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Polarization Detection Using Light’s Orbital Angular

Momentum

Aning Ma, Yuttana Intaravanne, Jin Han, Ruoxing Wang, and Xianzhong Chen*

Polarization detection has been used for a wide variety of applications.

A twisted light beam with a helical phase structure carries an orbital
angular momentum. The rapid development of optical metasurfaces has
enabled practical generation and manipulation of twisted light beams

at subwavelength resolution. Herein, a facile metasurface approach is
experimentally demonstrated to directly detect the polarization state of
light based on the superposition of twisted light beams. The major axis and
ellipticity of the polarized light are measured by the interference pattern

of two twisted light beams with same topological charges and opposite
signs, while the handedness is determined by using topological charges
with different values. The subwavelength resolution, ultrathin nature, and
compactness render this technology very attractive for diverse applications
including optical communications, optical tweezers, and quantum sciences.

1. Introduction

As one of fundamental properties of light, polarization refers to a
direction in which an electric component of this light field oscil-
lates. Polarization can be changed upon reflection off a surface
or through a polarizer. Polarization has found a wide variety of
applications ranging from astronomy and remote sensingl!l to
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biology,” medicine,>¥ and microscopy.P!
Based on the polarization information, one
can obtain valuable information about the
imaged environmentW e.g., material and
tissue properties, surface roughness, shape
and texture of reflecting surfaces, the orien-
tation of light emitters, or the optical activity
of various materials. A traditional polariza-
tion detection system includes many polari-
zation elements, e.g., polarizers, waveplates,
polarization modulators, leading to large
volume and high cost.®! Optical metas-
urfaces? ™ are planar metamaterials that
can manipulate the amplitude, phase and
polarization™! at subwavelength scale, pro-
viding unprecedented capability to manipu-
late light propagation. Optical metasurfaces
do not require complicated 3D nanofabrica-
tion techniques, but can control light propagation in a desirable
manner.! Benefiting from the ultrathin nature and high reso-
lution, the use of optical metasurfaces has emerged as a potential
candidate for device miniaturization and system integration and
a strong candidate for polarization detection. Optical metasur-
faces have been used in various polarization detection systems,
including circular polarization detection,™!¢l full polarization
measurement,’ % and polarimetric imaging.12-2!

In 1992, it was recognized that light beams with a helical
phase structure described by exp(it6), where 0 is the azimuthal
angle and ¢ is the topological charge of optical vortex, carry
an orbital angular momentum (OAM) of th per photon.?2%
Twisted light beams have been applied in various research
fields, including optical communication,?®! optical trapping,?4
new forms of imaging systems,?>*] nonlinear material,[?#2%]
and quantum optics.?*32 As a promising candidate, optical
metasurfaces have been used to generate various twisted light
beams®*~*l and to control the superpositions of twisted light
beams.B®) However, the utilization of twisted light beam for
direct polarization measurement has not been explored. Ellip-
tical polarization is the polarization of electromagnetic radia-
tion such that the tip of the electric field describes an ellipse in
any fixed plane intersecting and perpendicular to the direction
of light propagation. Any fixed polarization can be described in
terms of the shape and orientation of the polarization ellipse,
which can be defined by the major axis of polarization, the
ellipticity and handedness (clockwise or counterclockwise)
(Figure 1). One parameterization of the elliptical figure speci-
fies the orientation angle y, defined as the angle between the
major axis of the ellipse and the x-axis along with the ellipticity
7 described by the intensity ratio 7 of its left circular polariza-
tion (LCP) and right circular polarization (RCP components):
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Figure 1. Schematic of the approach for polarization detection using light's OAM. A light beam with unknown polarization shines on a reflective optical
metasurface. The emitted light generates the superposition of two OAM states with different topological charges (¢, and £,) and opposite circular
polarizations, which are described by |R, £;) and |L, {;), where |R) and |L) represent RCP and LCP, respectively. The resultant beam is modulated by
passing through an analyzer (linear polarizer) whose transmission axis (denoted by a double-headed arrow) is fixed along x direction. A CCD camera
is used to collect the interference patterns of OAM superposition, which is used to measure the polarization state of the incident light.

n=[1-J7 |/|1+J7 | with 1 = 1 representing LCP(RCP) light,
and 7 = 0 representing linear polarization.’”) In this paper, we
propose and experimentally demonstrate a facile metasurface
approach to measure the polarization state of an incident light
based on the superposition of twisted light beams. The major
axis and ellipticity of the polarized light are determined by
the interference pattern of two twisted light beams with same
topological charges and opposite signs, while the handedness
is measured by using topological charges with different values.

