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Compact Generation of Airy Beams with

C-Aperture Metasurface

Eui-Young Song, Gun-Yeal Lee, Hyeonsoo Park, Kyookeun Lee, Joonsoo Kim,
Jongwoo Hong, Hwi Kim, and Byoungho Lee*

A novel method to launch finite power Airy beams based on a metasurface
is presented. By tailoring the amplitude and phase of the transmitted fields
from a metallic C-aperture array, launching Airy beams is achieved in free
space. The amplitude and phase of the Airy beam profile can be mapped

and tailored by tuning only the tilt angles of the aperture. This structure has
multifrequency characteristics, which facilitates Airy beam steering because
the trajectory of Airy beams is dependent on the wavelength. In addition, the
design method can generate Airy beams which have a very compact main
lobe (=2 pm). Computational and experimental results show that proposed
metasurface can overcome some limitations of the traditional methods to
generate Airy beams. The results can be used for potential applications in
integrated optics, beam shaping, biosensing, and next-generation holography.

1. Introduction

In 1978, Berry and Balazs first predicted the nonspreading wave
packet from the Schrédinger equation in quantum mechanics
for a free particle.ll This wave packet is a nontrivial solution
of the Schrédinger equation by exploiting the formal analogy
between the free-particle Schrédinger equation and the paraxial
equation of diffraction. The remarkable features of the Airy
packet are nonspreading, freely accelerating, and self-healing
ability. In 2007, optical version of the Airy wave packet, called
Airy beams, was investigated and observed experimentally by
introducing finite-energy Airy beams.>3l Although the gener-
ated beam is not ideal Airy packet, the beam still showed all the
interesting characteristics of ideal Airy packet: nondiffraction,
free-acceleration, and self-healing.

Over the years, Airy waves were generated by various ways
including spatial light modulator (SLM),*-l specially designed
lens system,”# nonlinear method,®'! electron,'” plasma,™!
liquid crystal,'l surface grating,['*! subwavelength slit arrays,'®!
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and surface plasmons.['’2% Some of these
reports showed that the Airy beams can
be generated and actively controlled. For
example, ballistic motion of Airy beams
was controlled using SLM.M In addition,
polarization-controllable Airy beams using
liquid crystal mask have also been pro-
posed.'* However, microsize pixels of the
SLM or liquid crystal restrict the design of
Airy beams because these require bulky
optical system and limit the application
for small-scale or integrated beam-shaping
devices. Nonlinear generation and manip-
ulation of Airy beams also suffers from
long crystal length for making sufficient
nonlinear effect.

Recently, bulky optical components
have started to be replaced by ultrathin and planar elements
called metasurfaces. Metasurface is defined as the artificially
designed 2D structure which can be made of arrays of sub-
wavelength scatterers for arbitrary tuning the characteristics
of electromagnetic waves. The scatterers of metasurfaces have
a variety of forms such as nanoparticles, apertures, and slits
inscribed on the metallic films. Being as thin as only a fraction
of the wavelength, the metasurface can change the wavefront of
light abruptly. Furthermore, the size of unit cell in metasurface
is much less than the wavelength which is an important dif-
ference between metasurfaces and conventional optical devices
using SLM or liquid crystal. Several metasurfaces were intro-
duced which can modify the wavefront of light by altering its
phase, amplitude, and polarization in a desired manner.[21-40

In this context, metasurfaces may open new ways to gen-
erate and control of Airy beams for compact, integrated optical
systems. Recently, multifunctional optical beam shapers based
on plasmonic metasurfaces were introduced.*! Local polariza-
tion and wavelength selectivity of metasurfaces were combined
with methods of computer-generated holograms for phase
and amplitude modulation. This method successfully dem-
onstrated switching between 1D Airy and Gaussian beams,
Hermite-Gaussian beams of different orders, and 2D Airy
and Bessel beams. Very recently, second-harmonic Airy beams
with tailored beam profiles using nonlinear metasurfaces were
introduced.!! By tuning both the phase and the amplitude of
quadratic nonlinear coefficient locally using computer-gener-
ated holograms, nonlinear beam shaping was facilitated. In
addition, Airy beam shaping metasurface which consists of the
metal nanorods was proposed.[*?l This method used a change
of length of the nanorod to control the amplitude of light, and
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Figure 1. a) Schematics diagram of a proposed unit cell for generation of
Airy beam. b) Electric field distribution (E,) when x-polarized plane wave
is backside illuminated.

used an orientation angle of the nanorod to control the phase
of light. However, it has a limitation that it only operates on
specific and single wavelength because the modulation map is
changed by incident wavelength.

