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Airy optical beams have emerged to hold enormous theoretical and experimental research interest due to their
outstanding characteristics. Conventional approaches suffer from bulky and costly systems, as well as poor phase
discretization. The newly developed metasurface-based Airy beam generators have constraints of polarization
dependence or limited generation efficiency. Here, we experimentally demonstrate a polarization-independent
silicon dielectric metasurface for generation of high-efficiency Airy optical beams. In our implementation, rather
than synchronous manipulation of the amplitude and phase by plasmonic or Huygens’ metasurfaces, we employ
and impose a 3/2 phase-only manipulation to the dielectric metasurface, consisting of an array of silicon nano-
pillars with an optimized transmission efficiency as high as 97%. The resultant Airy optical beams possess extraor-
dinarily large deflection angles and relatively narrow beam widths. Our validated scheme will open up a
fascinating doorway to broaden the application scenarios of Airy optical beams on ultracompact photonic
platforms. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.390202

1. INTRODUCTION

Berry and Balazs [1] manifested the Airy wave packet in the
context of quantum mechanics, i.e., a nontrivial solution of the
Schrödinger equation. In 2007, Siviloglou and Christodoulides
conducted the theoretical derivation and experimental verifica-
tion of an optical version of the Airy wave packet by introduc-
ing a finite energy Airy beam [2,3]. The Airy optical beam is a
propagation-invariant solution of the paraxial wave equation in
one transverse dimension developed in ray optics or catastrophe
optics, and it exhibits the following three intriguing character-
istics: (i) it is nearly diffraction-free; (ii) the propagation trajec-
tory is parabolically self-accelerating in a way analogous to
projectiles moving under the force of gravity; and (iii) it recov-
ers itself while facing an obstacle, i.e., it is self-healing.

The early experimental demonstrations of Airy beams have
paved the way for a wide range of applications in the field of
material processing [4], light-induced curved plasma channels
[5,6], optical manipulation of bioparticles [7], Airy plasmons
[8], and high-resolution optical imaging [9–13]. So far, there
are diversified schemes to generate Airy beams, for example,

using reflective spatial light modulators (SLMs) [14–17], trans-
missive liquid crystals [18–20], metallic nanostructures [8], di-
electric metasurfaces [21], etc. However, SLMs are not capable
of producing highly deflected Airy beams. The corresponding
phase profiles have large slopes such that the poor phase dis-
cretization implemented in SLMs or liquid crystals drastically
degrades the quality of the generated beam profiles. In addition,
the aforementioned schemes, which are not very cost-effective
due to their bulky optical setups, limit the application scenarios
of accelerating Airy beams, such as the integration into compact
optical and photonic platforms.

Metasurfaces, composed of suitably chosen arrays of sub-
wavelength metal or dielectric optical elements, have gained sig-
nificant recognition for having the unique ability to flexibly
control the phase, polarization, and amplitude of light at the
nanoscale with ease [22–34]. They have opened up a fascinat-
ing avenue in functional nanophotonics, for example, hologra-
phy [35–37], light shaping [38–44], achromatic lenses and
imaging [45–50], tunable platforms with phase-change mate-
rials [51,52], and ultraviolet large bandgap devices [53,54].
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Recently, a number of metasurfaces have been demonstrated
regarding the generation of Airy beams by synchronous mani-
pulation of the amplitude and phase of incident waves [55–59].
However, the currently available schemes suffer from inevitable
low efficiency as very limited design parameters of unit ele-
ments can be exploited to cover the full phase range of 0–2π,
and those available choices may happen to have unexpected
low transmissions [55,56]. On the other hand, conventional
schemes lack the rotational symmetry of the unit elements,
which confines the metasurfaces to operate on specific polari-
zation states [56,57,60]. Nevertheless, Huygens’ metasurfaces,
which rely on the electric and magnetic resonances of meta-
atoms, have the ability to reduce transmission losses and simul-
taneously cover the full 0–2π phase. The high-efficiency Airy
beam generator based on Huygens’ metasurfaces has been ex-
perimentally demonstrated to operate at the gigahertz and tera-
hertz frequencies, but so far, no demonstration has been made
in the visible or near-infrared regime [57].