Figure 1 shows the schematic of our approach for polariza-
tion detection. When a light beam with unknown polarization
shines on a reflective optical metasurface, the emitted light
generates the superposition of two OAM states, which passes
through an analyzer (linear polarizer), whose transmission axis
is fixed along x direction. The interference patterns collected by
a CCD camera are closely related to the polarization state of the
incident light. Based on the analysis of the intensity distribu-
tion, the polarization state is directly measured. The direction
of the major axis and ellipticity of incident light are measured
by the intensity distribution of the superpositions of OAM
states with same topological charges and opposite signs. The
handedness of incident light is measured by the distance of two
maximum intensities of the superpositions of OAM states with
different topological charges and opposite signs.

2. Theory and Methods

The superposition of OAM states is based on our recent work
that indicates that the incident polarization can be used to arbi-
trarily control superpositions of OAM states using a single plas-
monic metasurface.*®l The key point of this method is to design
a reflective metasurface that can generate a phase profile,
which can be used to produce two required OAM beams that
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can always meet with each other. Upon the illumination of an
incident light with pure circular polarization states (left or right
handedness), the two OAM beams can propagate along sym-
metry-equivalent directions with respect to the axis of incident
light. The phase distribution of the metasurface is governed by

D(x,y)=arg (]51 exp (i (€10 + A@og )+ Ezexp (i (£260 — Adog ))) 1
where E; and E, represent the amplitude components of two
OAM beams with TCs of ¢; and {,, respectively. 6 is the azi-
muthal angle and Adyg is the phase difference between neigh-
boring pixels to generate a phase gradient along the x direction,
which can introduce off-axis deflection for the OAM mode of
interest. To generate the off-axis reflection, the additional phase
difference between neighboring pixels of the sample along
the direction is 7/5, resulting in a reflection angle of 12.2°
at the incident wavelength of 650 nm. It is worth mentioning
that the off-axis design can avoid the disturbance of the
nonconverted part.

To maintain high efficiency, we use reflective metasur-
faces to develop the designed metasurface devices. The gen-
eral idea is to combine the advantages of both a metallic
metamaterial and a dielectric interlayer, which can construct
a broadband and highly efficient metasurface, in which the
intrinsic dispersion of the metallic nanorods is cancelled out
by the thickness-dependent dispersion of the SiO, layer. The
triple layer structure functions like a Fabry—Perot-like cavity,
where the SiO, spacer in the middle corresponds to the cavity
length. Nanorods along with the spacer and the background
layer function as a reflective-type half waveplate,?** leading to
the high efficiency. The theoretical conversion efficiency versus
wavelength is provided in the Section S1 (Supporting Informa-
tion). Fabrication details are provided in the Experimental Sec-
tion and Section S2 (Supporting Information).
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An arbitrary polarization state is the superposition of orthog-
onal circular polarizations. For example, an incident light
beam with linear polarization (LP) along a direction angle o
with respect to the x-axis can be decomposed into two equal-
weighted RCP and LCP components with a phase difference,
which can be described by €"|R~;) + e L,), where |R) and
|L) represent RCP and LCP, respectively. When a LP light
shines on the metasurface, the superposition of OAM states
with ¢ =1 and ¢ = -1 is generated since a linearly polarized light
beam can be decomposed into OAM beams with equal weight
and opposite topological charges. The superimposed mode
can be characterized by passing through a linear analyzer and
forming an angle y with respect to the horizontal axis (x-axis).
The Jones matrix of the analyzer has the form®

cos’y
sinycosy

sin ycos
ycosy 2)

sin’y

The transmitted intensity profile can be expressed by
E=%[1+cosz(46+a+y)]'

