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Dynamic control of Airy beam focusing is important for applications in optical manipulation, imaging, and laser
processing. However, most metasurface-based Airy beam generators are statically designed, and tunability typically relies
on mechanical translation, which limits system compactness and integration. Here, we propose a tunable Airy zoom
metasurface based on the moiré effect. The device consists of two rotationally symmetric dielectric metasurfaces composed
of titanium dioxide nanopillars. By encoding the Airy autofocusing phase and exploiting the rotational moiré modulation
between the two layers, the output phase distribution can be continuously tuned through relative rotation, enabling dynamic
control of the Airy beam focal position. Numerical simulations demonstrate that at a wavelength of 610 nm the focal length
can be continuously tuned from 8 pm to 32 pm. Compared with conventional quadratic-phase moiré zoom metasurfaces, the
proposed design preserves the nondiffracting characteristics of Airy beams while providing improved focusing efficiency
and enhanced lateral resolution. This work offers a compact and mechanically simple approach for dynamically controllable

metasurface optics and may facilitate the development of integrated and programmable photonic systems.

Keywords: metasurface, airy beam, autofocus
PACS: 42.79.Bh, 42.25 Fx, 78.67.Pt
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1. Introduction

In 2010, Efremidis et al. proposed, from a mathemati-
cal perspective, a novel method for generating a new type of
abruptly autofocusing beam.!!! Such beams are capable of ex-
hibiting sudden focusing at a predesigned focal position, ac-
companied by a pronounced enhancement of optical energy.
These beams are typically realized by constructing a radially
symmetric configuration through revolving a one-dimensional
Airy beam around the optical axis, or alternatively by appro-
priately superposing arrays of Airy wave packets, thereby ex-
hibiting characteristic autofocusing behavior.!?! Consequently,
if Airy autofocusing beams — combining self-healing and
diffraction-free properties — can be further endowed with
dynamic tunability, they are expected to demonstrate signifi-
cantly enhanced potential in applications such as imaging and
sensing. However, in conventional optical systems, tunabil-
ity is usually achieved through the coordinated operation of
multiple optical elements and complex adjustment strategies,
which severely limits system integration and stability. In re-
cent years, metasurfaces have developed rapidly in areas such
as planar optics, ultrathin lenses, and lightweight optical de-
vices, becoming a major frontier in optical research.3-%! Ow-
ing to their advantages of low weight, low cost, and the abil-
ity to eliminate spherical aberrations,!’~'°! metalenses have
demonstrated great potential in applications including imag-
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ing, spectroscopy, lithography, and laser processing.!!!-23]
Among these, mechanically tunable varifocal metalenses have
attracted significant attention. Colburn et al. designed an op-
tical system composed of two metasurfaces based on the Al-
varez lens principle, in which the focal length of the outgo-
ing beam can be tuned by adjusting the lateral displacement
between the two metasurfaces; the maximum zoom range is
determined by the maximum achievable lateral offset.[** In
2019, Wei et al. combined metalens design with the zooming
principle of moiré lenses and proposed a high-magnification
rotational varifocal metalens operating at a wavelength of
1550 nm.[?>) Compared with conventional zoom systems, this
structure enables, in theory, an infinite zoom ratio through rel-
ative rotation rather than by changing the spacing between op-
tical elements, thereby offering higher integration and stronger
zooming capability. However, such structures do not possess
diffraction-free characteristics or self-healing properties.

We show that the moiré effect’s rotational tuning capa-
bility can be mathematically unified with the Airy beam. By
encoding the Airy phase into the mutual rotation framework,
it is possible to create a device that combines the ‘zoom’ of
moiré lenses with the ‘non-diffracting’ nature of Airy beams.
In response to the above issues, this paper proposes a tunable
Airy zoom metasurface design method based on the moiré ef-
fect. By combining the moiré effect with the Airy autofocus-
ing phase, continuous focal length tuning from 8 pum to 32 um
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at a wavelength of 610 nm is achieved solely by adjusting
the relative rotational angle between the structures, without
changing the inter-device spacing. Compared with conven-

5,291 the proposed approach not

tional pure moiré zoom lense
only inherits the diffraction-free and self-healing properties of
Airy beams, but also exhibits further improvements in resolu-

tion and optical efficiency.

2. Design methodology

To achieve continuously tunable focal control while pre-
serving the autofocusing propagation characteristics of Airy
beams, a phase modulation strategy capable of flexibly re-
configuring the wavefront within a planar optical architecture
is required. Leveraging the rotational zooming properties of
moiré metasurfaces, we construct a bilayer cascaded phase
modulation scheme in which the synthesized phase distribu-
tion can be continuously evolved through relative rotation be-
tween the two metasurface layers. By incorporating the Airy
autofocusing phase into this rotational moiré phase synthesis
framework, the proposed approach enables dynamic tuning
of the Airy beam focal position without mechanical transla-
tion or variation of the interlayer spacing, while maintaining
the diffraction-free and self-healing propagation properties of
Airy beams.

