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Generating Focused 3D Perfect Vortex Beams By Plasmonic

Metasurfaces

Yuchao Zhang, Weiwei Liu, Jie Gao,* and Xiaodong Yang*

Perfect vortex (PV) beams possessing annular intensity profiles independent
of topological charges promise significant advances in particle manipulation,
fiber communication, and quantum optics. The PV beam is typically gener-
ated from the Fourier transformation of the Bessel-Gauss beam. However,
the conventional method to produce PV beams requires a series of bulky
optical components, which greatly increases the system complexity and also
hinders the photonic device integration. Here, plasmonic metasurfaces made
of rectangular-hole nanoantennas as integrated beam converters are designed
and demonstrated to generate focused 3D PV beams in a broad wavelength
range, by combining the phase profiles of axicon, spiral phase plate, and Fou-
rier transform lens simultaneously based on the Pancharatnam—Berry phase.
It is demonstrated that the PV beam structures can be adjusted by varying
several control parameters in the metasurface design. Moreover, multiple PV
beams with arbitrary arrangement and topological charges are also produced.
These results have the promising potential for enabling new types of compact
optical devices for tailoring complex light beams and advancing metasurface-

from the Fourier transformation of the
Bessel-Gauss (BG) beam,['*14 by utilizing
a series of free-space bulky optical compo-
nents including axicon, spiral phase plate,
Fourier transform lens, and spatial light
modulator. This fact greatly increases the
optical system complexity and also hin-
ders the device integration in OAM-based
photonic circuits.

Recently, plasmonic metasurfaces made
of subwavelength nanoantenna arrays
in thin metallic films have provided a
powerful and efficient platform for
manipulating the intensity, wavefront, and
polarization of light beams beyond the dif-
fraction limit.?*?”] In contrast to the bulky
optical components with wavelength-
dependent phase shift based on optical
path difference, in the Pancharatnam-
Berry phase optical elements (PBOEs),

based functional integrated photonic chips.

1. Introduction

Optical vortex beams with helical wavefront carrying orbital
angular momentum (OAM) have drawn considerable atten-
tion in many exciting fields such as quantum information pro-
cessing,[13] optical trapping,**! and optical communications.[®7]
Since the ring radius of vortex intensity profile strongly
depends on the topological charge (TC), it is not easy to couple
multiple OAM beams simultaneously into single air-core fiber
used for multiplexed communications.®1% In order to solve
the above issue, perfect vortex (PV) beams have been proposed
to possess unchanged annular intensity profiles independent
of TCs.''"1l The PV beams have the same vortex ring radius
and beam divergence for different TCs, enabling their special
applications in particle manipulation,?”l plasmonic enhance-
ment,?!l optical communication,?>?}] quantum optics,*? and
laser manufacturing.®>! The PV beam is typically produced
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the PB phase in broadband operation

originating from the geometric phase

and accompanied polarization conversion
is introduced.?*34 The PBOE-based metasurfaces have been
widely designed for wavefront shaping applications in making
on-chip structured beam generators,>*! flat lenses,***
ultrathin wave plates,**? and holograms.l>>-’]

In this work, we present PBOE-based plasmonic metas-
urfaces made of rectangular-hole nanoantenna arrays as inte-
grated optical beam converters for the direct generation of the
focused 3D PV beams, without using bulky optical compo-
nents, such as axicon, lens, and spatial light modulator. The PB
phase profiles encoded on metasurfaces are uniquely designed
with the combined phase distributions of axicon, spiral phase
plate, and Fourier transform lens. The single ultrathin plas-
monic metasurface device with compact area of 50 um x 50 um
can create 3D PV beam in a long propagation distance and
operate in a broad wavelength range from 600 to 1000 nm,
which is useful in wavelength-multiplexed OAM-based optical
fiber communication. For comparison, the previously demon-
strated PB phase element system used to produce PV beams
contains three in-sequence metasurface plates with effi-
cient diameters 26 mm fabricated in glass boards, with the
single operating wavelength at 632.8 nm.¥] It is shown that
the obtained PV beams have the almost constant vortex ring
radius and the same beam divergence for different TCs. We
also demonstrate that the PV beam structures can be easily
adjusted by varying several control parameters in the metas-
urface design including axicon period, lens focal length, and
operation wavelength. Furthermore, multiple PV beams with
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arbitrary location arrangement and different TCs have also
been produced by superimposing the complex amplitudes of
several single PV beams propagating along different diffraction
angles. Our demonstrated results will enable new types of ultra-
compact optical devices for manipulating complex structured
beams, and also advance metasurface-based functional inte-
grated photonic chips.

