrix method allows highly accurate mea-
surement of polarization state over a broad wavelength
range with a set of rigorous calculation procedures; while for
single wavelength measurement, the first method described
in regard to FIGS. 5A-5D 1s much simpler and faster. Both
methods can be used for single-shot full-stokes polarization
detection by integrating these polarization filter arrays
directly with photodetector arrays or imaging sensors; thus,
they are promising for ultra-compact polarization detectors
or 1imaging sensors with high speed, high accuracy and
broadband wavelength coverage.

[0042] In embodiments described herein, design strategies
are demonstrated for realizing high performance chiral plas-
monic metamaterials based on amisotropic thin-film inter-
ferences effects facilitated by metasurface structures. The
chiral effects are enhanced while simultaneously minimizing
the optical loss, which has been one of the major limitations
for various plasmonic devices. The resulting CPM structures
obtain high efficiency (>90%), large CD and CPER (up to
180) and subwavelength thickness (<A/7), which outper-
forms all reported chiral metamaterial/metasurface structure
known 1n the art. Certain embodiments of CPMs have been
utilized 1n device applications, such as circular polarization
filter, polarization conversion and full-Stokes polarization
detection. The circular polarization filters were featured with
simultaneously high CPER (up to 180) and transmission
efficiency (>90%). The polarization converters exhibited
high polarization conversion efficiency (~90%) from LP to
CP and elliptically polarized light and produced near-perfect
CP light with DOCP up to 0.99998. By integrating the
circular polarization filters with nanograting-based linear
polarization filters on the same chip, full-Stokes polarization
detection 1s demonstrated with record-high measurement
accuracy (measurement error: S; 0.01; S, 0.022; S5 0.008)
and broadband wavelength coverage from 3.5 to 5 pm.
Embodiments of CPM design concepts are also applicable
for applications 1 other wavelength ranges from near-IR to
THz and hold great promise to enable ultra-compact high-
performance devices for various polarization related appli-
cations, such as optical communication, biomedical diagno-
s1s, polarization 1maging and spectroscopy.

Numerical Stmulations

[0043] The Finite-difference time-domain (FDTD) simu-
lations were performed using Lumerical Solutions FDTD.
The material optical properties are obtained from the
Lumerical library. The unit cell was simulated 1n the peri-
odic structures with the normal incidence of plane wave
source(s), periodic 1n-plane boundary conditions and per-
fectly matched layer (PML) out-of-plane boundary condi-
tions. For CPM simulation, 2 orthogonally placed LP
sources with £7t/2 relative phase retardance go through the




US 2023/0136247 A1l

gold nanoantenna, S10x spacer, gold nanograting and sap-
phire substrate. For oblique incidence cases, Bloch boundary
conditions were used and combined with the results from 2
individual orthogonal-placed LLP sources to make sure the
incident angle 1s the same over the full wavelength range 1n
the simulation. For CP generation simulation, a LP source
polarized perpendicular to the gold nanoantenna 1s trans-
mitted through the sapphire substrate, gold nanoantenna,
S10x spacer layer and gold nanoantenna. The mesh accuracy
was set to 4 and the auto-shutoff for convergence of simu-
lations was set to 107°.

Theoretical Model of Amisotropic Metasurfaces

[0044] Each metasurface introduces different abrupt phase
and amplitude changes for transmitted and reflected light™"
Due to the anisotropic light responses of the top and bottom
metasurfaces, the reflection and transmission coefficients for
normal incidence on each metasurface can be modeled by
2-by-2 matrices™®

Vo Vo (4)
:(rﬁf rﬁ;]
- fon Lo (5)
mr ,fxy fyy

[0045] where

EY
Fom = o (mon=1,2,3)

L4

represents the complex amplitude of the reflected electric
field incident from medium m to n propagating 1n -z-
direction, linearly polarized 1n y-direction for excitation in
x-direction, similarly for #__*. The reflection and trans-
mission coefficients of the metasurfaces can be obtained
from a full-wave simulation (FDTD, Lumerical Inc.). The
amplitude and phase of the reflected and transmitted electric
fields were first exported along X- and Y-directions for
X-polarized or Y-polarized LP input light normally incident
on the nanogratings, respectively. The nanograting 1s ori-
ented along the y-axis. Similarly, the reflected and transmit-
ted electric fields of nanoantenna can be obtained along the
n-axis. The propagation phases from the source to the
nearside of the metasurface and from the metasurface to the
nearside of the monitor are subtracted. Since the amplitude
of the light source 1s 1, the reflection and transmission

coefficients are the same as the obtained complex electric
field.

