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Optical Metasurfaces for Generation and Superposition of

Optical Ring Vortex Beams

Jin Han, Yuttana Intaravanne, Aning Ma, Ruoxing Wang, Songtao Li, Zhancheng Li,

Shugqi Chen, Jensen Li, and Xianzhong Chen*

The helical phase structure of a twisted light beam has attracted big interest
in both fundamental science and practical applications. A facile metasurface
approach to generate and manipulate ring vortex beams is reported and
experimentally demonstrated. The generation of ring vortex beams is realized
by combining the functionalities of an axicon, a vortex beam generator and a
beam deflector onto a single reflective metasurface, which consists of nanorods
with spatially variant orientations sitting on a silicon dioxide layer in the middle
and a gold layer at the bottom. By controlling the polarization state of the
incident light, the superposition of ring vortex beams is continuously tuned.
The unique property of the developed device renders this technology very
attractive for polarization detection and quantum science related applications.

1. Introduction

It is well known that light can carry two different types of angular
momenta, namely, spin angular momentum (SAM) and orbital
angular momentum (OAM). SAM can be revealed through the
handedness or the polarization of light. Light possessing OAM
has a helical wavefront described by exp (i£6), where ¢ is the
topological charge (TC) of optical vortex (corresponding to an
OAM of ¢h per photon) and 0 is the azimuthal angle. Recently,
the OAM of light has attracted considerable attention as a new
degree of freedom in a series of promising applications, such

as optical tweezers,[!l multiplexers, and
demultiplexers.l>*] These developments
have been triggering a revolution in opti-
cal communications based on OAM and
SAM. There are many approaches to gen-
erating OAM beams, including diffrac-
tive optical elements®! and spatial light
modulators.[®/ Optical metasurfaces are
planar analogy of metamaterials with ex-
otic optical properties, which are able
to control light’s propagation in a desir-
able manner.”"¥] The ultrathin nature
of optical metasurfaces provides a much
compact platform to generatel'*l and ma-
nipulate OAM beams.!'>"'8] However, for
the mentioned applications in optical
communications, usually based on fibers, one needs to match the
radial size of the OAM beams (a doughnut shape) to the size of
an optical fiber and this strongly depends on the TC of the OAM
beam. Recently, Liu et al. have experimentally demonstrated a 3D
focused perfect vortex beam, which has a constant radius and is
independent of TCs.l'?! On the other hand, the superposition of
OAM beams can generate novel structure beams, 223! for exam-
ple, the superposition of # = 1 and ¢ = —1 can give rise to a vec-
tor beam with radially distributed polarization profile, which has
been applied in various research fields, including focusing!?* and
sensing.[?°l However, the superposition of ring OAM beams in
the far field has not been studied.
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Figure 1. Schematic of the approach for generation and manipulation of ring OAM beams. Incident light with various polarization states is generated
by a quarter-wave plate (QWP) and a polarizer. The emitted light from the reflective metasurface generates the superposition of two ring OAM states,
which is modulated by passing through an analyzer (linear polarizer) whose transmission axis (white double-headed arrow) is fixed along the horizontal
direction. The interference patterns of the superposition of ring OAM beams are displayed on the screen.

In this paper, for the first time we propose and experimen-
tally demonstrate an efficient method to generate the ring OAM
beams through a single metasurface, in which the superposition
between the generated OAM beams can be continuously tuned
by varying the polarization state of the incident light. The speed
of such tuning is thus only limited by the external mechanism
in changing the polarization of the incident light, rather than by
the material tunability of the metasurface itself. Specifically, we
combine the functionalities of a vortex beam generator, an axi-
con and a beam deflector into a single metasurface to generate
ring OAM beams. A perfect vortex beam is the Fourier transfor-
mation of a Bessel Gaussian beam, which can keep the size of
intensity pattern.['”) To generate perfect vortex beams like those
in the references,['>%! a phase profile of spherical wave for a
Fourier transform lens with a focal length is necessary. By con-
trast, the phase term for Fourier transform lens is not needed in
our design. Because there is no lens, the resulting ring diame-
ters change with the observation plane at different distances, so
that the observation plane far enough away is suitable to see the
ring with the naked eyes. Unlike conventional or perfect vortex
beams,[26-28] the radius of the ring is only dependent on the axi-
con period??°! and the ring OAM beams in this work can thus
be designed to stay constant with different TCs, enabling them
to meet with each other and generate superposition for far field
observation. As an application example, the superposition of ring
OAM beams is used for polarization measurement.