For two twisted light beams with same topological charges
and opposite signs, the transmitted intensity values are max-

imum at the azimuth angles Gmax=n”|_;|c_y(n=0,1 ..... |20]-1),

leading to |2¢] lobes. For |{| = 1 and the analyzer with a fixed
direction along the x-axis (y= 0), the angle between the major
axis and x-axis is W= 6, = —0. Here, 6, is the angle between
the line through the two maximum intensity points and x axis.
Since the type of metasurface in this work is reflective, so
W= O, = afor y=0and [{| = 1. The modulated intensity pat-
terns (bright region and dark region) can be used to determine
the major axis of the ellipse. There exists a dark region (gap)
between neighboring bright petals. If the incident light is ellip-
tically polarized, the darkest region will become brighter in

www.advopticalmat.de

comparison with LP, indicating this property can be used to
determine the ellipticity of the polarized light. To measure the
handedness of the polarized light, we use the superposition of
two twisted light beam with different topological charges, which
can produce OAM beams with different diameters. The hand-
edness of the ellipse is determined by the dominated doughnut
shape (brighter) with predesigned handedness.

3. Results

As a proof of concept, we design a metasurface to measure
the major axis and the ellipticity of the incident polarization
based on the superpositions of OAM states with £ = 1 and
¢ = -1. Figure 2a shows the scanning electron microscopy
(SEM) image of fabricated metasurface, which is used to deter-
mine the major axis and ellipticity of the elliptically polarized
light. Figure 2b is the schematic of the experimental setup. To
characterize the performance of the metasurfaces, a tunable
laser source (NKT-SuperK EXTREME) is used to generate the
desired laser beam with various polarization states after passing
through a linear polarizer and a quarter-wave plate (QWP) in
front of the sample. Details for the generation of polarization
states are provided in Section S2 (Supporting Information).
An objective with a magnification of 10x is used to expand the
image for visualization with a CCD camera. The superimposed
mode is collected by a CCD camera after passing through an
analyzer whose transmission axis is fixed along x-direction.
Figure 3a shows the simulated superpositions of OAM states
with ¢ = 1 and ¢ = -1 under the illumination of a linearly polar-
ized beam. The transmission axes of polarizer and analyzer
are 45° and 0° with respect to x-axis, respectively. Figure 3D is
the experimentally measured superpositions of OAM states. The
image contains 460 x 460 pixels. The green circle in Figure 3b
has a radius r around the center of the figure. The radius r is

Polarizer

QWP
— Laser
—

Lens
‘/
—
\.

./l\

Obijective
i l\ o

Analyzer Bns

META

Figure 2. Scanning electron microscopy (SEM) image of the fabricated sample and schematic of the experimental setup. a) SEM image of part of the
fabricated metasurface. The reflective optical metasurface consists of gold nanorods with spatially variant orientation, a gold film and a SiO, layer
sandwiched between them. Each nanorod represents a phase pixel with a size of 300 x 300 nm?. b) The incident light with various polarization states is
obtained by controlling the angle between the transmission axis of the polarizer and the fast axis of the quarter wave plate. The incident light impinges
normally onto the metasurface and the emitted light is collected by an objective with a magnification of 10x objective. The transmission axis of the
analyzer is fixed along the x direction.
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Figure 3. Measurement of major axis of the polarization state. a) Numerically calculated superpositions of OAM states with ¢ =1 and ¢ = —1. The
transmission axes of polarizer and analyzer are 77/4 and 0 with respect to x-axis, respectively. The orange dash circle passes through the two maximum
intensity points. b) The corresponding experimental result. The image contains 460 x 460 pixels. The green dash circle has a radius r around the center
of the figure. The radius r is determined by distance between the center (the zero intensity) and the maximum intensity. To improve the signal to noise
ratio, the intensities in the ring region at each azimuth angle are considered, as schematically illustrated by the orange ring region. The width d of the
orange ring is 20 pixels. ) The intensity distribution along the orange ring is extracted based on experimental result, as shown in (b). d) The relation
between light intensity distribution in (c) and the azimuth angle. The experimental, fitted and simulated results are in blue, yellow, and red colors. The
yellow color represents the 10th polynomial fitting curve of experimental data.

