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Abstract: Airy beams exhibit intriguing characteristics, such as diffraction-free propagation,
self-acceleration, and self-healing, which have aroused great research interest. However, the spatial
light modulator that generates Airy beams has problems such as narrow operational bandwidth,
high cost, poor phase discretization, and single realization function. In the visible region
(λ∼532 nm), we proposed a switchable all-dielectric metasurface for generating transmissive
and reflective two-dimensional (2D) Airy beams. The metasurface was mainly composed of
titanium dioxide nanopillars and vanadium dioxide substrate. Based on the Pancharatnam-Berry
phase principle, a high-efficient Airy beam can be generated by controlling the phase transition
of vanadium dioxide and changing the polarization state of the incident light. The optimized
optical intensity conversion efficiencies of the transmissive and reflective metasurfaces were
as high as 97% and 70%, respectively. In the field of biomedical and applied physics, our
designed switchable metasurface is expected to offer the possibility of creating compact optical
and photonic platforms for efficient generation and dynamic modulation of optical beams and
open up a novel path for the application of high-resolution optical imaging systems.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

As known to all, optical beams have diffractive properties. However, the energy of an optical
beam propagating in free space disperses gradually with the increase of propagation distance,
and the light spot expands from inside to outside, which may be detrimental to the application
in optical communication and military technology. As a result, people are eager to find a
new solution, namely diffraction-free beam. The most representative diffraction-free beam
propagating along a straight line is the Bessel beam [1], while a popular diffraction-free beam
is the Airy beam in recent years, which is also a representative form of accelerating beams [2].
The Airy beam is a diffraction-free beam propagating along a curved path in free space with
an amplitude intensity satisfying the parabolic trajectory generated by the horizontal motion of
particles under the influence of gravity. In 1979, Berry and Balazs theoretically demonstrated the
particular solution to one-dimensional Schrödinger equation — the Airy function, which implied
particles and waves carried infinite energy [3]. In 2007, Siviloglou and his students introduced
finite energy Airy beams through theoretical derivation and experimental demonstration [4].
Generally, many devices have been developed to generate Airy beams, such as spatial light
modulators (SLMs) for cubic phase modulation of beams [5–7], transmissive liquid crystals [8,9].
These optical devices have large bulk, high investment costs, and generate wide Airy beams
with fixed non-diffractive propagation distances, so they are not applicable in optical imaging,
Airy surface plasma excitations, lasers, and light bullets scenarios. So far, the plasmonic and
dielectric metasurfaces have driven the field of photonics in a more far-reaching direction, and
multifunctional ultrathin optical devices composed of them hold strong promise for applications
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in electron beams [10], high-resolution optical microscopes [11], and optical manipulation of
biological cells [12].

Corresponding to the 2D structure of metamaterials [13], the electromagnetic metasurface is
a planar functional device composed of subwavelength metal or dielectric materials. It is able
to dynamically modulate the amplitude, phase, and polarization modes of the incident light on
nanostructures, thus attracting attentions from a large number of researchers [14–18]. In recent
years, pure phase modulation or complex amplitude modulation of the incident wavefront based
on the metasurface has been continuously implemented to generate Airy beams, and significant
progress has been made in the fields of nonlinear optics [19] and surface plasma optics [20].
However, due to the limitations of fixed wavelengths and periods arising from the design of the
unit cell and the inability to cover the entire phase range of 0 to 2π with phase delay for scattered
light, the metasurface-based modulation usually turns out with low metasurface transmittance or
reflectance. Then functionally multiplexed metasurface devices were developed [21–25], but the
increased functionality has also given rise to higher design complexity and lower flexibility of the
wavefront modulation function. The implementation of highly efficient transmissive, functionally
switchable, and structurally simple metasurface has become a driving force for subsequent and
continuous exploration.

In this paper, we proposed a switchable dielectric metasurface for generating 2D Airy beams in
the visible range. The metasurface was composed of an array of titanium dioxide nanopillars, with
a substrate of silicon dioxide and vanadium dioxide. By the principle of Mie, TiO2 possesses high
refractive index, low loss, and high coupling degree with light, which are exploitable advantages
for generating high-efficiency Airy beams. According to the geometric phase method and the
characteristics of the phase change material, the metasurface generates transmissive 2D Airy
beams with high polarization conversion efficiency and energy absorption when VO2 is in the
insulating phase. The VO2 turns into the metallic phase when the surrounding temperature exceeds
the phase transition temperature. Then the operating mode of the metasurface changes to produce
a same reflective Airy beam as the transmissive metasurface. The simulation results showed
that the optical intensity conversion efficiencies of the transmissive and reflective metasurfaces
were 97% and 70%, respectively. The metasurface demonstrated significant advantages, such
as ultra-thinness, small size, dynamically switchable functionality, and high efficiency, over
conventional methods of generating Airy beams with spatial light modulators. In contrast to
the previously reported research work [26–31], we further compared the effects of different
wavelengths and polarization states of incident light on the metasurface, thus confirming the
broadband characteristics and flexibility of our designed metasurface.