2. Design and Method

Figure 1 shows the schematic of the experimental setup based on
an ultrathin metasurface to generate ring OAM states, together
with continuous manipulation of their superposition by varying
the polarization of the incident light. A polarizer and a quarter
wave plate (QWP) are used to control the polarization state of the
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incident light. The emitted light from the metasurface generates
the superposition of ring OAM beams, which is displayed on a
screen after passing through an analyzer (linear polarizer), whose
transmission axis is fixed along the x direction (see the double-
headed arrow in the figure). The screen is a white paper board
with an opening (diameter 6 mm) in the middle, which allows
the incident light and zero-order reflected light to pass through.
In the figure, we also show a typical experimental result of the
superposition of ring OAM beams on the screen.

To generate ring OAM beams and realize their superposition,
we design two different types of phase profiles based on the com-
bination of phase profiles of a vortex beam generator, an axicon
and a beam deflector. |L,#,) and |R,#,) are used to describe a
ring OAM state with left circular polarization (LCP) and a TC of
¢, and another ring OAM state with right circular polarization
(RCP) and a TC of Z,, respectively. We start from an example
to generate a superposition of two ring OAM beams with LCP
incidence, the phase profile for the superposition of |L,#;) and
|L, ¢,) on the left side of the screen is governed by

@ (x' Y) = arg (El exp(l(flg + A¢off + ¢axic0n))
+ EZeXp(l(fze + A¢OH + ¢axicon))) (1)

where E, and E, represent the amplitude components of two
ring OAM beams with TCs of ¢, and ¢,, respectively. 6 is the
azimuthal angle and A¢ ¢ is the phase difference between neigh-
boring pixels to generate a phase gradient along the horizon-
tal (x-) direction, which can realize the off-axis deflection. It is
worth mentioning that the off-axis design can avoid the distur-
bance of the nonconverted part.?? ¢, ;... (x,y) = —274/x% + y*/d
is the phase profile for the axicon, where d is the axicon period
to control the radius of the generated ring OAM beam.[2¢28] The
relationship between d and an axicon angle « can be expressed as
d - sina = A, where Ais the wavelength. Details of explanation are

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. The phase profile used to generate ring OAM beams, scanning electron microscopy (SEM) image of the fabricated sample and schematic of
the experimental setup. a) The phase profile to generate ring OAM beams |L, #; = 1) and |R, ¢, = —1), and the pixel number is 1001 x 1001. b) SEM
image of the fabricated metasurface to generate the superposition of two ring OAM beams |L, #; = 1) and |R, £, = —1). The sample has a dimension
of 300 pm x 300 pm. Each nanorod functions as a pixel with a size of 300 nm x 300 nm. c) Various polarization states of the incident light with are
generated by controlling the angle between the transmission axis of the polarizer and the fast axis of QWP. The light shines on the metasurface at normal
incidence and the emitted light from the reflective metasurface is displayed on the screen after passing through an analyzer. The transmission axis of

analyzer is fixed along the horizontal.