determined by distance between the center (the zero intensity)
and the maximum intensity. To enhance the signal to noise
ratio, the intensities in the ring region at each azimuth angle
6 are considered, as schematically illustrated by the orange ring
region in Figure 3b. The width d of the orange ring is 20 pixels.
The intensity distribution along the orange ring is extracted
based on experimental result, as shown in Figure 3c. By inte-
grating the intensity over the ring width at each azimuth angle
6 ranging from 0° to 360°, the corresponding intensity distri-
bution along the ring is obtained (shown by the blue curve in
Figure 3d. Although there are many oscillations induced by
the noise, which can be improved by using fitted curve using
10th polynomial (denoted by the yellow color), as shown in
Figure 3d. In comparison with experimental result, the corre-
sponding simulation result is given in red curve (Figure 3d).
Both simulation and experiment have a maximum value at 45°,
indicating there is a good agreement between them. To further
confirm the validity of this approach, we measured various
linear polarization states with different major axes by rotating
the transmission axis of the polarizer, while the transmission
axis of analyzer is fixed along the horizontal direction. Figure 4
shows numerically calculated and experimentally observed
superpositions of OAM states with £ = 1 and ¢ = -1 when
the rotation angles of the polarizer are 0°, 45°, 90°, and —45°,
respectively. Figure 4d presents the simulation (red curves)
and experimental results (The blue color represents the experi-
mental data and the yellow color represents the 10th polyno-
mial fitting curve of experimental data), which are normalized
intensity distributions as a function of azimuth angle 6, respec-
tively. Because our proposed metasurface is a reflective type, the
green vertical line points to the first maximum intensity, whose
Opmax just corresponds to the major axis ¥ = 6,,, = o of incident
linearly polarized light. The polarization direction of the inci-
dent linearly polarized light and the direction of the polarizer’s
transmission axis in front of the CCD camera are respectively
denoted by the red and blue double-headed arrows in the first
row of figures. The experimental results at other wavelengths
are provided in Section S3 (Supporting Information). As we
expect, the predesigned major axes of the polarization states
agree well with the measured values.

Adv. Optical Mater. 2020, 8, 2000484 2000484 (4 of 9)

The ellipticity of the incident polarization state can be deter-
mined by comparing the intensity of minimum and max-
imum from the images. Figure 5a,b shows the simulation and
experimental results of the intensity distribution for a typical
polarization state of the incident light, respectively. The experi-
mentally obtained intensity distribution for the superpositions
of OAM states with £ =1 and £ = -1 is processed by the soft-
ware Image]. The spots A and B on the circle represent the two
minimum intensity points in the simulation results, while C
and D represent two maximum intensity points in simulation
results. The minimum intensity spots A” and B’ on the circle
are denoted by I, and Iy and the maximum intensity spots C’
and D’ are denoted by I and Iy in experimental results. In
order to decrease error, the ellipticity 77 of the incident light can
be calculated by the intensity ratio of minimum intensity and
maximum intensity, that is n=[T, +1;)/2/(Ic +1,)/2. 7 =1 and
1 = 0 correspond to CP and LP, respectively. Figure 5c shows
the simulation and experimental results of the ellipticity for the
incident light with various polarization states, which are real-
ized by rotating the transmission axis of the polarizer with the
angle o = 0°, 10°, 20°, 30°, 40°, 45, 50°, 60°, 70°, 80°, 90° while
the fast-axis of QWP and the transmission axis of analyzer
are fixed along x direction. The experimental results of the light
intensity distribution at the above angles are given in the insets
of the figure. A clear dark boundary line between two petals and
a doughnut shape are observed at o = 0° (linear polarization
along x axis) and o = 45° (circular polarization), respectively.
The two petals are located at the top and bottom at o = 90°
(linear polarization along x axis). The two petals are gradually
joined with each other with the increase of the angle from 0°
to 45°, which is the inverse process for the range from 45° to
90°. The relative error between the experiment and simulation
ranges from 1.1% to 5.57%. As we can see from the Figure 5c,
the experimental data (blue triangle) and simulation data (black
line) agree very well with each other. The slight difference
between experiment and simulation is due to the imperfection
of the sample and measurement error. The details of the simu-
lation and experimental results of the ellipticity for the incident
light with various polarization states are available in Section S3
(Supporting Information).