[0046] The reflection and transmission coefficients of
nanoantenna along ultraviolet (UV) coordinates as defined
and described 1n regard to FIG. 2D can be transferred to XY

coordinates by applying rotation matrix

ROT(6) = (CDS(Q) —sin(ﬂ))

sin(f/) cos(f)

in the following equations.

r (9)=ROT(—0)r,, -ROT(9) (6)

t' (0)=ROT(-0)-t, -ROT(O) (7)
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where 0 1s the rotation angle between UV and XY coordi-
nates.

[0047] Since the x-axis selected 1s perpendicular or par-
allel to the nanograting, the off-diagonal terms of r,, t;,, I';
and t,, are all zero. Yet for the nanoantenna, after transfer-
ring the UV coordinates to XY coordinates, the off-diagonal
terms of r,;, t,5, I3, and t;, are non-zero, indicating the
interconversion of the x and y field components (E, and E )
upon light 1incidence onto the anisotropic metasurfaces.

[0048] The 1" order of reflection coefficient for the device
embodiment described 1 regard to FIG. 2A with light
normally incident from air through nanoantenna array, S10x

spacer, nanogratings mto sapphire substrate can be calcu-
lated as

(5 12, Z — 1 (8)
= [—2 2011k~ d
2173 -(r1-r3) “-t2-e 2, 1=2
where
" 2
= —n
2=

and d 1s the spacer thickness. The total reflected field can be
expressed as (X,_,”r”)E, . and the total reflectivity

‘(ZI:I F(}J Linc

2
|Efr1u:'

[0049] Similarly, the 1 order of the transmitted electric
field can be calculated as

f 1 (24— 1)kd
(=ty5(ry Fyn) ™ty e’ (9)

[0050] The total transmitted field can be expressed as
X,_,~t“)E, . and the total transmission is

© OY. g,
‘(Zrsz ) Einc|  Re(n3)

FP— : .
! |Er'm:' : Rﬂ(ﬂl)

Transfer Matrix Model for Anisotropic Metasurfaces

[0051] We also employed a transfer matrix approach (4%4
matrix) to model the relation between the complex reflection
coefficients 7~ ', transmission coefficients £ _ * and the

forwards and backward propagating electric ﬁeld through
our device.

(Egb)_(ﬂ/ﬁ Mz)(Elb) (10)
E3f B My My Elf

[0052] where M, M,, M, M, are each 2*2 matrix relating
the electric fields before the top nanoantenna and after the

bottom nanograting (FIG. 2d).
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[0053] Herer,  and t__ are the reflectance and transmit-
tance matrix with,

I_(o 1) dz_(o O)k_Q_ﬂ
1o/ AT o o T L

and d 1s the spacer thickness. The complex reflection and
transmission coefficients at each interface at various wave-
lengths used 1n the transfer matrix are obtained directly from
FDTD simulation. Since there 1s no backward electric field
1n the substrate

=)
3b — 0 "

for a given 1ncident

E &% ]

K= ,
Y [ Eye*@y

the reflected and transmitted electric fields from our device,
E,, and E,, can be calculated with the transfer matrix. The
transmission spectra obtained from FDTD simulation, thin-
film 1nterference model and transfer matrix approach show
good consistency with each other. The difference between
the transmission spectrums are a result of the assumption
that R __and T, = obtained from FDTD simulation have a
plane wave 1ncident at each interface. For a very thin S10x
spacer layer, the interlayer interaction between the nanoan-
tenna and nanograting 1s strong and the electric field incident
from the nanoantenna to the nanograting 1s not exactly plane
wave. Nevertheless, this serves as a good approximation to
simplify the calculation.

Fabrication

[0054] Embodiments of chiral plasmonic metasurfaces as
discussed herein, mn particular in regard to FIG. 3A, are
fabricated by first creating nanogratings. First, gold
nanograting 1s fabricated with a thin layer of Cr (~6 nm)
being thermally evaporated onto a sapphire substrate as a
discharging layer. Double layer polymethyl methacrylate
(PMMA) (200 nm 495K molecular weight+70 nm 950K
molecular weight) was then spin-coated on the Cr layer.
Then nanograting patterns were written with electron beam
lithography (EBL) using a JEOL JBX-6000FS. Then the
samples were developed 1n a methyl 1sobutyl ketone: 1so-
propyl alcohol (MIBK: IPA) (1:3) solution for 2 min and
rinse with deionized (DI) water for 1 min. Subsequently, the
PMMA residue was removed with O, plasma using a
Plasma-Therm 790 with parameters O, 10 sccm, 8 mT, 25 W
for 18 s. Next, Cr (5 nm)/Au(125 nm) was deposited with

thermal evaporation and lifted-off 1n acetone and rinsed with
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[PA. And then, the Cr discharging layer was removed by Cr
dry etching using a Plasmal.ab M&0 Plus with the following
parameters: Cl1,/Q, 38/2 sccm, 40 s.