In this paper, to overcome the above-mentioned limitations
of conventional schemes, we demonstrate a high-efficiency
as well as polarization-insensitive generation of highly deflected
Airy beams in the near-infrared regime. We employ a scheme
based on the 3/2 phase-only manipulation by spatially
varying the diameter of the dielectric cylinder unit element of
the metasurface [61], rather than synchronous manipulation
of the amplitude and phase. The geometric parameters of the
cylinder unit are optimized to realize a 2π phase coverage with
ease, with the transmission near unity when the diameter falls in
two-thirds of the whole parameter range. A distinguishable
envelope of our resultant Airy beam is directly molded
without filtration of the polarization states for the input and
output beams, which, however, cannot be achieved by
Pancharatnam-Berry-based metasurfaces [56,57,60]. The gener-
ation efficiency is 56%, which is comparable to the 53%–61%
realized by TiO2 metasurfaces [62], and approximately 3 times
that of metallic plasmonic metasurfaces [56]. Different from
some pioneers’ work, which already demonstrated polariza-
tion-independent high-efficiency metasurfaces [63–69], our pa-
per especially focuses on the application of polarization-
independent metasurfaces to the high-efficiency generation of
an Airy beam. In addition, the horizontal deflection of the
Airy beams is as large as 128 times higher than that produced
with conventional SLMs [18] and 56 times higher than that
based on the recently reported spin-controlled TiO2 metasurface
[62] under the conditions of the same propagation distance.
Meanwhile, the beams retain the full width at half-maximum
(FWHM) at an average of as small as 3.5 μm (∼2.3λ). The pre-
sented scheme will pave the way for widespread applications of
Airy beams in ultracompact, highly integrated photonic systems
in various ways.

2. THEORETICAL MODEL AND DESIGN

Berry and Balazs [1] proposed a theoretical model for the
approximation of Airy beam as Ai�x� ≈ x−1∕4 exp�iCx3∕2�,
where C is a constant and x is the propagation direction.
Since the amplitude of the Airy function decreases with increas-
ing x, Cottrell neglected the amplitude, and presumed that the
Airy beam can be generated by phase-only manipulation of the

incident beam according to the above function [18]. Here we
briefly introduce a derivation of the relationship between the
induced phase and the resultant trajectory. As shown in
Fig. 1, a field pattern with the trajectory of x � a2z2 results
from the constructive interference of the refracted light through
each pixel of the metasurface. In Fig. 1, two black dashed lines
that are tangents at the trajectory at the point �x1, z1� and
�x2, z2� intersect with the points �ε1, η1� and �ε2, η2� located
on the phase profile line (blue dashed line). The tangent of the
trajectory is expressed as dz∕dx � 1∕�2a ffiffiffi

x
p �. η marked at the

right side of the vertical axis arrow denotes that the optical path
of the point on the blue dashed line is η�ε� ahead of the point
on the metasurface. We will not deduce in detail that
the phase profile marked with the blue dashed line is
perpendicular to the tangents of the trajectory as the black
dashed lines, that is

dη∕dε � dx∕dz � 2a
ffiffiffi

x
p � 2a

ffiffiffi

ε
p

: (1)

Fig. 1. Geometrical model for generating Airy optical beams with a
metasurface.

Fig. 2. (a) Schematic side and (b) top views of an amorphous silicon
nanopillar unit with height H , diameter D, and lattice constant P on
an SiO2 substrate; (c) the dielectric metasurface, composed of the
above silicon nanopillars with spatially varied diameters, is imposed
by a 3/2 phase for Airy optical beam generation operating under trans-
mission mode in the near-infrared (NIR) region. Experimentally mea-
sured longitudinal and transverse field distributions at different vertical
planes are superimposed on top of the metasurface.
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Equation (1) yields that η � �4∕3�aε3∕2. Therefore, the 3/2
phase profile along the horizontal axis ε is

Φ�ε� � −8πaε3∕2∕3λ: (2)

Similarly, a two-dimensional 3/2 phase imposed by the
metasurface is defined as the addition of the phases along
the ε and the ζ directions individually based on Eq. (2),

