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Abstract s

Beams mny—varying polarization states have been the topic of much interest recently
due to thﬁl ways in which they can interact with matter. Cylindrical vector beams
(CVBs) t the most commonly used type and feature cylindrically-symmetric
polarizati stributions. The optical systems employed thus far for their generation have

usually on able to produce a single CVB. To generate and observe multiple CVBs,
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bulky optical systems with stringent alignment tolerances have been needed. Here, we
demonstrate a method to generate an array of CVBs using a single optical element, namely a
transmiM dielectric metasurface. The incident light is split into an array of left and

right-handmly polarized vortex beams that superpose with a controllable phase

difference imentally demonstrate an array of CVBs with 12 channels over a broad
wavelcHythFaRge! Our method produces a significant increase in the number of polarization
channels d to previous reports and solves the long-standing challenge of unequal
intensity @on& We furthermore improve the flexibility of the vector field control by
not only ge ng CVBs of different orders but also controlling their polarization rotation.

Our meth ayfpave the way for applications in optical communications, laser machining,

and optical trapping.

S—

A meth erate an array of cylindrical vector beams (CVBs) using a single transmission-mode

dielectric metastfiace is proposed. An array of CVBs with 12 channels over a broad wavelength
range is demonstrated. The method produces a significant increase in the number of polarization
channels compared to previous reports and solves the long-standing challenge of unequal intensity

distributions.
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1. Introdu
Cylindrica @ beams (CVBs) represent solutions of Maxwell’s equations that have axial
symmefyy gidghoth amplitude and phase!"!. Unlike a Gaussian beam or a plane wave with a
spatially &mogeneous state of polarization, a CVB has a cylindrically symmetric
polarizatiogsdistgibution over its cross section. Its intensity distribution is doughnut-like, due
to the pom singularity in the center. Due to their unique polarization distributions,
CVBs hm‘d applications that include plasmon excitation®, imaging®!, optical
e

trapping' achining” and so on!®’. Methods for CVB generation employed thus far
can be broadly categorized as active and passive methods. The former usually involve the use

of an axialfy=bitefringent component (e.g. calcite crystal with its crystal axis along the

propagati<s direction of light) in a laser cavity!”. Such a cavity provides discrimination for

the cylind des, i.e. over the fundamental mode. This forces the system to oscillate in

the cylindri ode. Passive methods generally use devices with spatially-varying

polarization” properties (such as spatial light modulators, SLMs) to convert homogeneous

[8'9], or use few-mode fibers whose TEq; and TMy; modes

[10]

polariza into CV polarizations

are azi - and radially-polarized, respectively

Second metasurface

SN

Metasurface
Ta

«—— Incident light (Linearly polarized)

This article is protected by copyright. All rights reserved.

95U017 SUOWILLIOD aAITe8ID 3|qeal|dde ay) Aq peusenob afe sopie YO ‘8sn JO SajnJ Joj Aleig 1 8uljuO A8|1M UO (SUONIPUOD-pUe-SWB)WO0Y" A3 |1 AeIq U UO//SANY) SUONIPUOD PUe SWB | 8Y) 89S *[£202/20/9T] uo Arigiauliuo Aojim ‘suinogp I JO ASAIUN 8Y L Ag 902002202 10d1/200T 0T/10p/wod A3 1M Arelq 1 euluo//sdny wolj pepeojumod ‘0T ‘2202 ‘6688£98T



Figure 1 Schematic illustration of metasurface-based CVBs generation. Incident beam
illuminates amorphous silicon (a-Si) metasurface on glass substrate. Transmitted light
containw CVBs, e.g. on different diffraction orders. Two metasurface types are
demonstr is work. In the first, seven CVB channels of the same order are generated.
In the sem are 13 diffraction orders in total. The 0™ order is linearly polarized,

howevdE. THESA@ans that only 12 CVBs are produced.