[0055] To fabricate the S10x spacer layer, the sample was
cleaned by O, plasma using a Plasma-Therm 790, with the
following parameters: O, 10 sccm, 8 mT, 25 W for 3 min and
deposited with 349 nm S10x by Sputtering using a Lesker
PVD 75, at a rate of 0.5 A/s.

[0056] The gold nanoantennas were completed by coating
the sample with a thin layer of Cr (~6 nm) by thermal

evaporation and spin-coating with double layer PMMA (100
nm 495K+70 nm 950K). Then the sample 1s patterned with

EBL, developed in MIBK/IPA and cleaned with O2 plasma
as described earlier. After that, Cr(5 nm)/Au(50 nm) was
thermally evaporated on the sample and lifted off 1n acetone.
Finally, the Cr discharging layer was removed by Cr dry
etching using a Plasmal.ab M80 Plus with C1,/0, 38/2 sccm,
40 s.

Measurement

[0057] Optical characterization of devices was performed
with a Bruker Vertex 70 FTIR spectrometer and Hyperion
2000 microscope. One 15X objective and one condenser
lenses with N.A.=0.4 were used.

[0058] Reference polarization state measurement with
PSA

[0059] Unpolarized light from FTIR 1s first polarized with
a linear polarizer and a QWP and then characterized by the
PSA, a rotating linear polarizer. The fully polarized input
light can be described by the Jones vector as

E:::'D
1= p00)
Fone

0

where E 4 and E g 1s the amplitude of electric field along x
and y-axis and o (—180°<0<180°) is the phase different
between E , and E , respectively. Then the angle-resolved
transmission T(o) through the linear polarizer rotated along
angle o (0<0<180°) can be describe as the following
equation.

T()=E._;* CGSE{I+EyD€fSSin ol (12)
[0060] which 1s equivalent to eq. (13).
T(a)=E, " cos” O+E, " sin® 0+E oF, sin 2d cos & (13)

[0061] With measurements along 3 angles, we can obtain
E.o. E,o and Iol which can be converted to Stokes param-
eters. Measurements for more angles can be taken to
increase the measurement accuracy with least-mean-square
method. In these experiments, 13 or more T(o) are measured
to characterize each imput polarization state. This method
can be used to measure the Stokes parameters over a broad
wavelength range with a FTIR, which reduces the require-
ment for the broadband QWP. However, 1t cannot tell the
handedness of light and the measurement accuracy relies on
high extinction ratio of the polarizer used for the angle-
resolved measurement and the signal-to-noise ratio of the
measurement system.

CPM Characterization

[0062] For CPM characterization measurement, unpolar-
1zed light from an FTIR was converted to circularly polar-
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1zed light with a linear polarizer and a low-order QWP
(WPLQO5M-4000) around 4 um. The handedness of the CP
light was controlled to be right-handed (or left-handed) by
setting the angle between the fast axis of the QWP and the
axis of the polarizer to be 45° (or —45%). The light was then
focused onto the sample and the transmitted light was
collected by a Mercury Cadmium Telluride (MCT) detector.

CPM Generation

[0063] For CP generation measurement, unpolarized light
from FTIR was first converted to LP light with 1ts electrical
field oriented perpendicular to the axis of the nanogratings.
Then 1t was 1ncident onto the device from the nanograting
side. The transmitted light passed through a rotating linear
polarizer before getting collected by the MCT detector of the
FTIR system to obtain the polarization state of the trans-
mitted light and conversion efficiency. Conventional meth-
ods of measuring the full Stokes parameter utilizes a QWP
and a linear polarizer. However, the lack of broadband QWP
in mid-IR makes 1t challenging for the polarization mea-
surement over the entire 3~5 ym. The microscope of FTIR
system used does not have enough space for the QWP.
Therefore, a method was developed to use only a linear
polarizer to measure the Stokes parameters, which can only
be used for fully polarized light and cannot tell the sign of
S, or DOCP. The Stokes parameters of the output light
through the device were extracted from the FDTD simula-
tion and obtain the estimated sign of S; and DOCP.

Stokes Parameters Detection

[0064] To obtain the transmission coefficient of each
polarization filter, 6 polarization states were generated,
including LP light polarized along 90°, 0°, —435°, 45°, LCP
and RCP light and measured the transmission through the
microscale polarization filters, P, to P., correspondingly.
The transmission coefficients of each of the polarization
filters were used to calibrate the measured ntensity for
Stokes parameter detection.