2. Structure description and method

By principle [2], the electric field envelope of finite energy Airy beams can be formularized as
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Similarly, according to the optical paraxial wave equation, the transverse field distribution of
the 2D Airy wave packet is formulated as follows [32]:
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where Ai is the Airy function; a is the truncation factor of the Airy beams, here set to 0.05; b is the
transverse scale; x represents the transverse coordinate; ξ = z

kx02 is the normalized transmission
distance; x0 is the half-width of the selected main lobe and let x0 = b−1. Obviously, the initial
optical field envelope of the one-dimensional Airy beam isΦ(ξ = 0, x) = Ai(bx)exp(ax), so the
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phase profile satisfies ϕ(x) = phase[Φ(ξ = 0, x)]. Similarly, the phase distribution function of 2D
Airy beam is ϕ(x, y) = phase[Φ(x, y, z = 0)]. In particular, previous research has demonstrated
that the phase-only (binary phase) modulation Airy beam can be approximated quite well [33].
By the principle of geometric phase modulation, the unit cell at different positions needs to satisfy
the phase condition φ = ±2θ to ensure that the circularly polarized incident light is converted into
the opposite polarization state. At the same time, in the structural design, it should be considered
that at least two elements are needed for the minimum sidelobe of the Airy beams to satisfy the
Nyquist sampling theorem. Figure 1(a) is a schematic diagram of the 2D Airy beam distribution
generated by the metasurface. The metasurface is composed of subwavelength rectangular
nanopillars arranged on dielectric substrates of distinct thicknesses with an array area of 21
µm× 21 µm. When the circularly polarized light or linearly polarized light is vertically incident
on the metasurface where the mode switching can be achieved by changing the temperature. At
temperature of approximately 300 K, the VO2 is in insulating state and the metasurface produces
a transmitted Airy beam. At temperature above 340 K, the VO2 is in metallic state and the
metasurface produces a reflected Airy beam. The Airy beams at the upper and lower surfaces
of the main lobe position will attenuate the main lobe and bend gradually with the increase of
propagation distance. It is clearly observed from the picture that the optical beam is propagating
in space with the two most basic properties: non-diffraction and self-bending. Figure 1(b) and (c)
show the side and top views of the unit cell, respectively. The geometric and optical parameters
of the nanopillars were scanned by a time-domain finite-difference solver, and the lattice constant
of each cell was optimized to be P = 340 nm. To ensure sufficient transmission efficiency, the
height of the pillar was set to be H = 700 nm.

Fig. 1. Schematic diagram of the switchable all-dielectric metasurface producing a 2D Airy
beam. (a) Schematic diagram of the Airy beam propagation generated by the metasurface in
transmission and reflection modes. A vertically incident right-handed circularly polarized
light is passing through the switchable metasurface to make a one-dimensional form of the
beam trajectory. The curve is extracted from the 2D trajectory plane of the accelerated beam.
As expected, the 2D Airy beam propagation trajectory is observed to remain consistent
when the polarization state of the incident light is changed. (b) and (c) are the details of
the unit cell, with the optimal nanopillar parameters set as L = 237nm, W = 107 nm,
t1 = 300 nm, and t2 = 100 nm, respectively.
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The optical properties of phase change materials vary by temperature, voltage, and various
physical fields. The combination of metasurface with phase change material to achieve dynamic
tunability of electromagnetic waves can increase the applicability and tunability of the metasurface
[34–37]. Subsequently, priority has been given to the material aspects and the dynamic adjustment
of the unit cell has been implemented by using some phase change materials to construct
metasurface units. At present, the more mature materials used are graphene, VO2, GaAs, liquid
crystal, etc. The commonly used control methods are temperature control [38] and electric
control [39]. VO2 is a typical phase change material [40], which is in an insulating state at room
temperature. When the temperature rises to above the phase transition temperature of Tc = 340K,
VO2 will undergo phase change. The lattice of VO2 changes from a monoclinic rutile structure at
low temperature to a tetragonal rutile structure at high temperature, which is externally manifested
as a sudden change from the insulating state to the metallic state [41–43]. This phase transition is
reversible, and the resistivity changes up to five orders of magnitude. In the visible band, when
the external temperature is below the phase transition point, the permittivity of VO2 is set as
ε = 9. When the temperature is above the phase change point, the dispersion model is used to
represent the metal as it is similar to the cold plasma. Considering the non-local characteristics of
nanostructures, suitable models, such as the Debye model, Lorentz model, and Drude model, are
needed to solve the dispersive medium problem [44–46]. In order to describe the electromagnetic
properties of metals more accurately and fit the experimental data efficiently, a modified form of
the Drude-Lorentz model was proposed in Ref. [47]. In this paper, we use the model to construct
novel VO2 metallic state materials by numerical calculations and finite difference method in
time-domain (FDTD solutions, Lumerical Inc.). This hybrid model imported the data into the
material library and was applicable to a wide range of frequency bands. Assuming that the
number of poles of the Lorentz model is 2, the relative permittivity of VO2 can be expressed by
the following equation
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where ε∞ = 1.03 is the dielectric constant as the frequency tends to infinity; ΩD = 1.3064e16 is
the plasma frequency; γ = 1.1274e14 is the collision frequency. The values of other parameters
can be referred to in literature [48].