2. Results and Discussion

As shown in Figure 1a, the plasmonic rectangular-hole nano-
antenna etched in a thin gold film on glass substrate is used
for the construction of PBOE-based anisotropic and inhomo-
geneous metasurfaces. The period of the unit cell is 330 nm,
the width and length of the rectangular hole is 60 and 200 nm
respectively, and the thickness of the gold film is 50 nm. The
rotation angle of the rectangular-hole antenna is defined by 6.
According to the PBOE principle, when the incident circularly
polarized beam normally transmits through the anisotropic
rectangular-hole antenna, the transmitted beam will contain
both the original spin component with no phase shift and the
converted spin component with the induced PB phase shift of
26. The desired phase profile is then obtained by arranging the

(a) (b)
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anisotropic rectangular-hole antennas with specified rotation
angles into a designed spatially inhomogeneous array. Figure 1b
gives the simulated transmission phase shifts for the trans-
mitted converted spin component from the rectangular-hole
antennas in different rotation angles. It can be seen that in the
broad wavelength range from 600 to 1000 nm, the phase shift
variations of the converted spin component for the rectangular-
hole antennas are twice as their rotation angles, which verifies
the broadband PB phase modulation with the rectangular-hole
antennas.

The simulated optical field |E| distributions of rectangular-
hole antennas under orthogonal polarizations with both linear
polarization basis (vertical and horizontal linear polarizations,
VLP and HLP) and circular polarization basis (left-handed and
right-handed circular polarizations, LCP and RCP) at 800 nm
is shown in Figure 1c, where strong polarization anisotropy is
observed. Figure 1d shows the fabricated homogeneous array
of rectangular-hole antennas etched by a focus ion beam (FIB)
system in a 50 nm thick-gold film on glass substrate with the
metasurface area of 50 um x 50 um. Next, the transmission
spectra are measured and simulated under both linear and
circular polarization basis. As plotted in Figure le, the trans-
mission spectra through rectangular-hole antennas under VLP
and HLP indicate a strong anisotropy in a broad wavelength
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Figure 1. a) Schematic of the unit cell design of the rectangular-hole antenna at rotation angle of 6. b) The transmission phase shift spectra of the unit
cell for the converted spin component at rotation angles of 0, 45°, 90°, 135°, and 180°. c) Simulated optical field |E] distributions of rectangular-hole
antennas under orthogonal polarizations at 800 nm. d) A SEM image of the fabricated rectangular-hole antenna array. e) Measured and simulated
transmission spectra under linear polarization basis, and the phase difference between HLP and VLP. f) Measured and simulated transmission spectra

and conversion efficiency spectra under circular polarization basis.
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range. Besides, the simulated phase difference between HLP
and VLP plotted in Figure le is around /2 near 800 nm, indi-
cating that the current PBOE design is close to a quarter-wave
plate and thus the polarization converted efficiency is around
50%, as shown in Figure 1f. For the transmission under cir-
cular polarization basis, the incident beam has LCP and the
total transmitted beam through the metasurface contains both
the LCP (original spin) component and the RCP (converted
spin) component. The original spin transmission is defined
as the intensity ratio between the transmitted LCP component
and the incident LCP beam, while the converted spin trans-
mission is defined as the intensity ratio between the converted
RCP component and the incident LCP beam. The polarization
conversion efficiency is defined as the intensity ratio between
the converted spin component and the total transmitted beam.
Figure 1f plots the measured and simulated spectra of original
spin transmission (LCP, green line), converted spin transmis-
sion (RCP, blue line), and conversion efficiency (CE, red line).
The observed maximum CE is around 55% near 800 nm, where
the plasmonic resonance occurs.