Φ�ε, ζ� � −8πa�ε3∕2 � ζ3∕2�∕3λ, (3)

where the η axis is perpendicular to the ε – ζ plane.
Side and top views of an amorphous silicon nanopillar

placed on a SiO2 substrate are shown in Figs. 2(a) and 2(b),
respectively. The nanopillar unit has a height, H , and a diam-
eter, D. The silicon nanopillars with spatially varied diameters
are aligned in a lattice with a lattice constant P so that the
3/2 phase expressed in Eq. (3) should be imposed on the
metasurface for Airy beam generation, as shown in Fig. 2(c).
Under transmission mode, incident light at a wavelength of
λ � 1.55 μm vertically impinges on the metasurface from
the substrate side, and an Airy beam is generated on top of
the metasurface.

3. NUMERICAL AND EXPERIMENTAL RESULTS

Initially, the transmittance and the induced phase of a single
nanopillar meta-atom are calculated by the finite-difference
time-domain (FDTD) method implemented in the commercial
simulation software, Lumerical FDTD. Periodic boundary
conditions are applied to the x and y directions, while perfectly
matched layers (PMLs) are applied in the z direction in order to
avoid the wave reflections. By optimizing the geometric param-
eters of the nanopillar meta-atom, a full 0–2π phase coverage
can be realized as the diameterD varies from 100 to 533 nm, as
depicted in Fig. 3(a). An appropriate predefined lattice constant
P � 620 nm is small enough to meet the Nyquist sampling
criterion (P < λ∕2NA). The optimized height of the nanopil-
larH � 600 nm is sufficiently large to cover the phase range of
0–2π for the series of spatially varied diameters. Furthermore,
the high transmittance of the corresponding nanopillar is main-
tained and is depicted in Fig. 3(b). The transmission is as high
as near unity when D varies in a wide range from 100 to
270 nm and from 450 to 500 nm while a value above 48%
is maintained throughout the entire diameter range. The dip
in the transmission profile when the diameter D is around
375 nm in Fig. 3(b) is due to the electromagnetic resonance

for which the slope of the phase increases compared to other
regions on the left and right parts of the horizontal axis in
Fig. 3(a).

A 3/2 phase pattern with a design constant a � 0.03 is illus-
trated in Fig. 4(a). The numerically simulated longitudinal field
distribution of the generated Airy beam follows a parabolic tra-
jectory from z � 70 μm to z � 105 μm, which is explored
in Fig. 4(b); the corresponding transverse field distributions
on the xy plane at the different z positions away from the meta-
surface located at z � 0 are shown in Figs. 4(c)–4(f ), respec-
tively. Since the phase changes gradually near the origin in
Fig. 4(a), the field envelope at the right lower corner of the
beam is less clear, as shown in Fig. 4(b). However, when the
beam propagates to the position of z � 70 μm and further,
the field distribution is well shaped, as exhibited in Fig. 4(c).

Fig. 3. (a) Simulated phase and (b) transmission intensity of an
array of silicon nanopillars as a function of their diameter D. The lat-
tice constant of the array is P � 620 nm, and the height of the pillars
is H � 600 nm.

Fig. 4. (a) A 3/2 phase pattern imposed on the metasurface;
(b) simulated longitudinal field distribution profiles of the generated
Airy optical beam from the position of z � 50 μm to z � 105 μm
along the beam deflection direction; (c)–(f ) simulated transverse field
distribution profiles in the xy planes at z � 70 μm, 80 μm, 90 μm,
and 100 μm away from the metasurface.

Fig. 5. (a) Top and (b) zoomed view SEM images of the fabricated
metasurface sample; (c) schematic diagram of optical characterization
setup.
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Particularly, the deflection of the Airy beam rises when the
beam propagates further away from the metasurface with a
rising z position.

According to the relationship between the diameter of the
nanopillar and the induced phase shown in Fig. 3(a), the silicon
nanopillar array is designed and fabricated according to the
3/2 phase pattern depicted in Fig. 4(a). To begin with the
sample fabrication, a 600 nm thick amorphous silicon layer
is sputtered to a quartz substrate. Then the sample is spin-
coated by a 400 nm thick layer of ZEP520 with post-bake
at 180° for 1 min. After that, electron beam lithography is
carried out by JEOL JBX6300 fs operating at an acceleration
voltage of 100 keV. The sample is then developed in an amyl
acetate solution for 65 s at room temperature, followed by
the inductive coupled plasma-reactive ion etching process.