The active and jpassive methods described above each generally produce one CVB type at a
Gove, there is growing interest concerning systems that can simultaneously

generate \

time. As ng@ted
i CVBs. Such devices could benefit many applications. They could for
e

example e number of channels to be boosted in vector beam-based, high speed free-

space opthunication systems!''!. Similarly, for low power optical trapping systems
s, the number of trapping channels could be increased without additional
optical eE‘]. In recent years, researchers have expended much effort on the

ch systems. In 2017, Rosales-Guzman et al''*! used an SLM to split an

with vect

developm

incident mto many orders, modulate its phase, amplitude and shape, and then
e

recombine the'@fders with an optical system, thereby generating multiple vector beams. Tang
et all"! uscd an SLM to split the incident light. An azimuthally-varying geometric phase
element w. d at the image plane of the SLM in a 4-f system. The different diffraction
orders through the center of the phase element and were transformed into vector

vortex beims of the same order. Although these works successfully demonstrated the

generatio iple vector beams, they were implemented in systems with large footprints.

This was @ they were traditional optical systems employing bulk optical components
such as bed ters, waveplates, and lenses.

The past gcade has witnessed fast progress in metasurface development!*?®! which has
resulteWrchers investigating the generation of CVBs with metasurfaces”’>%.

However, orks have been single channel devices, or multiple channels carrying the
same CV we briefly review recent works on metasurface-based multichannel CVB
generation. t al®’! proposed a multi-channel, angular multiplexing CVB generation

metho vortex beams with different topological charges were realized in separate

channels with a Single reflective-type plasmonic metasurface. Wang et al®*! used a metalens
to generate LCP and RCP focused OAM beam arrays that in turn produced multiple focused

CVBs when recombined. While these two works successfully demonstrate CVB array
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generation, only four channels are realized since only the phase functions of the complex
OAM hologram are used, which leads to uneven power distribution among the channels when
furthethhe channel number”). Jiang et al®*”! used multi-layered metasurfaces to
simultanem1 the complex amplitude of the LCP and RCP components. When

recombin rm the CVB array. This demonstration however was performed at

microwdvEsFggencies because the complexity of the unit cell made fabrication infeasible for

visible or &operation.

Here, we @rate the generation of multiple CVBs with a single dielectric metasurface.
This avomeed for bulky optical systems with stringent alignment tolerances and

provides dvantages in comparison with previous works. The metasurface generates

LCP and ex beam arrays. These recombine to form multiple CVBs with different
polarizati stftbutions (Figure 1). This approach makes use of the diffraction direction-
related p rence between the LCP and RCP vortex beams, i.e. the desired CVBs are
produced opriate choice of the propagation directions of the different orders. The
number o generated is determined by the Dammann grating factor within the phase
profile of asurface. This can be extended at will and solves the problems of limited
channe uncqual power distributions of the previous works. The geometric phase we use
here, as w e phase difference between the RCP and LCP vortex beams at a given
order, elength-independent, which makes the metasurface applicable for a broad

wavelengt! range. In addition, this approach provides much flexibility on how to control

W
fabricated thi standard deposition, lithography and processes, making them suitable for

numerousg app!lcations at visible and near infrared wavelengths.

2. Resuw

Here we mission-type geometric metasurfaces as schematically shown in Figures 1
and 2a. E

vector fie se it allows us to not only generate CVBs of different orders but also to

control t ization rotation. Our metasurfaces comprise a-Si on glass, which can be

urface comprises a-Si nanopillars on a glass substrate. Each nanopillar can

be regarded n anisotropic scatterer that modulates the complex amplitude of the

t along its long and short axes differently. As result, when a nanopillar is
illuminated by R€CP (LCP) incident light, part of the transmitted light has helicity opposite to
that of the incident light, i.e., to LCP (RCP), and carries geometric phases of +26(-26), where

0 represents the orientation of the nanopillar. One can therefore readily encode a desired
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phase profile in an array of nanopillars, each having the same geometry but with a different

orientation.

(a)

(c)

_-—NN=\ 7

Figure tic illustration of CVB generation with metasurface. (a) Schematic of

metasurface ell, comprising a-Si nanopillar (height /) on glass substrate. Nanopillars are
arrang e lattice (lattice constant p). Width, length and orientation of nanopillar are
denoted by w, / and 60, respectively. (b) Schematic illustration of process by which phase
profiles Q&End &, are generated. (c¢) @; and @, are encoded onto geometric metasurfaces

MSI1 and MS@grespectively, which are then interleaved to form MS3. (d) Schematic of

diffractio hat carry CVBs. T to T3 represent the -3 to +3 diffraction orders on the
top half o servation plane. Similarly, B3 to B3 represent the orders on the bottom
half of tion plane.