By rotating the rectangular-hole antenna inside the unit cell,
the transmitted PB phase shift of the converted spin compo-
nent can be obtained in broad bandwidth. The inhomogeneous
rectangular-hole antenna arrays are then designed to form
the PBOE-based plasmonic metasurfaces as integrated optical
beam converters for the direct generation of the focused 3D PV
beams in a broad wavelength range. The designed PB phase
profile @pg(x,y) encoded on the metasurface is a superposition
of the phase distributions of axicon, spiral phase plate, and
Fourier transform lens, as illustrated in Figure 2a. The rotation
angle 6(x,y) of the rectangular-hole antenna in each unit cell is

(a)
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then determined by 6(x,y) = @pp(x.y)/2. The PB phase profile is
defined by the following functions

P (%,¥) = Pascon (%,¥) + @ira (,¥) + Prens (%, ) (1)

Pusicon (%,y)=—270 % (2)

Dspiral (x,y) =1- arctan(%) (3)
-m(x* +y?)

(olens (xi Y) = (4)

Af

where x, y represent the position coordinates of the unit cell in
the specific column and row in the antenna array with respect
to the center of the array. Equation (2) defines an axicon phase
profile and d represents the axicon period which controls the
ring radius of the PV beam. Equation (3) represents the spiral
phase profile of an optical vortex with the parameter ! as the TC
of PV beam. Equation (4) introduces the phase profile of spher-
ical wave for a Fourier transform lens with the focal length of f,
and A is the operation wavelength.

Such combined unique phase distribution described in Equa-
tion (1) integrates the functionalities of axicon, spiral phase
plate, and lens at the same time so that the focused PV beam
can be directly produced through the metasurface. In our
design, the axicon periods d are chosen to be d = 8 and 4 pm,
and the TC parameters I =1, 3, 5, and 8 are considered. The focal

Figure 2. a) Generation steps for the phase profile of PV beam with d =4 um and [ = 3. b) SEM images of the fabricated metasurface sample.
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length of the Fourier transform lens is selected as f= 200 pm
at the wavelength of 633 nm. With the above selected control
parameters, there are eight metasurface samples that are fabri-
cated and characterized for the generation of PV beams. Figure
2a displays the designed phase profile with the parameters of
d=4um and | = 3, and the SEM images of the fabricated metas-
urface sample are shown in Figure 2b. The generation of focused
3D PV beams from the metasurface is then demonstrated. Figure
3a plots the schematic of experimental setup. The collimated
optical beam from a laser diode at the wavelength of 633, 808,
or 988 nm is first transmitted through a linear polarizer and a
quarter-wave plate to create a circularly polarized beam. Then a
pinhole with diameter of 500 pm is imaged upon the metasur-
face by a 10x objective lens with the pinhole imaging spot size of
100 um, which completely illuminates the metasurface area of 50
pm x 50 um. According to the imaging theory, the wavefront of
imaging spot is the same as the wavefront at the pinhole position,
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which is nearly a plane wave. In order to observe the generated
3D PV beams, a microscope imaging system including a 20x
objective lens, a 0.5x tube lens, and charge-coupled device (CCD)
camera is placed on a translation stage behind the metasurface for
recording the 3D beam structure. Another set of a quarter-wave
plate and a linear polarizer is used to select the converted spin.
The upper row in Figure 3D is the simulated optical inten-
sity distribution of 3D PV beam with parameters of d = 4 um
and I = 3 at 633 nm, by using the beam diffraction integration
method. The bottom row plots the measured cross-section
images of 3D PV beam. It is shown in both simulated and
experimental results that the circular intensity ring with side
lobes starts to evolve from a BG beam after the metasurface
and finally perfect annular intensity rings are formed at the
positions of z > 150 pm. As the PV beam further propagates in
the free space, the annular ring shape is maintained invariant
but the ring radius gets larger. In Figure 3b, the measured ring
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|