A tunable Airy zoom metasurface refers to a device
formed by combining two circular metasurfaces with zoom-
phase profiles. By rotating the two metasurfaces relative to
each other, the synthesized output phase can be modified,
thereby tuning the focal length of the generated self-focusing
Airy beam, as illustrated in Fig. 1.

180° 90°
n n
@ - =

Fig. 1. Schematic diagram of the metasurface.

The designed metasurface in this work consists of rota-
tionally symmetric cylindrical dielectric nanopillars. Its phase
modulation relies on the propagation phase mechanism and
exhibits polarization-independent characteristics. Therefore,
to match the ideal phase distribution obtained from theoretical
calculations, it is necessary to construct a phase database of
nanopillars. We employed the commercial software “FDTD
Solutions” (from ANSYS) to perform finite-difference time-
domain (FDTD) simulations of the nanopillars. By increment-
ing each geometric parameter with a step size of 2 nm, the

phase variation data of the nanopillars were acquired. Periodic
boundary conditions were set in the x and y directions, while
perfectly matched layer (PML) boundary conditions were ap-
plied in the z direction. The height of the nanopillars was fixed
at 600 nm, with the diameter scanning range set from 100 nm
to 300 nm, and the period of the nanopillar array was fixed at
320 nm. As shown in Fig. 2(a), when the period is 320 nm,
the obtained transmission phase database fully covers the re-
quired phase distribution range, meeting the phase-matching
design requirements.

320%
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Fig. 2. (a) The phase and transmittance distributions of the unit cell
structure (b) at a wavelength of 610 nm when the period P is 320 nm.
(b) Schematic diagram of the unit cell structure, where the substrate ma-
terial is silica, the unit cell material is titanium dioxide, the height H is
600 nm, and the period P is 320 nm.

Design the theoretical phase distribution of two metasur-
face layers by combining the moiré effect with the Airy auto-
focusing phase.

8 1
¢1(r0,0) = ﬁaf(ro—b)%fp (r0), )]
8
02(r0.0) = —37a? (ro = b)3 (9 (r0) +6), @
8 3
@(r0,0) = @1 (r0,0) + ¢2(r0, 0) = fﬁa%(ro —b)36. (3)

Physically, the working principle can be understood as fol-
lows: the phase profile of each individual metasurface layer
contains a specific spiral phase component. When the two lay-
ers overlap with a relative rotation angle 6, the cross-term in
the superimposed phase creates a radial quadratic phase term
(r%). This induced quadratic term acts as an equivalent variable
lens, where the optical power (the inverse of the focal length)
is directly proportional to the rotation angle 6. By integrating
the Airy beam’s cubic phase modulation into this variable lens
framework, the system achieves dynamic focal shifting while
maintaining the characteristic non-diffracting propagation of
Airy beams.

Here 0 represents the relative rotation angle between the
two metasurfaces, which can be expressed as 0 = 7/¢; the pa-
rameter ¢ is introduced to facilitate the subsequent derivation
of the focal length. It is defined as the ratio of the rotation an-
gle to 7, serving solely as a mathematical simplification and
carrying no physical significance; ry denotes the radial size of
the metasurface, and b indicates the inner radius size of the
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metasurface annular region; ¢ denotes the relative rotation an-
gle of the structure.

And the Airy autofocusing phase can be expressed
25[26271

87
(Pairy(rO) = *ﬁa

[

2(ry—b) @
The corresponding focal length is f, = \/l%. Comparing for-
mulas (3) and (4), it can be concluded that the focal length
corresponding to formula (3) is f =1 X f,.

After simplification and derivation, we obtain a phase for-
mula in which the focal length can be continuously varied with
the rotation angle.

The ideal phase profile is matched against the phase
database (derived from the transmission phase library) to iden-
tify the corresponding unit structures, thereby completing the
full modeling of the metasurface.

3. Results and discussion

This paper employs a 610 nm wavelength plane wave as
the incident light, with a metasurface aperture of 8 um. Full-
wave FDTD simulations adopt perfectly matched layer (PML)
boundary conditions in the X, Y, and Z directions, with a grid
resolution set to 0.25 nm. The simulation region is defined as
X direction (—9 pm to 9 um), Y direction (—9 pum to 9 pum),

3

2

16
8

2 2-2 2 -2 2 -2 2
X (pm)

Fig. 3. Simulated lateral optical intensity distributions of the tunable Airy
zoom metasurface without phase rounding quantization. From left to right,
the columns correspond to relative rotation angles of 7, /2, /3, and /4,
targeting theoretical focal lengths of 8 um, 16 pm, 24 um, and 32 um, re-
spectively. The red dashed boxes highlight significant spot distortions and
severe aberrations caused by the sectorial effect inherent in the moiré rota-
tion, which degrades the beam quality before optimization.