The fabrication process ends with the cleaning by O2 plasma.
The scanning electron microscopy (SEM) images of the sample,
top and zoomed views, are shown in Figs. 5(a) and 5(b), respec-
tively. The metasurface has a shape of a quarter circle with a
radius of 61.5 μm. The experimental characterization setup
is shown in Fig. 5(c). The laser with the wavelength of
λ � 1.55 μm is emitted from a supercontinuous white laser
(NKT Photonics SuperK EXTREME EXR-15) through a fiber
collimator lens. The polarization state and polarization direction
of the incident light are attuned by using a linear polarizer
(Thorlabs LPNIR100-MP) and a quarter-wave plate
(Thorlabs AQWP10M-1600). The light distribution generated
from the metasurface is collected by a combination of a near-in-
frared objective lens (Mitutoyo MY50X-825, NA � 0.42, 50×)
and a tube lens (Thorlabs TL200-3 P, f � 200 mm), and then
imaged via a CCD camera (Xenics Bobcat-640-Gige-298). The
objective and the tube lens are placed on a motorized xy scanning
stage (Thorlabs MLS230-1). Each magnified transverse xy field

Fig. 6. (a)–(f ) Simulated and (g)–(l) experimental transverse xy field
patterns at the position of z � 87 μm when the incident beam is LP
with a polarization angle of (a), (g) 0° and (b), (h) 45°, (c), (i) left
circularly polarized (LCP), (d), (j) right circularly polarized (RCP),
EP with an ellipticity of (e), (k) −0.5 and (f ), (l) 0.5, respectively.

Fig. 7. Experimentally measured FWHM of the main lobe of each
Airy beam along its propagation trajectory when the incident beam is
LP with a polarized angle of 0° and 45°, LCP, RCP, and EP with an
ellipticity of −0.5 and 0.5, respectively.

Fig. 8. (a)–(f ) Simulated and (g)–(l) experimental longitudinal field
distribution profiles of the Airy beams in the yz plane at vertical posi-
tions from z � 30 μm to z � 100 μm when the incident beam is
LP with a polarized angle of (a), (g) 0° and (b), (h) 45°, (c),
(i) LCP, (d), (j) RCP, and EP with an ellipticity of (e), (k) −0.5
and (f ), (l) 0.5, respectively.
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distribution is recorded automatically by the CCD camera
when the objective and the tube lens are moved at different
longitudinal z directions with a step size of 100 nm. In the
end, xz field profiles are extracted from the 3D field patterns,
which are reconstructed from the series of the recorded
images.

As mentioned before, the structure is polarization-insensitive
due to the fact of radially symmetric structure of the nanopillars
to its central axis. Figure 6 illustrates and compares the simulated
and experimental field distributions with incident beams in vari-
ous polarizations. The FDTD numerically simulated field pro-
files of the generated Airy beam are presented in Figs. 6(a)–6(f)
when the incident beams are linearly polarized (LP), circularly
polarized (CP), and elliptically polarized (EP), respectively.
In comparison, the experimental transverse xy field patterns ex-
amined by using the optical characterization setup in Fig. 5(c) are
shown in Figs. 6(g)–6(l). The ellipticity is defined as the sine

of the phase difference between the horizontal and the vertical
components of the electric fields. Significantly, it is demonstrated
from Fig. 6 that the transverse field distributions are almost
persistent regardless of polarization of the incident light from
LP with different directions to EP with various ellipticities.
Simulated and experimental results are well matched. The
corresponding measured generation efficiency is 56%.

For further analysis, Fig. 7 shows FWHM of the main lobe
of each Airy beam along its propagation trajectory at different
z positions, which are extracted from Figs. 6(g)–6(l), when the
incident beams are LP, CP, and EP, respectively. It is shown
that FWHMs have an average value of around 3.5 μm (∼2.3λ),
floating between 2.7 and 5.4 μm within the area marked by the
black dashed lines. And the beam diverges rapidly when the
z position falls in the gray region (z > 96 μm).