available in refs. [26 and 28]. In our design, A¢ g is chosen to be
7 /5, corresponding to an off-axis angle of 12.4° at the wavelength
of 650 nm. Although larger off-axis angles can be designed, it
is not good for our experimental measurement since the collec-
tion of high quality photos for images with wider view angle on
both sides is more challenging. In addition, the larger off-axis
angle can cause image distortion, which is discussed in Section
S7 of the Supporting Information. When the incident polariza-
tion changes from LCP to RCP, the superposition of |R, —¢,)
and |R,—¢,) is on the right side of the screen since the sign of
the generated phase profile is flipped. The superposition of ring
OAM beams only occurs when they are on the same ring. There
is a slight change in the diameter of the ring (equal to the sample
size) on the right side when the incident light polarization is LCP
or RCP. Only when the sign of phase for the axicon (plus or mi-
nus) is the same, the two ring OAMs have same diameters and
can generate superposition. For an elliptical polarization state,
there are two different types of superpositions on both sides of
the screen.

In order to generate the superpositions of |L, Z;) and |R, —=£,)
on the left side and |L, Z,) and |R, —¢,) on the right side for any
elliptical polarization, the phase profile for LCP incident light is
governed by

O] (x’ Y) = arg (El exp(l(fle + A¢off + ¢axicon))
+ Ezexp(i(fze - A¢OH - ¢axicon))) (2)

It should be noted that the superposition does not exist for
pure circular polarizations (LCP or RCP) in this case, but it oc-
curs for any elliptical or linear polarization states. Furthermore,
the number of displayed dark gaps after passing through the an-
alyzer is determined by |£, — £,|.[%]

Benefiting from high efficiency and broadband, a reflective
metasurface is used to experimentally realize such a compact
multifunctional device.?*3! The reflective metasurfaces are com-
posed of three layers, i.e., a top layer of gold nanorods, a sili-
con dioxide (SiO,) spacer layer (85 nm), and a gold ground layer
(150 nm). All the nanorods have the same geometry and spatially
variant orientation angles. Each gold nanorod is 200 nm long,
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80 nm wide, and 30 nm thick. The dimension of each pixel is
300 nm X 300 nm. There are 1001 X 1001 pixels in total, mean-
ing that each sample has a dimension of 300 pm X 300 pm. The
orientation angle ¢(x,y) of each gold nanorod is determined by
@(x,7) = ®(x,y)/2.°) The geometric metasurfaces can generate
Pancharatnam-Berry (PB) phase, which is sensitive to circular
polarization states.[3?] Moreover, the PB phase reverses sign when
the incident polarization is changed from LCP to RCP and the
phase profile in Equation (1) reverses sign as well.

The designed samples are fabricated using the standard elec-
tron beam lithography, followed by film deposition and the lift-off
process. Fabrication details are provided in Section S1 of the Sup-
porting Information.

3. Results

A typical polarization state can be described by the major axis of
polarization, the ellipticity and handedness (clockwise or coun-
terclockwise). The effect of the major axis of polarization state
on the superposition is initially investigated. Based on Equa-
tion (2), we first design and fabricate two metasurfaces that
can generate the superposition of ring OAM states with TCs of
same absolute values and opposite signs (one for |L, #; = 1) and
IR, ¢, = —1) and another for |L, £, = 2) and |R, ¢, = —2)). The
phase profile used to generate the superposition of ring OAM
beams |L, £, = 1) and |R, ¢, = —1) is shown in Figure 2a. Fig-
ure 2b shows the scanning electron microscopy (SEM) image of
the fabricated metasurface, which is used to study the relation
between the major axis and superposition of ring OAM beams
|L, ¢, = 1) and |R, ¢, = —1). SEM images of other samples are
available in Section S1 of the Supporting Information. The exper-
iment setup to characterize the fabricated metasurface devices
is shown in Figure 2c. A tunable laser source (NKT-SuperK EX-
TREME) is used to generate the desired laser beam with various
major axes of polarization states after passing through the po-
larizer (QWP removed) in front of the sample. A smart phone
(HUAWEI Mate20) is used to collect the displayed patterns on
the screen after passing through the analyzer whose transmis-
sion axis is fixed along the horizontal direction. The distance

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Effect of the major axis of the incident polarization on the superposition of the ring OAM beams. a) Experimental results and b) simulation
results for the incident linear light polarization with different major axes (marked with double-headed arrows). The first, second, and third rows in each
figure correspond to the superposition of ring OAM beams for |L, £y = 1) and |R, £, = 1), |L, £, = 2) and |R, , = =2), and |L, £, = 1) and

IR, ¢, = —2), respectively.

between the screen and the metasurface sample is 15 cm. The
diameter of ring OAM beams is several centimeters, which can
be directly observed with our naked eyes.