First, the transmission efficiency (transmittance and reflectance) and polarization conversion
efficiency of a single nanopillar meta-atom with VO2 in the insulating and metallic states were
calculated using simulations in the visible band with the FDTD component in Lumerical software,
respectively. To maximize the operable left- and right-handed circularly polarized light values,
the polarization conversion efficiency is defined as PCE = T(LCP)

T(LCP)+T(RCP) [49]. Periodic boundary
conditions were used in the x and y directions, and perfectly matched layer (PML) boundary
conditions were used in the z direction. As shown in Fig. 2, the spatial geometry of the single
nanopillar meta-atom was continuously changed to ensure efficient transmission efficiency and to
achieve perfect conversion of the polarization state. The conversion efficiency was optimized as
L was varied from 230 nm to 250 nm and W from 100 nm to 120 nm, as shown in Fig. 2(a)-(d).
Figure 2(a) and (b) indicate that the transmitted light through the nanopillar meta-atom exhibited
high transmission and polarization conversion efficiency when VO2 was in the insulating state.
The transmission efficiency was above 95% and the polarization conversion was above 90%,
which agrees with the expected results. Figure 2(c) and (d) show the reflectance and conversion
of the reflected light when VO2 was in the metallic state. By comparing Fig. 2(a) and Fig. 2(c), it
can be found that the transmittance and reflectance of individual nanopillar meta-atom differ
significantly in different operating modes. When VO2 was in the metallic state, the reflected light
was optically resonant in the TiO2 waveguide, resulting in most of the energy loss so that only
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about one third of the energy could be made full use. To verify the propagation characteristics
of the Airy beams, we compared the intensity distribution of the Airy beams along the optical
axis at different propagation distances based on theoretical calculations and fitted experimental
simulation data when the metasurface works in transmission mode. The main lobe deflection of
the Airy beams and the propagation distance satisfies the theoretical relation u ≅ λ2z2

16π2x03 [50],
and it can be seen from Fig. 2(e) that the simulated value is consistent with the theoretical curve.
It is worth noting that the deflection direction of the main lobe of the 2D Airy beam was selected
in the diagonal direction of the x-axis and y-axis, namely the u-direction. According to the Airy
beams phase distribution equation, we designed the phase arrangement of the metasurface as
shown in Fig. 2(f).

Fig. 2. The measured efficiency of the single nanopillar meta-atom and the array arrangement.
(a)-(b) Simulated variation of transmittance and polarization conversion of the transmitted
optical field with size when VO2 was in the insulating phase at fixed nanopillar height.
(c)-(d) The variation of reflectance and polarization conversion rate of the reflected field
with cell size when VO2 was in the metallic phase. (e) Both the simulation data (square)
and the theoretical calculation equation (solid line) are shown to verify the propagation
trajectory of the main lobe deflection of the Airy beam under the incidence of right-handed
circularly polarized light. (f) The required phase distribution maps for different positions of
the metasurface array were simulated according to the appropriately designed metasurface
size.