Tube lens :
- |

1 1
200 250
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Figure 3. a) Schematic of the experimental setup. b) Simulated and measured optical intensity distributions for the focused 3D PV beams. c¢) Measured
ring radius of PV beam versus the propagation distance z (circular points), and the fitted lines for measured data (solid lines).
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radius p of PV beam as a function of the propagation distance
at different wavelengths of 633, 808, and 988 nm is plotted for
metasurfaces with | = 3, d = 8 and 4 um, respectively. For the
PV beams generated by the conventional free-space approach
with a separate Fourier transform convex lens, the annular
ring radius at the image focal plane can be approximated as
p = AfjdV7! For the current focused 3D PV beams through
metasurface samples as shown in Figure 3D, the relationship
between the annular ring radius p and propagation distance z
is almost linear and the fitting function can be expressed as

277 1-0.3
p(z)—d+3.4(z—f)+400d_0.5 ©)
=1 I
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where the lens focal length is f= 200 pm and several constants
in the unit of micrometer are introduced for the optimized fit-
ting. The fitted lines are also plotted in Figure 3c. It can be seen
that the slope and p-intercept of the fitted line are determined
by both the wavelength A and axicon period d. The annular
ring radius p will also be changed linearly by varying the lens
focal length f. With such approximated linear fitting function,
the ring radius of 3D PV beam located at different propagation
distance and at different wavelength can be predicted, which is
useful in designing the propagation of multiple 3D PV beams.
In order to further demonstrate the broadband genera-
tion of PV beams with the metasurface, Figure 4 displays the
measured intensity distributions of PV beams at propagation

0 80-80 0 80

x(um)

80-80 O
X(um)

Figure 4. Measured intensity distributions of PV beams at propagation distance of z =200 um at three wavelengths of 633, 808, and 988 nm. From
left column to right column, the topological change [ is 1, 3, 5, 8. a,b) The intensity profiles at 633 nm for axicon period d = 8 and 4 um, respectively.

¢,d) The intensity profiles at 808 nm. e,f) The intensity profiles at 988 nm.
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Figure 5. a) Measured cross sections of annular intensity rings at 633 nm at propagation distance z = 200 um with axicon period d = 8 um (dashed
line) and 4 um (solid line). b) Measured cross sections of annular intensity rings for d = 4 um and | = 3 at the wavelength of 633 nm (red line),

808 nm (green line), and 988 nm (blue line).

distance of z = 200 um at three wavelengths of 633, 808, and
988 nm for the eight fabricated metasurface samples with dif-
ferent control parameters of TC | and axicon period d. It is
observed that at a certain wavelength, the annular ring radius
of PV beam is almost unchanged for different TCs under a
fixed axicon period. Also the ring radius is nearly doubled when
d is reduced from 8 to 4 um. The ring radius is also enlarged
as the wavelength is increased, as predicated in Figure 3b.
The observed annular intensity rings of PV beams have good
quality at all different wavelengths, indicating the broadband
operation capabilities of the metasurface. Next, the measured
cross sections of the annular intensity rings in different TCs
and at different wavelengths are compared to investigate the
properties of ring width and ring diameter. Figure 5a shows the
cross sections of annular intensity rings at 633 nm at propaga-
tion distance of z = 200 um, giving the relationship between
ring width and TC. It is observed that the ring radius of PV
beam is nearly the same but the ring width tends to broaden as

Adv. Optical Mater. 2018, 1701228
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TC is increased. Figure 5b gives the cross sections of annular
intensity rings at three wavelengths for d =4 pm and [ = 3. It
is shown that for the same metasurface sample, as the wave-
length is increased, the generated ring radius of PV beam will
get larger and the ring width will also tend to broaden. Figure 6
presents the captured interferometry patterns at z = 200 um
where the PV beams interfere with the reference spherical wave
at 633 nm. It is clearly seen that the continuous annular inten-
sity ring structure breaks into several spiral branches in the
interferometry patterns. The TCs of PV beams can be identified
by examining the number of spiral branches of the interferom-
etry patterns, as shown in Figure 6.