Along with the transverse field distributions, simulated and
experimental longitudinal field profiles of the Airy beams in the
yz plane are also compared in Figs. 8(a)–8(f ) and 8(g)–8(l), at
LP, CP, and EP incident beams, respectively. Figure 8 shows
that the field patterns basically do not vary noticeably for
diverse polarization states of the incident light.

The numerically simulated field patterns validate the exper-
imentally measured distributions. Figures 8(g)–8(l) show that
the extracted trajectories from the experimental longitudinal
field distributions coincide with the theoretically designed
paths (the blue dotted lines) calculated from x � a2z2 with
the parameter a � 0.03. The slight deviation between the ex-
perimental and theoretical trajectories may result for several rea-
sons. Either the incident light is not vertically incident to the
metasurface, or the fabricated parameters of the sample have
inevitable offsets compared to the design parameters.

In order to demonstrate the self-healing property of the Airy
beam, the field distribution is tested in the case where a sphere
obstacle with a diameter of 20 μm is placed at �x, z� �
�−4.1, 60� μm. Figure 9(a) shows that the field is reformed
after the obstacle near the position of z � 90 μm. In addition,
the experiment is proved by placing an ink droplet with a size of
20 μm on a thin plastic film near the metasurface. Figure 9(b)
verifies that the field distribution is not influenced by the exist-
ence of the droplet. In the end, we compare our results with
other references in terms of bandwidth, efficiency, material
platform, and incident polarization; the comparison is shown
in Table 1. We notice that a large number of Airy beam gen-
erators are polarization-sensitive [55–58,60,70,71]. And we ex-
perimentally demonstrate the high efficiency of the Airy beam

Fig. 9. (a) Simulated longitudinal field distribution profiles of the
Airy beam. A sphere obstacle with a diameter of 20 μm is placed at
�x, z� � �−4.1, 60� μm. (b) Experimental longitudinal field distribu-
tion profiles of the Airy beam. The yellow dashed lines show the posi-
tion of the thin plastic film with a microink droplet placed at
z � 63 μm from the metasurface.

Table 1. Summary of Our Result and Other References

References Efficiency (%) Material Wavelength Incident Light

Our result 56 Silicon 1550 nm Polarization-insensitive
[61] 70–85 (simulation result, no experiment) Silicon 1500 nm Polarization-insensitive
[72] Silver 633 nm Polarization-insensitive
[56] Gold 2000 nm CP light
[60] Gold 780 nm CP light
[70] 63 Silicon 600–695 nm CP light
[71] 65–75 Titanium dioxide 430 nm CP light
[55] 13.5 (λ � 800 nm), 4.2(λ � 976 nm) Gold 800–1100 nm LP light
[57] 100 (theoretical result) Aluminum 21.74 mm LP light
[58] Aluminum 400 μm, 750 μm LP light
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generator, which should be much larger than that based on the
material platform of silver [72].

4. CONCLUSION

Here, we demonstrate an Airy optical beam generator based on
a polarization-independent high-efficiency dielectric metasur-
face in the near-infrared regime. To this end, a 3/2 phase-only
manipulation is employed and imposed on the metasurface
with spatially varied diameters of the nanopillars, rather than
synchronous transmission and phase manipulation. The geo-
metric parameters of the nanopillars are optimized to employ
full 2π phase coverage while upholding high transmission of
near unity for which the diameter falls in two-thirds of the
parameter range. Both simulated and experimental results val-
idate that the field distributions of the Airy optical beams are
unsusceptible to the polarization states of the incident light. The
averaged generation efficiency of our highly deflected Airy optical
beams with small beam widths is up to 56%. In conclusion, our
design exhibits various advanced characteristics: for instance, it is
an ultracompact system, polarization-insensitive, and possesses
outstanding generation efficiency of highly deflected beams.
This will open up opportunities towards the expansion of appli-
cation scenarios of the Airy optical beam in various fields such as
optical tweezing, imaging, and laser fabrication.
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