3. Results and discussion

In this section, we proposed the generation of 2D Airy beams with mode switched by different
polarized incident lights (LP, LCP, and RCP) and controlled phase transition of the VO2 material.
At the operating wavelength λ = 532 nm, the 2D phase distribution derived from the optical
paraxial wave equation was combined with the numerical simulation optimization algorithm to
extract the light intensity distribution along with different propagation directions. Figure 3 shows
the transmission characteristics of 2D Airy beam generated by transmissive metasurface. The
transverse electric field maps at different points in the z direction were retrieved sequentially
from the three-dimensional (3D) far-field pattern, and the discrete longitudinal 2D electric field
was reintegrated after amplification along the diagonal direction (denoted as u-direction) of
the main lobe position of the transverse field map. Figure 3(a) is a longitudinal field diagram
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for the formation of a 2D Airy beam, which consists of the main lobe and multiple sidelobes.
From the diagram, it can be seen that the energy aggregation in the transmission process renders
obvious attenuation, which has nondiffractive characteristics and shows lateral self-acceleration
phenomenon. Figure 3(b) illustrates the transverse field distribution along the longitudinal
direction from z = 50 µm to z = 65 µm. The x-y plane lattice pattern shows that most of
the energy of the optical beam is intensified in the main lobe region, and that the main lobe
distribution is roughly the same. In a certain range, as z increases, the energy of the main lobe is
more intensified, and the light intensity is greater. It can also be seen that the main lobe light
field exhibits forward acceleration characteristics along the u-direction. The field distribution
shown in Fig. 3(c) is the normalized intensity distribution extracted from the cross-section along
the propagation direction at the corresponding position in Fig. 3(b). In addition, Fig. 3(a) and (b)
show that as the transmission distance increases, the ‘tail’ formed by the sidelobes of the Airy
beams also increase. This is because the full width at half-maximum (FWHM) tends to increase
with the increase of the propagation distance. The external manifestation is that as the waveform
waist size is significantly widened, the sidelobe energy converges to the main lobe area, and the
sidelobe energy is also weakened.

Fig. 3. The intensity distribution maps of 2D Airy beams with different planes generated in
transmission mode. (a) The longitudinal field diagram of Airy beams generated under the
incident conditions of left- or right-handed circularly polarized light. (b) The x-y plane field
distribution recorded at the longitudinal positions of z = 50 µm, z = 55 µm, z = 60 µm,
and z = 65 µm. (c) The field profile at the main lobe of the optical beam extracted based
on the corresponding position in Fig. 3(b), and the measured FWHM is the normalized field
intensity value.

At room temperature, as VO2 changed from the insulating state to the metallic state, our
designed metasurface would work in the reflection mode, converting the LCP (or RCP) incident
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light into a 2D Airy beam after it passed through the nanostructures to achieve the desired
design effect. Figure 4(a) and (b) show the field diagrams of the generated optical beams along
different planes. As implemented in the transmission mode, the metasurface can generate and
manipulate self-bending transmission and self-accelerating motion along a specific angle. If
the energy transmission efficiency of the reflected Airy beams could be further improved, the
metasurface would be expected to be widely used in many research fields such as the generation
of microparticle manipulated plasma channels and Airy lasers. Figure 4(c) shows the normalized
field intensity distribution obtained for different propagation planes (z = 50 µm, z = 55 µm,
z = 60 µm, and z = 65 µm) along the u-direction. Since the scattered light generated by the
reflective metasurface was not completely reflected in the TiO2 nanopillars, a few lights would
be scattered to the surrounding area. Therefore, the optical beam flatness of the 2D accelerated
beam implemented by reflective metasurface was slightly weaker while FWHM was relatively
larger.

Fig. 4. Different plane field patterns of the 2D Airy beam generated by the reflective
metasurface. (a) The longitudinal field diagram of the Airy beams generated under the
incident conditions of left- or right-handed circularly polarized light. (b) The x-y plane
field distribution of the longitudinal position recorded for different propagation planes.
(c)The field profile at the main lobe of the optical beam extracted based on the position
corresponding to Fig. 4 (b).

The self-healing property of nondiffractive optical beams can be explained by Babinet’s
criterion [51]. It has been confirmed with extensive experimental and simulation data that the
self-healing behavior is one of the unique properties of accelerated beams [52]. In this paper, the
self-healing properties were investigated by the blocked part of the Airy beams. When the main
lobe area is blocked, as the transmission distance increases, the blocked main lobe area can be
self-repaired, and the sidelobe energy flows from the surrounding area to the blocked main lobe
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area. At this time, the main lobe will return to the unblocked area. The designed switchable
metasurface was studied and confirmed based on the above-described properties. On the basis of
building a complete nanopillar array, we placed spherical obstacles (the spheres are composed of
different sizes and materials) at a spatial location z = 3.3 µm from the metasurface to study the
self-healing property of the 2D Airy beams when the main lobe was obscured. Figure 5(a)-(c)
show that obstacles do not affect the propagation of the Airy beam, which proves that the Airy
beams generated by our designed metasurface exhibit excellent self-healing properties. As shown
in Fig. 5(d) and (e), after being transmitted for a certain distance, the energy of the main lobe got
close to zero in a certain spatial range, such as at z = 10 µm, as if it had been eliminated. From
the energy distribution, according to the self-healing property of the Airy beams, the optical
beams converged together during the propagation process, such as at z = 55 µm.