The des1gl principle for our metasurface is as follows. As shown in Figure 2b, the phase

profile of @; is clipsen to be as follows:

D=1+ ¢p T 9y (D)
Where ﬁal phase profile with a topological charge of /. ¢p denotes the phase profile

of a Damm ating, which splits and diverts the incident light to the desired diffraction
orders with certain intensity distribution. Dammann gratings are phase-only gratings, i.e.,
they are transparent and provide negligible amplitude modulation. There are only two phase

values within each period. The phase distribution is determined by the function that the
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grating is designed for, such as the number of diffraction orders and the power distribution
among them. As shown in Figure 2b, we have two phase steps of 0 and © within each period
D;. TWammann grating is fabricated by etching a transparent dielectric substrate,
where them controls the phase value. Rather than doing this, we here control the

phase val oncept of geometric phase. Details concerning the Dammann grating
design @cEREESH Supplementary Note 1. ¢, provides a phase gradient along the y-direction,

with the p ing linearly from 0 to 2z within a period D,.

The phass@@l is encoded onto the geometric metasurface MS1 (Figure 2c, blue color).

When the jacidemt light is RCP, the LCP light transmitted by MS1 will carry the geometric

phase prom

array of L beams is generated with a topological charge of / (here denoted as |L, 1))

and deﬂeﬂ/’

we show Eders. The relationship between propagation directions of these orders and
s

ue to synergy between the three terms comprising @; in Equation (1), an
e T3~ Ty3 orders as shown in Figure 2d, where for illustration purposes

the value D») is given in Supplementary Note 2. When the incident light is LCP, the

phase promhe RCP light transmitted by MSI1 is -@; due to the inherent property of

geometric as mentioned in the beginning of this section). Therefore, seven |R, —I)

beams e diverted to B3 ~ B3 orders.

The ph or &, (Figure 2b) is chosen to be as follows:

D= g1+ ¢p - 9g (2)
We enco<s @, onto the geometric metasurface MS2 (Figure 2c¢, green color). When the
incident lighimigeRCP, seven beams with |L, [) are deflected to B3 ~ B3 channels because the
prefactor Eq. (2) has opposite sign to that of Eq. (1). Similarly, when the incident

light is LC |R, —1) beams are sent to T_3 ~ T3 channels.

In the , we merge MS1 and MS2 to form a new metasurface MS3 by selecting odd
rows im even rows in MS2, and then interleaving them with displacement Ds
(Figure 2c). We

w consider the case when the incident light is linearly polarized and thus
has LCP an components of equal strength. Consider the T.3~ T+3 channels. Each has
nd an |R, —1) beam generated by the blue and green nanorods, respectively,
which then ose to form a CVB. Due to the displacement D3 between the blue and green
nanorods, the phase difference J between the |L, [) beam and the |R, —[) beam is non-zero,
except for the Ty channel. Seven vector beam channels are therefore simultaneously

generated in the top half of the observation zone (y' > 0 in Figure 2d). Next we consider the
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B3 ~ B.s channels. The blue and green nanorods generate |R, —I) beam and |L, ) beam,
respectively, but with a phase difference of — J. As a result, another seven CVBs will be

generatw B3 channels in the bottom half of the observation zone. The relationship

between e of 0 and the design parameters of the metasurface is provided in
Suppleme .

N
We fabrit!te our metasurface as follows. A-Si is deposited onto a glass substrate to a

thickness of 5@ nm by plasma-enhanced chemical vapor deposition (PECVD). Electron
beam lith@(Vistec EPBG5000+), chrome (Cr) evaporation (30 nm thick) and the lift-
off procesggingdimnethylacetamide are then performed. This yields an a-Si film on the glass
substrate mr hard mask. We next perform inductively-coupled reactive ion etching
(ICP-RIE, Instruments Plasmalab 100, SFs:C4Fg= 40sccm:90sccm) to transfer the
pattern frﬁr mask to the a-Si. The Cr mask is then removed with Cr etchant. This
yields an ﬂnanopillars, each with length ~220 nm, width ~80 nm and height ~505 nm.

The pixel xed at 300 nm. The metasurface has an overall extent of 600 pm x 600 um.