There is image distortion since the center of each light beam
on one side is not perpendicular to the screen. To solve this is-

sue, we collect the image on one side. By continuously changing
the transmission axis of the polarizer, the evolution process of
the intensity distribution can be observed, as shown in Figure 3.
The resultant output beam from the superposition of ring OAM
beams |L, Z; = 1)and |R, ¢, = —1) with equal components is an

Laser Photonics Rev. 2020, 14, 2000146 2000146 (4 of 8) © 2020 The Authors. Published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

() (] ()
\_/ \ . \J \_/
U

(0 RCP (B=45°) REP ( B 65°) LEP ( B 115°) LCP (B=135°)
n : 16

www.lpr-journal.org

(b)

Experiment  Simulation

Figure 4. Effects of the ellipticity and the handedness of the incident polarization on the superposition of the ring OAM beams. a) Simulation and
b) experimental results for the incident linear light polarization with different ellipticities and the handedness. The evolution process of the intensity
change on the two split rings are given when the polarization state of the incident light is changed from RCP to REP, LP, LEP, and LCP. c) The ellipticity
and the handedness of the polarized light are described by a parameter # = (1 — 1/7)/(1 + 1/7), where 7 is the ratio of intensity component for LCP to
that for RCP. n = +1 and n = 0 represent RCP (LCP) and the linear polarization light, respectively. In addition, # > 0 and n < 0 correspond to the right
elliptical polarization (REP) and left elliptical polarization (LEP), respectively. The values for 7 in the experiment are given in (c). # is the angle between

the transmission axis of the linear polarizer with respect to the horizontal direction.

azimuthally polarized ring vector beam upon the illumination of
linearly polarized beam (LP) with a major axis along the verti-
cal direction (see Figure 3a). Although we have A¢ g destroying
the rotational symmetry of the sample in deflecting the superim-
posed beam to one side, two symmetrically distributed images of
red rings with two dark gaps along the horizontal direction are
faithfully generated and clearly observed after passing through
the analyzer with a transmission axis along the horizontal direc-
tion. By gradually rotating the polarization axis of the polarizer
from vertical direction to horizontal direction, the azimuthally
polarized beam is changed to radially polarized beam, leading to
the rotation of two dark gaps on the screen. Furthermore, the ro-
tation angle of gaps is equal to that of the transmission axis of
the polarizer with respect to the vertical direction. To facilitate
the measurement of major axis, we set a clock dial on the ring.
The results for the ring OAM superposition of |L, #; = 2) and
IR, £, = —2) with equal components are provided in Figure 3b.
There are four dark gaps on each light ring and the rotation angle
of each gap is halved in comparison with the angle between the
transmission axis of the polarizer and the horizontal direction.
We can see that the number of gaps in the superposition of ring
OAM states |L,#;) and |R,%,) is equal to |, — ¢, |. To further
confirm the relation between the number of dark gaps and the
TCs for the ring OAM superposition, we fabricate a sample to
realize the superposition of |L, £, = 1) and |R, ¢, = —2) upon
the illumination of LP light. As predicted, three dark gaps are ob-
served in the experimental result (Figure 3). Experimental results
for other polarization states are provided in Section S3 of the Sup-
porting Information. The reflective metadevice can work in the
broadband, but the diameter of the ring OAM beam increases
with the operating wavelength (see Section S5, Supporting Infor-
mation).