[0065] For Stokes parameters detection measurement,
arbitrary polarization states of the mput light were generated
by changing the rotation angle of the linear polarizer and
quarter-waveplate (QWP, operation wavelength around 4
um). To determine the measurement accuracy, the input
polarization states were characterized with a PSA based on
a rotating linear polarizer. Assume the mput light 1s purely
polarized. By measuring the angle-resolved transmission
spectra with a linear polarizer, the Jones vector of the input
light can be obtained, which can be converted to S, S, and
magnitude of S5 of the input light. Then the sign of S; was
estimated based on the retardance curve of the QWP from
the vendor. After that, the PSA was replaced with samples
representing an embodiment described herein, refocused and
measured the transmission of each of the six polarization
filters by moving the motorized stage and selecting the
point-of 1nterests with an aperture at the 1image plane.

Muller Matrix Characterization of the Device

[0066] The polarization response of an optical device or
system can be described by a Muller matrix M, which links

%
the 1nput polarization states S, =(S,, S;, S,, S;) and the

output polarization states S_,=(S'g, S'y, S5, S'5) written 1n
the form of Stokes parameters.
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[0067] From eq. (14), the output light intensity (S'y) can be
%
described by the first row of the Muller matrix and S,

3 '0o=ModotM 08 | F+M055+M 5055 (15)

[0068] The first row of the Muller matrix for each polar-
1zation filter can be determined by transmitting four polar-
1zation states with known Stokes parameters measured with
the PSA and measuring the corresponding output Stokes
parameters for each of the filter. Then the following equation

can be solved to obtain the Muller matrix elements (Myq(A)
M, 4(A) M, ,(A) M,,(A)) at each wavelength.
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[0069] where S/7°% is the Stokes parameter S, (i=0-3) for
polarization state number j and S, is the measured output
intensity though the polarization filter for polarization state
number j.

[0070] The determinant of the matrix 1n eq. (16) should be
nonzero to have unique solutions for the Muller matrx
elements. More than 4 polarization states can also be used to
solve the over-constrained equation to obtain the Muller
Matrix with least-mean-square method for higher accuracy.
Here 6 mnput polarization states were measured to obtain the
Muller matrix elements for all 6 polarization filters.

[0071] Although this disclosure contains many specific
embodiment details, these should not be construed as limi-
tations on the scope of the subject matter or on the scope of
what may be claimed, but rather as descriptions of features
that may be specific to particular embodiments. Certain
features that are described 1n this disclosure 1n the context of
separate embodiments can also be implemented, 1n combi-
nation, 1n a single embodiment. Conversely, various features
that are described 1n the context of a single embodiment can
also be implemented 1n multiple embodiments, separately, or
1n any suitable sub-combination. Moreover, although previ-
ously described features may be described as acting 1n
certain combinations and even 1nitially claimed as such, one
or more features from a claimed combination can, in some
cases, be excised from the combination, and the claimed
combination may be directed to a sub-combination or varia-
tion of a sub-combination.

[0072] Particular embodiments of the subject matter have
been described. Other embodiments, alterations, and permu-
tations of the described embodiments are within the scope of
the following claims as will be apparent to those skilled 1n
the art. While operations are depicted in the drawings or
claims 1n a particular order, this should not be understood as
requiring that such operations be performed in the particular
order shown or 1 sequential order, or that all illustrated
operations be performed (some operations may be consid-
ered optional), to achieve desirable results.
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[0073] Accordingly, the previously described example
embodiments do not define or constrain this disclosure.
Other changes, substitutions, and alterations are also pos-
sible without departing from the spirit and scope of this
disclosure.

[0074] The present disclosure has been described with
reference to exemplary implementations. Although a limited
number of implementations have been shown and described,
it will be appreciated by those skilled in the art that changes
may be made in these implementations without departing,
from the principles and spint of the preceding detailed
description. It 1s intended that the present disclosure be
construed as including all such modifications and alterations
insofar as they come within the scope of the appended
claims or the equivalents thereof.

What 1s claimed 1s:
1. A method of detecting Full-Stokes polarization, com-
prising;:
introducing polarized light into an integrated polarization
filter array having at least two polarization filters;
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measuring an intensity of linear and circular polarization
components of the polarized light;

collecting incident light transmitted from the integrated
polarization filter array with a detector; and
calculating Stokes parameters of the incident light.

2. The method of claim 1, further comprising moving the
integrated polarization filter array 1n an x-axis and/or a
y-axis relative to the polarized light.

3. The method of claim 1, further comprising measuring,
isertion loss for a polarization state transmitted by one of
the polarization filters.

4. The method of claim 1, further comprising generating,
additional polarization states of the polarized light by chang-
ing a rotation angle of a linear polarizer and a quarter-wave
plate coupled to the integrated polarization filter array.

5. The method of claim 1, wherein the integrated polar-
ization filter array comprises six polarization filters.

6. The method of claim 5, wherein the integrated polar-
ization filter array comprises four linear polarization filters
and two circular polarization filters.

G ex e = x
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