In this paper, a novel method for generating and steering of
Airy beams based on linear optical metasurface is proposed.
To accomplish this, we used C-aperture arrays in which each
C-aperture has its own tilt angle. The amplitude and phase of
Airy beam profile can be mapped and tailored by tuning only
the tilt angles of the C-apertures. Furthermore, the metasur-
face has multifrequency characteristic in optical regime. This
facilitates steering of Airy beams by tuning the wavelength of
incident light because the trajectory of Airy beams is a para-
bolic curve whose curvature is dependent on the wavelength. In
comparison to previous approaches for generating and control-
ling Airy beams, our designing method shows many important
merits—ultrathin subwavelength pixel size for compact system,
multifrequency characteristic, simple design strategy, and
linear optical devices which means that this method is more
energy efficient than nonlinear metasurface method. To the
best of our knowledge, it is the first realization of Airy beams
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having both multifrequency and compact (the size of main
lobe: =2 um) characteristics.

2. C-Aperture based Metasurface for Generation
of Airy Beam

A schematic diagram of the proposed unit cell for generation
of Airy beam is shown in Figure 1a. Au film with thickness ¢
is deposited on the glass substrate. C-pattern is inscribed on
the Au layer with tilt angle 6 about x-axis. The subwavelength
periods of this unit cell are P, and P, along x and y direction,
respectively. When x-polarized plane wave is backside illumi-
nated onto a C-aperture array which has tilt angle 6, the wave-
front of transmitted y-polarized light is quasi-plane wave as
shown in Figure 1b. In addition, its absolute amplitude and
phase profiles can be tuned by the tilt angle 0 of C-apertures.

Figure 2a,b shows the changes in the relative amplitude and
phase of the transmitted y-polarized light at 5 pm away from
the top of C-aperture. The periods (P, = P, = 400 nm), thick-
ness of Au film (¢ = 150 nm), width, and diameter of C-aperture
(w =80 nm and I = 240 nm) are carefully chosen for experi-
mental consideration. In Figure 2a, blue curves are four nor-
malized amplitude profiles with A = 800, 900, 1000, and
1100 nm which coincide with each other. These blue curves
can be approximated as proportional to sin(26). Figure 2b
shows that the phase values of modulated waves are separated
by two segments with values near 0 and near n. The devia-
tions from the exact 0 and 7 get larger as the wavelength gets
shorter. In engineering perspective, however, we could approxi-
mate the two segments as values of exact 0 and 7 because the
maximum deviation is below 10%. By Babinet principle, these
amplitude and phase profiles can be explained in similar ways
with V-, C-shaped antennas.*>*] We concluded that proposed
aperture scatterers show higher energy efficiency than antenna
scatterers in our interest range as shown in Part A in the Sup-
porting Information.

In Figure 3a—d, y-polarized electric field distributions are
shown 20 nm above the C-aperture at selected tilt angles 6.
At 0 = 0°, an antisymmetric mode about axis of C-aperture is
generated. Because this antisymmetric mode is canceled out
in far-field region, this explains the dark state at 6 = 0° in
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Figure 2. a) Relative amplitude of the transmitted y-polarized light at 5 um away from the top of C-aperture. b) Phase of the transmitted y-polarized

light at 5 um away from the top of C-aperture.
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Figure 3. Cross polarized electric field distributions at 20 nm above the
C-aperture for a) 6=0°,b) 6=90°, c) 6=-45° and d) 6 =45°.

Figure 2a. At 6 = 90°, another antisymmetric mode is gener-
ated, which explains the dark state at 6 = 90° in the same
way at 6 = 0°. At the intermediate state like Figure 3c,d, these
two antisymmetric modes simultaneously contribute to the
electric field distributions which break antisymmetric distri-
bution of electric field. Because this tendency is robust in the
wavelength range of our interest (from A = 800 to 1100 nm),
the proposed metasurface can be used in multifrequency
design.