For our @surface, we choose /=-1 for simplicity, and demonstrate its ability to

genera ams of the same order but with varying rotation angles. It is well known
that a radia arized beam can be generated if |L, —1) superposes with |R, 1), provided
that o i design our metasurface so that ¢ takes values of -m, -2n/3, -n/3, n/3, 2n/3

and n for Ts, T,, T., T+, Ts2 and T3 channels. The polarization distribution of these

channels (ﬁ be regarded as a radially polarized light that is rotated by 0/2. The polarizations
of channels BBeggto B+3 are the same as those of channels Ts3 to T3, respectively. A discussion
(includinic illustration) of the designed polarization distributions of the channels is
providefiﬁementary Note 4. We next perform experiments to characterize the CVBs

generated By the metasurface. The experimental setup we use to characterize the CVBs and

scanninmmicroscopy images of the metasurface are shown in Supplementary Note 5.

A collim diode (A=635 nm) is used as the light source. Linearly polarized light
illuminate tasurface at normal incidence. The generated CVBs are analyzed with a
rotating polaci@e® Images of the light field that passes through the polarizer are captured with

ed device (CCD) camera. When the transmission direction of the polarizer is
along 6, the intenSity of the beam in areas whose local polarization is along 8 + 90° drops to
zero, i.e. dark nodes can be observed. The experimentally-obtained charge coupled device

(CCD) images of the different channels for different analyzer directions are shown in Figure
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3. In Supplementary Note 6 we show the desired results, i.e., the images we expect to be
produced when the CVBs pass through the analyzer. Comparison between Figure 3 and
SuppleMte 6 demonstrates that our experiments achieve the desired polarization
states. Th igation of the CVBs changes gradually from the -3™ to +3™ channels, which
is due tomtion-direction related phase difference 0 between the LCP and RCP
compofenfS™ {§® cver, if we can independently control the complex amplitude (not just

phase) of h and RCP beams, it is possible to control the CVB states arbitrarily since

we can en@itrary o0 value to a given channel.
Ts T, T, To Ty T, T B.; B., B, B B,, B, B

' INEEEEE BNEERRN
4 1

Figure 3 Ex ental results obtained with the first metasurface design at a wavelength of
A=635 ouble-headed black arrows represent the transmission direction of the

analyzing polarizer.

I

To show the versatility of this approach, we next produce a second metasurface that generates

CVBs of d orders. We first design @;'that generates 13 LCP OAM beams located at

the -6 to 6 "diffraction orders in the top half of the observation zone, namely T.¢ ~ T+. The

topological charge of the /™ order is -/. Similarly, we choose @,’to generate 13 RCP OAM

th

th

beams in the -6 gto 6™ diffraction orders in the top half of the observation zone, where the

™ order is /. Details of the design process can be found in

topological charge of the
Supplementary Note 7. We then interleave MS1 and MS2 to form MS3 (Figure 2¢) with D3 =

0. The desire olarization distributions of the CVBs of this metasurface are shown

in Supplementary Note 8. We fabricate and test this metasurface using the
same process experimental set-up we use for the first metasurface. The experimental
results, i.e. CCD camera images of the generated CVBs are they pass through an analyzing
polarizer, are shown in Figure 4. In Supplementary Note 9, we provide simulated patterns, i.e.

the images that would result from passing the desired CVBs through the analyzing polarizer.
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It can be seen that the experimental results are in good agreement with the simulations. This
confirms that the second metasurface produces the desired CVB array. We also note the
followiang property. Let us observe the evolution of the patterns in each column of
Figure 4 are different columns. It can be seen that the rotation speed of the patterns
in the ﬁr:& order is / times faster than that in the /" order. For example, the pattern

in T.; dHafREMFS®tcs by 45° as we go from the 1% row to the 2™ row in Figure 4, but rotates

by 22.5° annel. This can be understood as follows. In the first diffraction orders (T-
1, T4, B-lm channels), the polarization direction rotates by 2m when one traverses one
rotation aro e central axis. This can be seen from Figure S4 of the Supplementary Note

8. From tffis Mfigllie, it can also be seen that for the / diffraction orders, the polarization

S

direction rotates by / x 2m when traversing one rotation. This produces the aforementioned

N
|
/

Figure 4 Mentally obtained CCD images to verify the polarization distribution of the
CVBs. Hefle we have 13 channels in the top half of the observation zone and 12 of them carry
CVBs excgpt for Ty. The other 13 channels in the bottom half of the observation zone are not

shown sin€e they are the same with the top channels due to their symmetrical positions.