Fig. 5. Dynamic self-healing properties of 2D Airy beams under occlusion of the main
lobe. (a)-(c) The obstacles were placed at z = 3.3 µm above the main lobe to produce
a longitudinal field pattern of 2D Airy beams with increasing propagation distance and
gradually decreasing energy. The spheres are made of different radii (r =1.2 µm, r= 2.4µm)
and materials (perfect electric conductor, silicon). (d)-(e) The light intensity distribution
generated by the transverse position recorded at z = 10 µm and z = 55 µm in the plane wave
propagation direction, respectively. (Reference can be made to the upper right corner of the
picture with and without the main flap for comparison.)

Below is a brief discussion about the measurement and comparison of the energy transfer
efficiency of Airy beams in two adjustable working modes of the metasurface due to changing
the metallic and insulating states of VO2 via the change of ambient temperature. Numerical
simulation results showed that the efficiency of the optical intensity transmission of the Airy
beams was as high as 97% and 70% in the transmission and reflection modes, respectively, which
was the maximum optical intensity of the generated 2D Airy beam extracted from the 3D far-field
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pattern. The conversion efficiency is defined as the ratio of the energy of the LCP (or RCP) light
obtained from the incident plane wave after metasurface conversion to the total energy of the
outgoing beam. Most of the incident light passes through the metasurface in transmission mode,
and about 3% of the optical beam is reflected. When the metasurface works in reflection mode, a
portion of the transmitted light is lost in the structure and less than 1% of the light passes through
the metasurface. It is worth noting that, compared with the reflection mode, the transmission
mode of the metasurface achieved better results with higher energy utilization. To grasp the
effects of different light sources on the metasurface, we chose to simulate the plane wave with
differently polarized lights at the same position z = 60 µm passing through the metasurface in the
transmission mode of operation, and the same operation can be repeated in the reflection mode.

The results are shown in Fig. 6(a)-(c). For plane waves with different polarization states, the
simulated field intensity distribution changed little, except for the small difference in the energy
of many sidelobes. The corresponding optical intensity conversion efficiency of LCP and RCP
was 97%, and the LCP and RCP energy emitted from the LP incident light accounted for half of
the total energy, respectively. Therefore, the metasurface designed in this paper is polarization
sensitive and has certain selectivity and flexibility for incident light. In addition, we also verify
the broadband nature of the metasurface. As shown in Fig. 6, the metasurface also produces
ideal Airy beams for the wavelengths of 492 nm, 532 nm and 586 nm, respectively. And as the
wavelength increases, the greater the bending of the Airy beam and the earlier the maximum
light intensity appears.

Fig. 6. (a)-(c) Diagram of the 2D Airy beam propagation trajectory at different wavelengths.
Simulated (d) x-LPL, (e) left-handed circularly polarized light, (f) right-handed circularly
polarized light respectively perpendicularly incident to the metasurface in the transmission
mode. The intensity distribution pattern of the optical field in the x-y cross-section was
generated at a distance of z = 60 µm from the metasurface.
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4. Conclusion

In summary, a switchable metasurface based on VO2 phase change materials has been designed
and numerically demonstrated for the generation of 2D Airy beams in the visible range. The
all-dielectric metasurface composed of TiO2 nanopillars has exhibited many unique properties,
such as high refractive index, high transmittance, and the ability to convert plane waves with
arbitrary polarization into Airy beams. In this paper, the phase distribution of the 2D Airy beams
has been achieved by changing the rotation angle of the nanopillars by FDTD simulation and the
PB phase principle. At room temperature, when VO2 was in an insulating state, the metasurface
would produce a transmitted 2D Airy beam with high polarization conversion efficiency and
transmission efficiency. At high temperature, the optimized Drude-Lorentz model was used to
produce the same 2D Airy beam as the transmissive metasurface, with optical intensity conversion
efficiencies of 97% and 70%, respectively. The numerical simulation results of Airy beams
captured in different planes (z = 50 µm, z = 55 µm, z = 60 µm, and z = 65 µm) have
verified that the Airy beam has unique characteristics such as non-diffraction, self-acceleration,
and self-healing in addition to several important properties, such as polarization conversion,
beam control, and switchable operating modes. Our designed metasurface is expected to be used
in integrated compact optical systems such as holographic imaging.
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Foundation of China (61975185).
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