3. Design of Metasurface for Generation
of Airy Beams

We now describe the method of designing metasurface for
generating Airy beams. The profile of 1D Airy beam can be
expressed as

s ol

The function Airy is an Airy function, x, is a half width of
main lobe, and a is a parameter to obtain Airy beam with finite
power. The envelope of the Airy packet represents an oscil-
lating function with alternating positive maxima and negative
minima. Therefore, the phase distribution of the Airy function
shows alternating segments with values of 0 and 7. Proposed
unit cell in the previous section can encode the Airy beam pro-
file by sampling Equation (1). Because Equation (1) is 1D equa-
tion related with x, the tilt angles of unit cell along y-direction
at the same x is identical. Figure 4 shows the 1D Airy beam
profile and its locations of unit cells. At some selected loca-
tion, a C-aperture with a specific tilt angle was plotted. The
parameters of Equation (1) were selected as x, = 1200 nm
and a = 0.05. The sampling range is from —20 to 4 um. The
number of samples is 61, which determines the period of unit
cell as 400 nm.
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Figure 4. 1D Airy beam profile. The locations of unit cells are marked as “+.”
At some selected unit cells, apertures with specific tilt angles were plotted.

There are various points to be considered in designing
metasurface. First of all, sampling periods P, and P, must be
shorter than the operating wavelength to avoid a generation of
unexpected diffraction effects. Second, the lower limit of the
sampling period is determined by the resolution limit in fab-
rication although shorter period of sampling guarantees more
accurate results. Attachment of neighboring two apertures is
another point to consider. Nyquist-Shannon sampling theorem
is another limitation which says that more than two samples
should be sampled from the one period of the highest fre-
quency component of the desired signal.

After determining the appropriate dimension of the C-aper-
ture and the sampling period with the abovementioned criteria,
tilt angles are determined by using Figure 2. Finally, the appro-
priate shape of the C-aperture array for Airy beam generation
is obtained. As long as the restricted aperture size is realistic in
fabrication, it is possible to generate Airy beams with the pro-
posed workflow.

4. Compact and Multifrequency Generation
of Airy Beams

To verify the validity of the aforementioned design process, we
provide some simulations first. To simulate the intensity dis-
tribution of the generated 1D Airy beams, a commercial tool
(CST Microwave Studio 2016) was employed. The numerical
simulations for free space wavelength A = 750, 800, 900, and
1000 nm are presented in Figure 5a—d.

Simulation results of the four curves are in good agreement
with the blue dashed curves, which are the targeted trajectories
of main lobe. Small deviations from the blue dashed curves
in the figures are evident as the Airy beams propagate along
z axis. We conclude that this small mismatch originates from
the finite number of unit cells, which causes the Airy lobes
to spread out. This restricts the range of the SPP curves that
exactly follow the blue dashed curves. In order to accelerate the
Airy lobe more rapidly, it is necessary to substitute the Airy pro-
files with unit cells on more broad range. In Figure 5a, the side
lobes show interference in medium range. This is due to devia-
tion from ideal Airy beam profile as shown in Figure 2 which
generates multiple beams at unit cells.
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Figure 5. Numerical simulation results for the 1D Airy beams for the
free space wavelength a) A = 750 nm, b) A =800 nm, c) A =900 nm,
and d) A =1000 nm. Blue dashed curves are the targeted trajectories of
main lobe.

The multifrequency characteristic of our scheme is an
inherent attribution. Because amplitude and phase profile of
transmission have approximately constant tendency in the
wavelength range of our interest (from A = 800 to 1100 nm),
we can generate Airy beams with various frequencies on the
same structure. This is not the case in many Airy beam genera-
tors!1°-203641] because these structures are dependent on wave-
length which can generate Airy beam with only one frequency
on the same structure. This multifrequency characteristic can
be applied to all-optical control of the deflection of Airy beams
by relying on the frequency change.