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Numerically calculated and experimentally obtained results for the measurement of major axis. a) Simulation results for the superpositions
of OAM states with £ =1 and ¢ = -1 when the rotation angles of the polarizer are 0°, 45°, 90°, and —45°, respectively. The polarization direction of the
incident linearly polarized light and the direction of the polarizer’s transmission axis in front of the CCD camera are respectively denoted by the red and
blue double-headed arrows. b) Experimental results. c) The intensity distributions along the orange ring shown in Figure 3b. d) The relation between

light intensity distribution in (c) and the azimuth angle.

In order to determine the handedness of incident polarized
light, we fabricate a metasurface that can realize the superpo-
sitions of OAM states with { = 1 and ¢ = -3. Upon the illu-
mination of LCP light, the doughnut shape has a smaller
radius (corresponding to £ = 1), which will become bigger
(corresponding to { = —3) when the polarization state of the
incident light is RCP. Thus, we can tell the handedness of
the incident light by comparing the light intensity on the two
light rings. To facilitate data analysis, we choose light inten-
sity profile along a rectangle region (edge marked the orange
line) with a width of 10 pixels passing through the center of
the superposed mode. The orange dash line in the numerical

Adv. Optical Mater. 2020, 8, 2000434 2000484 (5 of 9)

figure is the vertical center of light intensity distribution. We
extract the 600 x 600 pixels of the center of image. The hand-
edness of incident polarized light is determined by the dis-
tance between two peak intensities. The normalized intensity
profiles of numerically calculated and experimentally observed
superpositions of OAM states with { =1 and { = -3 are given in
Figure 6. To confirm the proposed idea, the incident light with
various polarization states is used to evaluate the performance
of the fabricated sample. The two figures at the bottom are
the polarization profiles of normalized intensity for the linear
polarization, and the distance between two green vertical dash
lines is about 300 pixels. The distances between two green

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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80
Transmission axis of the polarizer

Figure 5. Ellipticity measurement based on the minimum and maximum intensities from the images. a) Simulation and b) experimental results of
the intensity distribution for a typical polarization state of the incident light. The experimentally obtained intensity distribution for the superpositions
of OAM states with £ =1 and £ = -1 is processed using the software Image]. The minimum intensity spots A" and B on the circle are denoted by I
and lg and the maximum intensity spots C"and D’ are denoted by I and Iy respectively, while the corresponding intensity spots A, B, C, and D for
simulated results. c) Measured and simulated ellipticity value when the transmission axis of the polarizer changes. The experimental interference pat-

terns are given in the insets.

vertical dash lines in the first column become narrower and
narrower from bottom to top, indicating that the polarization
state changes from linear polarization to left elliptical polariza-
tion, and then to left circular polarization (smallest distance).
In comparison with the first column, the distances between
two green vertical dash lines in the second column become
wider and wider from bottom to top, indicating the polariza-
tion states changes from linear polarization to right elliptical
polarization and then to right circular polarization. Details on
how to determine the handedness of incident polarized light
are provided in Section S4 (Supporting Information).

4, Discussion

An interesting question is how to improve the accuracy of the
polarization measurement based on this approach, especially
the major axis of the polarization state, which can be improved
by using the superpositions of OAM beam with higher topolog-
ical charges. In the first experiment, there are only two petals in
the interference patterns and one dark line passing through the
center. More petals and dark lines can increase the measure-
ment accuracy since the major axis can be determined by the
average values of angle shift at each maximum, equivalent to
multiple measurement in an experiment. To test this idea, we
fabricate a sample based on the superpositions of OAM states
with € = 2 and ¢ = -2, which can generate 4 petals with 2 dark
lines. Various interference patterns from the superposition of
OAM Dbeams are obtained by rotating the transmission axis of
the polarizer, while the transmission axis of analyzer is fixed
along the horizontal direction. Figure 7 presents numerically
calculated and experimentally observed superpositions of OAM
states with € = 2 and ¢ = -2, when the angles of the polarizer
are 0°, 45°, 90°, and —45°, respectively. It is worth mentioning