N

~

Z (um)

and Z direction (—0.3 pum to 1.5 wm). The far-field distribu-
tion is obtained using the farfieldexact3d function within the
FDTD script. The material data for titanium dioxide (TiO;) is
sourced from Ref. [28]. In Eq. (3), parameter a is set to 31250
and parameter b to 2 um, in order to make f,, equal to 8 um.

The relative rotation angles between the two metasurface
layers are set to w, /2, m/3, and 7 /4, corresponding to the-
oretical focal lengths of 8 pum, 16 pm, 24 pm, and 32 pum,
respectively. The simulation results are shown in Fig. 3.

The ideal Airy disk should be a symmetric circle. How-
ever, the lateral light field distribution in Fig. 3 (specifically,
the region highlighted in red) reveals significant spot defor-
mation compared to a standard circle, indicating the presence
of severe aberration. This distortion stems primarily from
the sectorial effect generated during the rotation of the moiré
pattern.?! To mitigate this issue in the phase processing stage,
we introduced the round function for phase quantization. The
corresponding simulation results after quantization are pre-

32
24
16

—2 2-22-22-2 2
X (um)

sented in Fig. 4.

Z (pm)

oo

Fig. 4. Optimized lateral optical intensity distributions after applying
the phase rounding function. From left to right, the columns correspond
to relative rotation angles of 7, /2, /3, and 7r/4, targeting theoretical
focal lengths of 8 pm, 16 um, 24 pm, and 32 pm, respectively. Com-
pared to Fig. 3, the focal spots exhibit significantly improved circular
symmetry and reduced side-lobes. This demonstrates that the rounding
operation effectively suppresses the sectorial aberration, preserving the
quality of the Airy beam across the entire tuning range.

By comparing Figs. 3 and 4, it can be observed that
the optical field results presented in Fig. 4 are significantly
improved after the rounding operation compared to those in
Fig. 3. The aberration correction is significantly improved,
which demonstrates that the designed Airy zoom metasur-
face can still effectively achieve focusing even when the focal
length changes. This leads to an important question worthy
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of further exploration: once the relationship between the fo-
cal length and rotation angle is established, the selection of
parameters a and b and their influence on the focused optical
field constitute a valuable research topic.

When the base focal length f, (at rotation angle 7) is
fixed, according to f, = \/%, a is a quantity that varies with
b. Here, b represents the inner radius of the hollow annular
metasurface, and since the outer radius R (i.e., the aperture) of
the metasurface is fixed, we use a ratio parameter € (¢ = b/R)
to represent the variation of b.

We set € to two extreme and visually contrasting values
of 0.05 and 0.8, with the simulation results shown in Fig. 5
below.

Fig. 5. Influence of the inner-to-outer radius ratio € = b/R on focusing
behavior. (a) Left: field distribution for € = 0.05 at 6 = 7 (designed
focus 8 um); right: field distribution for € = 0.8 at 6 = 7 /4 (designed
focus 32 pm). (b) Corresponding metasurface layouts (top view) for
€ =0.05 (left) and € = 0.8 (right). Small € leads to delayed focusing,
while large € causes early focusing, consistent with the curved trajec-
tory of Airy beams.

As shown in Fig. 5, when ¢ is small, the metasurface may
exhibit delayed focusing, whereas when € is large, the oppo-
site effect occurs. This is primarily because Airy beams prop-
agate along curved trajectories, and the curvature of the trajec-
tory is closely related to £?’! (r(z) = b — az?), as illustrated
in Fig. 6.

r (um)

Fig. 6. Geometry of the autofocusing beam.

From Fig. 6, it can be seen that when the ideal focal length
is 16 um and € is 0.2, the orbital curvature is significantly
smaller than when € is 0.5. This can lead to issues such as

an extended depth of focus and a backward shift of the focal
point, particularly when the focal length is small relative to the
lens aperture and € is also small. In such cases, the problem
becomes more pronounced. Conversely, when € is large, a sit-
uation similar to that shown in the right panel of Fig. 5(a) may
occur.

Therefore, we can roughly summarize a rule: when the
overall numerical aperture of the metasurface is large, choos-
ing a smaller € is more appropriate; whereas when the numer-
ical aperture is small, selecting a larger € is more suitable.