5. Experiment of 2D Airy Beams

To verify the simulation results, we provide some experimental
results. The design procedure is identical with that of 1D Airy
beams. The profile of 2D Airy beams is as follows which is 2D
version of Equation (1)

f(x)zAiry(xio)Airy(;—o)exp(ax%)exp(aylo) (2)

The parameters of Equation (2) were selected as
%o = 1200 nm, y, = 1200 nm, and a = 0.05. The unit cells range
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Figure 6. a) FE-SEM images of fabricated sample for 2D Airy beam gen-
eration. b) Experimental setup for cross polarized light measurement.

is from —14 to 4 um for x and y directions. The number of unit
cells is 46 by 46, which determines the period of unit cells as
400 nm along x and y directions.

For sample fabrication, an Au layer with a thickness of
150 nm was evaporated on a fused silica wafer (MUHAN,
MHS-1800). Then each C-pattern was inscribed on the Au
layer using a focused ion beam (FIB) (FEI, Helios 650).
Figure 6a shows the field-enhanced scanning electron micro-
scope (FE-SEM) images of the fabricated sample for generation
of Airy beams. According to the image, it is possible to con-
firm that the size of the fabricated C-pattern is smaller than the
unit cells period. The sample was then illuminated from the
bottom by the laser with the free-space wavelength of A = 800
and 976 nm. The incident light on the sample was polarized
with x-direction by linear polarizer. A polarimeter for an
infrared source (Thorlabs, PAN5710IR) was used to tune the
polarization state of the incident light. By using the oppositely
directional polarizer, transmitted light was cross-polarized with
y-direction and the generated Airy beam intensity distribution
was measured by a charge-coupled device (CCD) camera. Here,
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Figure 7. Analytical and experimental results for z = 0, 40, 80, and 120 um at wavelength
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Figure 8. Analytical and experimental results for z = 0, 40, 80, and 120 um at wavelength

A=976 nm.

a polarizer with high extinction ratio (>100 000:1) was used to
reduce the tolerance about the polarization. The experimental
setup is shown in Figure 6b.

The experimental results for the 2D Airy beams are pre-
sented in Figures 7 and 8. In these figures, analytical and
experimental results for z = 0, 40, 80, and 120 um, at wave-
lengths A = 800 and 976 nm were plotted. Experimental results
show some deviation from analytical results. We believe that
the finite numerical aperture of the objective lens in the experi-
mental setup might play a role that causes the intensity of
the incident light and the incidence angle to be nonuniform.
Deflections of Airy beam with respect to z of analytic and
experimental results are slightly different from the analytical
results. This can be explained as coming from finite number of
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samples which restrict the Airy beams from
ideal deflection. The efficiency of the meta-
surface, which is defined as the ratio of the
maximum power of the transmitted light to
the power of the incident light, is also meas-
ured at wavelength A = 800 and 976 nm. The
experimentally measured efficiencies for the
wavelength of 800 and 976 nm are 13.5%
and 4.2%, respectively, while those values in
simulations are 16.8% and 5%. The differ-
ence between the experimental and simula-
tion values is estimated to originate from
errors associated with the fabrication of the
sample in the FIB milling processes, such as
edge blurring of the C-apertures and the tol-
erances about the polarization of the incident
light and the measured light.

6. Conclusion

In conclusion, a novel method for gen-
erating and steering of Airy beams with
ultrahigh resolution was proposed. To
accomplish this, we used C-aperture arrays
in which each C-aperture has its own tilt
angle. The envelope of the Airy packet
represents an oscillating function with
alternating positive maxima and negative
minima. Therefore, the phase distribution
of the Airy function shows alternating seg-
ments with values of 0 and 7. Proposed unit
cell can encode the Airy beam profile by sub-
stituting the profile with tilt angles of unit
cells. Experimental results show some devia-
tion from analytical results. We believe that
the finite numerical aperture of the objective
lens in the experimental setup might play a
role that causes the intensity of the incident
light and the incidence angle to be nonuni-
form. Deflections of Airy beam with respect
to z of analytic and experimental results are
slightly different from the analytical results.
This can be explained as coming from finite
number of samples, which restricts the Airy
beams from ideal performance. In comparison to previous
approaches for generating and controlling Airy beams, our
designing method showed many important merits such as the
compactness of the system with subwavelength pixel sizes and
the broadband characteristic due to the benefits of metasur-
faces and the C-aperture design. We expect that our proposed
method of designing Airy beams generation can be employed
to excite various types of Airy beams.

——
30 um
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