We then study the effect of ellipticity and handedness of the
polarization state of the incident light on the superposition of
ring OAM beams. We design and fabricate a metasurface that can
generate the superposition of ring OAM states with TCs of differ-
ent absolute values and same signs (|L, £, = 1)and |L, £, = 2)
for LCP). Suppose the fast axis of QWP is fixed along the ver-
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tical direction, five different ellipticities of the polarization states
with fixed major axis along the vertical direction can be generated
by continuously changing the transmission axis of the polarizer.
Only one ring OAM beam is observed on the left or right side
of the screen upon the illumination of LCP or RCP light. How-
ever, two ring OAM beams can be observed when the incident
light is elliptically polarized. When the polarization state is linear
polarization, the ring pattern with the same intensity appears on
both sides of the screen. The rise and fall of intensities in the ring
patterns are closely related to the ellipticity of incident light. It is
well known that a completely polarized light is composed of LCP
and RCP components. The ellipticity and the handedness of the
polarized light can be deduced from the intensity ratio of its LCP
and RCP component: 7 = (1 — 1/7)/(1+ \/;), where 7 is the ratio
of intensity component for LCP to that for RCP. y is changed by
controlling the angle between the transmission axis of a linear
polarizer and the horizontal direction. Detailed analysis is pro-
vided in Section S2 of the Supporting Information. y = +1 and
n = 0 represent RCP (LCP) and the linear polarization light, re-
spectively. In addition, # > 0 and n < 0 correspond to the right
elliptical polarization (REP) and left elliptical polarization (LEP),
respectively.33341 When the resultant beam from the superposi-
tion of ring OAM beams passes through the analyzer, two split
rings are observed since the uniform light intensity on the rings
are modulated. Figure 4 shows the effect of various ellipticities
and handedness on the superposition of ring OAM beam pass-
ing through the polarizer. We can clearly see that the intensities
on the two split rings change when the polarization state of the in-
cident light is changed from RCP to REP, LP, LEP, and LCP. The
dark gap originates from the superpositions of ring OAM beams
with different topological charges and same circular polarization
states.

4, Discussion

To generate ring OAM beams and manipulate their superpo-
sitions, the metasurfaces are designed based on the combina-
tion of three different functionalities, i.e., an axicon, a vortex

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. Experimental and simulation results for the measurement of major axis of a polarization state. a) Experimental measurement. b) Simulation
results. The measured and expected major axes are marked by the white double-headed arrows in the first and second rows, respectively. The transmission

axis of the analyzer is along the horizontal direction.

beam generator, and a deflector. By controlling the major axis,
ellipticity, and handedness of the incident polarization state,
we have experimentally demonstrated various superpositions of
ring OAM beams, whose intensities are spatially modulated af-
ter passing through a polarizer. The unusual properties of the
developed metasurface devices are very attractive for many re-
search fields, including polarization measurement,’**-#! optical
communications, optical tweezers (particle rotation), and quan-
tum sciences.[3**% Ag an application example, we experimentally
demonstrate polarization measurement based on this new tech-
nology. A conventional polarization detection system typically
includes many moving optical elements, e.g., polarizers, wave-
plates, polarization modulators, leading to large volume and high
cost.! In our measurement, no moving parts are involved. The
analyzer has a fixed transmission axis along the x-axis. Unlike the
polarization measurement based on the metasurface hologram
design,®%! our work is based on the integration of an axicon, a
vortex beam generator, and a defector.

To simultaneously measure the major axis, ellipticity and
handedness of an incident light with an unknown polarization
state, we design a compact metasurface device that can generate
multiple superpositions of ring OAM beams. The polarization
detection is based on two split ring patterns. The inner ring and
outer ring are used to detect the major axis and the ellipticity of
the incident polarization, respectively. By comparing the inten-
sities on the outer ring on both sides of the screen, one can de-
termine the handedness of the incident polarization. We choose
the superposition of |[L, #; = 1) and |R, £, = —1) for the inner
ring and that of |L, #; = 1) and |L, ¢, = 3) for the outer ring.
It is worth mentioning that |¢£,—¢,| does not need to be equal
to |£;—¢,|. We next quantify the performance of the device. The
axicon periods for the inner and outer rings are designed to be
d, = 6 ymand d, = 4 um, respectively.