[25] on cal-

On the other hand, there have also been reports
culating the phase of moiré zoom metasurfaces based on the

following equations:

1:0) =round | ] 0 ) ®
¢, (r,0) = —round [A -1fo rz} (¢ (r)+6), 6)
0 =01(r,0)+ ¢2(r,0) = —round [l }forz} 6. ()

By comparing Eq. (7) with the quadratic phase, it can be de-
rived that the focal length of the metasurface follows the rela-
tionship f = Z f, with the rotation angle, which is consistent
with the relationship between focal length and rotation angle
presented in this paper.

Under the same conditions, the calculation results of this
metasurface are shown in Fig. 7.

Theoretical focal position
Actual focal position

—2 2 -2 2 -2 2-2
X (pm)

Z (pm)

o)

Fig. 7. Simulated field distribution of the quadratic-phase moiré zoom meta-
surface (without Airy phase). From left to right, the columns correspond to
relative rotation angles of 7, 7/2, /3, and 7 /4, targeting theoretical focal
lengths of 8 pm, 16 um, 24 pm, and 32 pm, respectively. Notably, at the
rotation angle of 7 /4 (rightmost column, target f = 32 pum), the focal spot
shows severe energy dispersion and defocusing compared to the Airy design
in Fig. 4. This verifies that the quadratic-phase design suffers from signif-
icant longitudinal aberration at large zoom ranges, whereas the proposed
Airy design maintains a tighter focus.

As can be seen from Fig. 7, when the rotation angle is
0.257, the metasurface exhibits severe defocusing. When the
rotation angle is 7, the depth of focus increases and the energy
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distribution becomes uneven. This is primarily due to the limi-
tations of the paraxial approximation inherent in the quadratic
phase itself.

The full width at half maximum (FWHM) and focusing
efficiency of this metasurface are compared with those of the
€ = 0.25 Airy zoom metasurface mentioned earlier, as shown
in Fig. 8 and Table 1.

35
(a)

Defocusing artifact

~®— Proposed Airy zoom
30| = Quadratic-phase

25
20

15

10

Focusing efficiency (%)

8 16 24 32
Focal length (um)

Based on the observation of Fig. 8§ and Table 1, except at
the 32 um focal position where the quadratic-phase metasur-
face exhibits a larger FWHM, degraded resolution, and an arti-
ficially high energy reading due to defocusing, the Airy zoom
metasurface demonstrates superior performance in both effi-
ciency and resolution across the remaining focal lengths. This
indicates a more concentrated energy convergence in the pro-
posed design.

1600 (b)

~@®— Proposed Airy zoom

1400 -0 Quadratic-phase

= 1200
1000 s
800 '

Better resolution
(smaller FWHM)

FWHM (nm

600
400
200

0

8 16 24 32
Focal length (pm)

Fig. 8. Quantitative performance comparison between the proposed Airy zoom metasurface and the conventional quadratic-phase zoom meta-
surface. (a) Focusing efficiency across different focal lengths. The proposed design demonstrates higher efficiency for most focal lengths. Note
that the slightly higher efficiency of the quadratic lens at 32 pum is an artifact caused by beam defocusing, which spreads energy axially rather
than confining it to the focal spot. (b) FWHM of the focal spots. The proposed Airy design consistently achieves smaller FWHM values (better
resolution) compared to the quadratic design, with an average resolution enhancement of approximately 0.154.

Table 1. Comparison results of FWHM and focusing efficiency.

Focal length (pm)

Quadratic-phase zoom metasurface

Airy zoom metasurface (¢ = 0.25)

FWHM (nm) Focusing efficiency FWHM (nm) Focusing efficiency
8 568 9% 440 11%
16 736 22% 632 24%
24 1112 24% 880 25%
32 1344 26% 1288 24%
4. Summary Acknowledgements

In conclusion, we propose a tunable Airy zoom metasur-
face based on the moiré effect by integrating the Airy autofo-
cusing phase with a rotational metasurface configuration. The
bilayer structure enables continuous control of the Airy beam
focal position through relative rotation between the two meta-
surfaces, providing a compact strategy for dynamic beam ma-
nipulation without translational mechanical components. Nu-
merical results confirm that the proposed design maintains the
propagation characteristics of Airy beams while improving fo-
cusing performance compared to quadratic-phase moiré zoom
metasurfaces. Furthermore, the parameter €, describing the
ratio between the inner and outer radii of the metasurface, is
shown to strongly influence the focusing behavior and should
be optimized according to the system numerical aperture. Fu-
ture work will focus on experimental realization and extending
the concept to broadband and multifunctional tunable metasur-

face devices.

This work was supported by the National Natural Sci-
ence Foundation of China (Grant No. 62504057) and the
Special Fund for Science and Technology Development
of Guangxi Zhuang Autonomous Region, China (Grant
No. AD25069078).
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