Recently, polarization-controllable multichannel superposi-
tions of OAM states with various TCs have been realized by
using a single PBOE-based metasurface.* In our case, the
single metasurface is designed to generate multiple 3D PV
beams. The 3D PV beam arrays support controllable vortex posi-
tions and multiple TCs, which are useful in OAM-multiplexing

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. The captured interferometry patterns at z = 200 um at 633 nm. From left column to right column, the TCis 1, 3, 5, and 8. a) The axicon

period is d =8 um. b) d =4 um.

communications. The phase profile for generating the PV
beam array are determined by superimposing the complex
amplitudes of different single PV beams and then calculating
the argument of the summation complex function.7-1944
The PB phase profile for one single PV beam is shown in
Equation (1). By introducing linear phase gradients along both
x and y directions with complex functions of exp (i27x/A,) and
exp (i2my/A,), where A, and A, are the phase fringe periods, the
PV beam will propagate along a certain diffraction angle off the
z direction. Each PV beam is designed to diffract along a spe-
cific angle in space so that the overall phase profile for assem-
bling the multiple PV beams together can be expressed as

(psum (X,Y) = arg {iexp |:i(¢PB,n + a, 217\1-_75 + 0, zl\ﬂjjl} (6)

n=1 x Y

where a, and b, are parameters with values of 0 or £ 1 to con-
trol the linear phase gradients along the x direction and the
y direction, respectively. In the design, the ring radius at propa-
gation distance z should be less than the spacing between two
adjacent PV annular intensity rings, which can be satisfied by
considering the PV beam shifts along x and y directions at
propagation distance z

Az

Sx= n' T
a 0)

Az

S, =b, - 2%
,=b 7 ®

Here, two multiple PV beam arrays are demonstrated at
633 nm and each of them consists four single PV beams, as
shown in Figure 7. For the first PV beam array in small ring
radius with the same axicon period d = 8 um, lens focal length
f=200 um, and A, = A, = 3 um shown in Figure 7a—d, the
parameters for each single PV beam are listed as follows,
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PV, (I=1,a,=1,b,=0), PV, (I=3,a,=-1,b,=0), PV; (I=5,2,=0,
b,=1), and PV, (=38, a, =0, b, = -1). The PB phase profile
to produce this PV beam array is shown in Figure 7a, and the
intensity distribution of the PV beam array at propagation dis-
tance z =200 pm is shown in Figure 7b. It is shown that the four
annular intensity rings with different TCs have the same ring
radius. And the center positions of four PV beams are located
at (42.2 um, 0), (—42.2 um, 0), (0, 42.2 um), and (0, —42.2 pm),
respectively, which agree with the beam position shifts (S,, S,)
calculated from Equations (7) and (8). For the second PV beam
array in large ring radius with d = 4 um, f = 200 um, and
A, =A, =2 pm shown in Figure 7e-h, the parameters for each
single PV beam are listed as follows, PV, (I=1,a,=1,b,=0), PV,
(I=3,a,=-1,b,=0), PV, (I=5,4,=0,b,=1),and PV, (I=8
a, =1, b, =-1). To avoid the spatial overlap between the neigh-
boring PV beams, the center positions of four PV beams are set
as (63.3 um, 0), (—63.3 um, 0), (0, 63.3 um), and (0, —63.3 um),
respectively. The corresponding PB phase profile and the inten-
sity distribution of the PV beam array at z = 200 pm are dis-
played in Figure 7e,f. In this case, the four annular intensity
rings have the same ring radius with large size. Furthermore,
the interferometry patterns are recorded at z = 200 um where
each PV beam array interferes with the reference plane wave
at 633 nm. Figure 7c,g shows original interferometry patterns
while Figure 7d,h shows the magnified patterns. The interfered
fork-shaped fringe patterns can be observed near the PV beam
centers, and the characteristic fork fringe number reflects the
TC of each PV beam as 1, 3, 5, and 8, which is coincident with
the beam array design.