Adv. Optical Mater. 2020, 8, 2000484 2000484 (6 of 9)

that the major axis of the polarization state corresponds to
double angle shift of the petals. Although we can design a
single metasurface for the realization of the two different types
of OAM superpositions to measure all three parameters, the
metasurface must be rotated during the measurement process.
Design details on multichannel metadevices are available in the
reference.*® A power meter can be used to measure the total
power of OAM beams on both sides and the power of inci-
dent light just before impinging on the metasurface. The ratio
of total power on both sides to the power of the incident light
is the efficiency. Efficiency analysis for the superpositions of
OAM Dbeams based on reflective metasurfaces is also available
in the reference.3%

5. Conclusion

A facile metasurface approach is demonstrated to detect polari-
zation state based on light’s orbital angular momentum. Super-
position of OAM states has provided a new tool for polarization
measurement. The polarization parameters such as major
axis, ellipticity and handedness are measured using compact
metasurface devices. The subwavelength resolution, ultrathin
nature, and the combination of OAM generation and manipu-
lation make this technology very attractive for many research
fields, including polarization imaging, optical communications,
optical tweezers, and quantum sciences.

6. Experimental Section

Sample  Fabrication: The reflective metasurfaces consisted of
three layers: a top layer of gold nanorods, a gold ground layer, and a
silicon dioxide (SiO,) spacer layer sandwiched between them. The
standard electron beam lithography was used to fabricate the designed

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Handedness measurement based on the superposition of OAM beams with £ = 1 and ¢ = —3. a) The two figures at the bottom are the
polarization profiles of normalized intensity for the linear polarization, and the distance between two green vertical dashed line is about 300 pixels. The
distance between two green vertical dash lines becomes narrower and narrower from bottom to top, indicating that the polarization state changes from
linear polarization to left elliptical polarization, and then to left circular polarization (smallest distance). b) The distance between two green vertical
dashed lines become wider and wider from bottom to top, indicating the polarization states changes from linear polarization to right elliptical polariza-
tion and then to right circular polarization. To facilitate analysis, we choose light intensity profile along a rectangle region (edge marked by the orange
dashed line) with a width of 10 pixels from top to bottom passing through the center of the superposed mode based on the image processing software
Image). The orange dash line in the numerical figure is the vertical center of light intensity distribution. We extract the 600 x 600 pixels of the center
of image. The handedness of incident polarized light is determined by the distance between two peak intensities.
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Figure 7. Major axis measurement based on superpositions of OAM states with { = 2 and £ = —2. a) Simulation results for the superpositions of OAM
states with ¢ = 2 and £ = -2 when the rotation angles of the polarizer are 0°, 45°, 90°, and —45°, respectively. The polarization direction of the incident
linearly polarized light and the direction of the polarizer’s transmission axis in front of the CCD camera are denoted by the red and blue double-headed
arrows, respectively. b) Experimental results. c) The intensity distributions along the orange ring shown in Figure 3b. d) The relation between light

intensity distribution in (c) and the azimuth angle.

metasurfaces, followed by film deposition and the lift-off process. First,
silicon substrates were cleaned with acetone in ultrasonic bath for 10 min
followed by isopropyl alcohol (IPA) for 10 min. After the substrates were
ready, the gold layer (150 nm) was deposited onto the silicon substrate by
using the electron beam evaporator followed by the deposition of silicon
dioxide (SiO,) layer (85 nm). The positive polymethyl methacrylate
(PMMA) 950 A2 resist was spin coated on the SiO, layer, producing a
PMMA film with a thickness of 100 nm. The nanopatterns were defined
in the PMMA film using EBL (Raith PIONEER, 30 KV). The sample was
developed in MIBK:IPA (1:3) for 45 s followed by stopper (IPA) for 45 s.
A thin gold layer (30 nm) was deposited on the developed sample using
electron beam evaporator. The reflective metasurfaces were obtained
after the lift-off process in acetone.
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