Figure 5 shows the simulation and the experimental results
for the measurement of major axis of the polarization state. For
the inner ring, no gap is obtained without the analyzer due to
the uniform intensity distribution. For the outer ring, a dark gap
exists even without the aid of the analyzer. Simulation and ex-
perimental results without the analyzer are available in Section
S4 of the Supporting Information. If we place the analyzer in
front of the screen, a dark gap is observed in the inner ring. The
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double-headed arrow in the figure shows the major axis of the
incident polarization state. The diameters of the inner ring and
outer rings are 3.3 and 5.0 cm, respectively. The measured and
predicted major axes are given by the white double-headed arrows
in the experimental and simulation results, respectively. The ex-
istence of dim ring within the designed inner ring is due to the
weak coupling between the inner and outer ring OAM beams.
Detailed discussion is available in Section S6 of the Supporting
Information.

Figure 6 shows the simulation and the experimental results for
the measurement of ellipticity and handedness of the incident
polarization state. Here, we focus on the detailed change on the
outer ring. Although a pair of points on the two rings can work,
two symmetrically distributed points can facilitate analysis. To
minimize the measurement error, six symmetrically distributed
points marked by A and A’, B and B’, C and C’ on the outer rings
(shown in Figure 6a) are used to calculate the ellipticity of polar-
ized light. The ellipticity and handedness are determined by rise
and fall of intensities on the outer ring on both sides of the screen.
The intensities of the outer rings are the same for the incident LP
light beam since an LP beam contains the same components of
RCP and LCP. Finally, the ellipticities versus the incident polar-
ization (a function of ) are obtained, where f is the angle be-
tween the transmission axis of the linear polarizer with respect
to the horizontal direction. Good agreement is found between
the simulation results (black solid curve) and the experimental
measurements (triangles). In our approach, the spin—orbit inter-
action provided by the metasurface allows coupling from SAM to
OAM. It provides a fast and intuitive approach to visualize the po-
larization state of the incident based on the intensity difference
between two split ring patterns. As we discuss above, more accu-
rate polarization information can only be obtained based on the
precise measurement and detailed analysis.

5. Conclusion

In a word, we experimentally demonstrate compact metasur-
face devices to generate ring OAM beams and continuously con-
trol their superpositions. Each multifunctional device combines
the functionalities of an axicon, a vortex beam generator, and a

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. Experimentally measured and simulation results for the measurement of ellipticity and handedness of the incident polarization state. The fast
axis of QWP is fixed along the vertical direction. The experimental and simulation results for the superposition of ring OAM beams upon the illumination
of incident light with a) RCP, b) REP, c) LP, d) LEP, and e) LCP, which are generated by controlling the angle between the transmission axis of the linear
polarizer with respect to the horizontal direction. f) Experimentally measured ellipticities 5 versus B. f is the angle between the transmission axis
of a linear polarizer with respect to the horizontal direction. The solid curve and discreet triangles represent the simulation and experimental results,
respectively. Six symmetrically distributed points marked by A and A’, B and B’, C and C’ on the outer rings are used to extract the field intensity. Standard

Min e—

deviation error bars are added.

deflector onto a single device. By controlling the major axis, el-
lipticity and handedness of the polarization state of the incident
light, various superpositions of ring OAM beams are realized.
Good agreement between experimental and simulation results is
found in the polarization measurement. The compactness, mul-
tifunctionality, and robustness render this technology very attrac-
tive for polarization detection, optical tweezers, and quantum sci-
ence related applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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