3. Conclusion

In summary, we have proposed and demonstrated plasmonic
metasurfaces consisting of rectangular-hole antennas as inte-
grated beam converters to directly generate the focused 3D
PV beams and multiple PV beam arrays in a broad wave-
length range. The designed metasurface produces a unique

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a,e) The phase profiles to generate four PV beam arrays for d = 8 and 4 um, respectively. b,f) The intensity distributions of the generated PV
beam arrays at propagation distance z =200 um. c,g) The recorded interferometry patterns of the PV beam arrays. d,h) The magnified interferometry

patterns with fork-shaped fringes.

complex phase profile containing the superimposed phase
distributions of axicon, spiral phase plate, and Fourier trans-
form lens at the same time for the direct PV beam gen-
eration. This new type of compact PV beam generator will
find many potential applications in OAM- and wavelength-
multiplexed fiber communication, optical particle trapping
and transport, quantum optics and laser manufacturing, as
well as create new opportunities in building novel metas-
urface-based devices for structured light manipulation and
beam conversion.

4. Experimental Section

Numerical Simulations: The simulations shown in Figure 1 are
conducted by using the finite integration time domain solver of the
computer simulation technology (CST) Microwave Studio software. In
the simulation, periodic boundary conditions are employed along both
x and y directions in the rectangular-hole unit cell. The permittivity of
gold is taken from spectroscopic ellipsometry data fitted with a general
oscillator model, and the refractive index of glass substrate is 1.45. The
beam propagation in free space of the focused 3D PV beam shown in
Figure 3a is calculated by using the Fresnel-Kirchhoff diffraction integral

Aar)— nr’ ikr
cos(h,r) — cos (h,r )]e—dS

Uleya) =7 jSJU(xO,yO)[ ; ; ©

where U(xg,yo) is the complex amplitude distribution of PV beam located
at the z = 0 plane with surface area S and normal direction 7, r’ is the
vector between the source point and a point in the z = 0 plane, r is
the vector between the point in z = 0 plane, and a point in the plane
at the propagation distance z ranging from 50 to 500 um, and k = 27/
is the wavevector.

Sample Fabrication: A 50 nm thick gold film is deposited on a
glass substrate using electron-beam evaporation. Then the designed
rectangular-hole arrays are milled in the gold film using focused ion
beam (FIB) system (FEI Helios Nanolab 600, 30 kV, 9.7 pA). Each
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metasurface sample contains 150 x 150 unit cells, and each unit
cell contains a milled subwavelength rectangular hole with size of
200 nm x 60 nm at a specified orientation angle. According to the
designed PB phase profiles, the orientation angle for the rectangular-hole
antenna in each unit cell is determined and used in the FIB fabrication
of metasurface sample.

Optical Characterization: The transmission spectra through the
metasurface sample under linear polarization basis and circular
polarization basis shown in Figure 1 are measured with a collimated
broadband tungsten—halogen source, where a combination of a linear
polarizer and an achromatic quarter-wave plate are used to convert the
incident light to circularly polarized wave. The light beam is focused
normally onto the sample using a 50x objective lens and the transmitted
light is collected by another 10x objective lens to a spectrometer
(Horiba, iHR 550). Another set of a quarter-wave plate and a linear
polarizer is used to distinguish the original and converted circular
polarization state transmitted through the metasurface. A transparent
glass substrate is utilized to normalize the transmission spectra. Since
the metasurface sample operates in a broad wavelength range from
600 to 1000 nm, three diode lasers operating at different wavelengths
of 633, 808, and 988 nm are employed in the PV beam experiments.
The 3D beam structures of the generated PV beams are captured by a
microscope imaging system with a 20x objective lens, a 0.5x tube lens,
and CCD camera placed on a translation stage, as shown in Figure 3a.
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