We now : the efficiency of the metasurface. This is defined as the power in all the
g all the top channels and the bottom channels) divided by that of the

channels
To measure the efficiency, the spot size of the laser beam impinging on the
metasurface is reduced by a lens (f'= 20 cm) so that it is smaller than the metasurface extent.
The powers of the incident light and diffraction orders are measured by a power meter

(Thorlabs PM100D). The measured efficiency is 21.6% for the first metasurface and 11.8%
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for the second metasurface at A = 635 nm. The mean value and the standard deviation of the
power among different orders are measured to be 13.34 uW/0.53 uW for the first
metasurM.% uW /0.64 uW for the second metasurface.

nat the diffraction angles of an ordinary grating change with the wavelength
of the iaci t. This also occurs with our metasurfaces for the same reason. However, in
our approfich, the phase profile of the generated OAM beams and the phase difference o
between f%and RCP OAM beams are constant, i.e. do not vary with wavelength. Our
metasurfaggs argdtherefore broadband and can generate the same orthogonal vector beams
regardless incident wavelength. To verify this point, we experimentally obtain images
using lasewa variety of wavelengths (450 nm, 532 nm and 780 nm). The results are

shown in lementary Note 10.

U

b5 bal ~34 b

hor Man
v

Fi esentation of the vector fields in the high order Poincaré sphere (HOP).

Let us no* consider the polarization states generated by the metasurfaces in more detail. It is
well known thatiithe polarization state of a beam can be represented by a point on the

Poincaré sphereg

lowever, this is only applicable for homogeneous planar waves. For CVBs,
it is co qﬁ to adopt the concept of the high order Poincaré sphere (HOP). The two poles
of the HOP rcpPlesent two vortex beams with orthogonal circular polarization and different
topological charges, and a CVB can be represented by a point on the surface of HOP. For the
first metasurface (Figure 3), these states can be represented by points al-a6 on the surface of

[13, 40]

the high-order Poincaré sphere if its north and south poles represent |R, 1) and |L, —1),
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respectively (Figure 5). The points al-a6 on the HOP represent the CVBs resulting from the
superposition of |L, —1) and |R, 1) with phase differences J of 0, /3, 2n/3, m, -2n/3 and -7/3,
respectiwhus have the following. Point al correspond to Ty and By channels, a2: T+
and B ¢ a3: T+, and B.; channels, a4: T.s, T3, B3, B3 channels, a5: T, and B+,
channels,mand B channels. If we rotate the incident linearly polarized light with a
half-wd¥e ®he phase difference 6 between the LCP and RCP components of the incident
light is E The CVBs generated by the first metasurface will thus be rotated. This
changes t@ude of points al~a6 by rotating them around the S3 axis, e.g., to bl~b6.
Now consi at happens if the phase difference 6 between the LCP and RCP components
1s unchan, ufithe ratio # between the incident LCP and RCP is modified. The longitude
of points al~a6 remain the same, but their latitudes will be modified from the equator to the
southern hemispliere, (e.g. cl~c6) if #>1, and to the northern hemisphere of the HOP (e.g.
d1~d6) if the second metasurface (Figure 4), we have zero horizontal displacement
(D5s=0) befween the two types of nanorods, and therefore we have 0=0 for all the generated
CVB:s. For le, the T:¢ and B channels of the second metasurface can be represented
by the al oi the north and south poles of the HOP are |R,+6> and |L,-6>, respectively.
Similaﬁap CVBs of other channels to al (6=0) on different types of HOPs.

3. Conclusi

We ha ated a method to generate multiple CVBs with different polarization states
through a gingle metasurface. Since the LCP/RCP vortex beam array generation, polarization
rotation an;position are achieved by the same metasurface, bulky optical systems with
tight alig @ erances are avoided. We thus achieve a significant reduction in the size and
complexity“@f§¥stems needed for CVB generation. Each metasurface can generate CVBs

over a brss wavelength range, due to its geometric phase profile and the phase difference

betwee P and RCP vortex beams being inherently wavelength-independent. The
orders MS, the rotation angles of the CVBs, and the number of channels in the CVB
array can my altered by the design of the metasurface. The positions of the CVBs on
the HOPs ¢

We antigi

ynamically changed by tuning the polarization states of the incident light.

at the proposed device could broaden the application scope of CVBs.
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