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Abstract: Self-accelerating polygon beams have drawn
growing emphasis in optics owing to their exceptional
characteristics of multiple self-accelerating channels and
needle-like field distributions. Various approaches have
been proposed to generate polygon beams, such as using
spatial lightmodulators (SLMs) or plasmonicmetasurfaces.
However, SLMs impede the miniaturization of the optical
system and both approaches are subject to low efficiencies
and demand an extra physical lens with a long focal length
for Fourier transform, which limits the quality and the
diverse variability of polygon beams. In this article, we
demonstrate the generation of high-quality accelerating
polygon beams in broadband spectra of 500–850 nm by
utilizing dielectric metasurfaces. These metasurfaces inte-
grate the functionality of the Fourier transform lens to
enable the resulting beams with a large curvature ratio for
the self-accelerating channels and a relatively small size for
the autofocus region. The curvature ratio of the beam at
λ = 633 nm is 31 times higher than the previously reported

plasmonic-based method. While the size of the focused
spot is 2.35 µm, which is reduced by nearly 15 times. The
proposed beam generator provides ample opportunities for
applications such as particle micromanipulation, beam
shaping, laser fabrication, and biomedical imaging.

Keywords: accelerating beam; large curvature ratio;
metasurface; polygon beam; small focused spot.

1 Introduction

At the outset of the experimental measurement of the Airy
optical beam [1], the accelerated beams that travel in
curved lines in free space have gained enormous research
interest. Previous studies have focused on various types of
accelerating beams such as accelerating light beams along
arbitrary convex trajectories [2], nonparaxial Mathieu and
Weber beams [3], spherical shaping of light [4], Bessel-like
optical beams with arbitrary trajectories [5], and abruptly
autofocusing beams [6]. Compared to the above acceler-
ating beams, polygon beams (PBs) possess unique char-
acteristics of not only multiple self-accelerating channels
with cusp points arranged in a circle but also needle-like
auto-focused field distributions with fewer side lobes
relative to Bessel beams [7–9]. Following the current
theoretical demonstration of the finite-energy accelerating
PBs [7], experimental demonstration of various types of
PBs has been reported as well [8, 9].

Contemporary methods utilized to generate polygonal
beams require an additional physical lens to perform
Fourier transform [7–10], which poses a challenge to its
integration in a compact nanophotonics system. Above all,
it is essential to reduce the focal length of the Fourier
transform lens to generate high-quality PBs with various
beam parameters, e.g., PBs with a high curvature ratio for
multiple self-accelerating channels or a needle field with a
relatively small size for the autofocus region. Though the
minimum focal length of the conventional commercial
objective lens limits feasible control parameters for beam
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generations, thus the diverse variability of PBs. Therefore,
it is necessary to combine the K-space phase and the
lens phase for Fourier transform to generate the PBs.
Meanwhile, there is a pressing need for devices with
subwavelength pixel sizes for controlling light fields. For
instance, designing lenses with shorter focal lengths is
limited by the Nyquist sampling theorem (the Nyquist
focal length can be described as fN = NΔ2/λ, where N is the
number of pixels in a row and Δ is the pixel size [11]).

Over the past few years metasurfaces, which are
artificially engineered of subwavelength planar nano-
structure arrays, have opened up a new era [12, 13] for
engineering optics due to the rapid development of opti-
cal functional meta-devices including near-diffraction-
limited or achromatic metalenses [14–18], quantum
photonics [19–22], metaholograms [23, 24], high harmonic
generation in nonlinear optics [25, 26], manipulating
self-accelerating beams [27–36], and so on [37, 38].
Furthermore, all-dielectric metasurfaces exhibiting
miniaturization and integration of the optical systemhave
made substantial advancements in self-accelerating
beams which include Airy beams and Bessel-like beams
but not PBs yet [28–36]. Although plasmonic metasurfaces
have been employed to generate optical PBs [39], the
strong ohmic losses of the metals at the visible regime
significantly limit the efficiency and quality of the beams.
Hence, we employed a combination of the K-space phase
used to effectively generate the PBs and the phase of the
Fresnel holographic lens and encoded it on the all-
dielectric metasurface to generate high-quality PBs,
featuring multiple self-accelerating channels with a large
curvature ratio and a needle-like field with a small trans-
verse size. Attributed to the higher refractive index and
minimal absorption losses of the silicon, our designed
device is remarkably efficient in the broadband regime of
visible to near-infrared light, i.e., 500 nm to 850 nm. The
measured generation efficiency of the device is as high as
43.1% at λ = 722 nm, which is approximately 15 times
higher. And the curvature ratio of the beam is as large as 31
times higher than that of the recently reported plasmonic
metasurfaces [39]. Simultaneously, the needle-like auto-
focused beam retains the full width at half-maximum
(FWHM) as small as 2.35 μm (3.71λ, λ = 633 nm) at the focal
plane, which is reduced by nearly 15 times [39]. We
envision this work would inspire the creation of ultra-
compact planar nanophotonics platforms for efficient
generation of PBs and has great potential for the appli-
cation scenarios such as particle manipulation [10], laser
fabrication [40], and biomedical imaging [41].

2 Methodology

The electric field of PBs in an imaging system of focal length of f with
an incident plane wave can be described in the Cartesian coordinates
[7, 8, 39]:

E(x, y, z) = A∬
∞

−∞
exp[ikΨ(x′, y′, x, y, z)]dx ′ dy′ (1)

whereA is the constant,Ψ(x′, y′, x, y, z) =ϕm (x′, y′)− z(x′2+ y′2)− (x′x+ y′y)
is determined by the phase function, k = 2π/λ is the wave number, (x′, y′)
denote the transverse coordinates in the input plane and (x, y, z) repre-
sent the coordinates in the propagation plane. The phase ϕm(x′, y′) that
generates PBs in the K space can be written as:

ϕm(x′, y′) = C(x′2 + y′2)m2 sin(m × atan(y′
x′
) + ω) (2)

where C and ω represent a constant scaling number and the initial
phase, respectively, and the polynomial order m represents the order
of PBs.

Here, the phase of the Fresnel holographic lens and the phase
used to generate PBs in the K space is simultaneously loaded on the
metasurface to generate PBs, as shown in Figure 1. When the left
circularly polarized (LCP) light is converted into inverse circularly
polarized light, the transmitted inversed polarized light will be shaped
to multiple accelerating channels and a needle-like auto-focused
beam. The Fresnel holographic lens replaces the traditional physical
lens for Fourier transform which can significantly reduce the system’s
size. This method is also known as the Fresnel holographic lens
method and has been experimentally demonstrated in Airy beams
[34]. The synthetic phase imparted by themetasurface to generate PBs
is given as:

φm(x′, y′) = C(x′2 + y′2)m2 sin(m × atan(y′
x′
) + ω) − π

λf
(x′2 + x′2) (3)

where f is the focal length of the Fresnel holographic lens. To validate
our demonstrated method, subsequent experiments were carried out
for the PBs with 4 and 6 self-accelerating channels at the design
wavelength i.e., λd = 650 nm.

Figure 1: Schematic of all-dielectricmetasurface for generating PBs.
The LCP light is incident to the metasurface and the transmitted
inversed polarized light will be shaped to multiple accelerating
channels and needle-like auto-focused field distribution.
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Figure 2(a) shows the typical phase profile used to generate the
PB in the K space withm = 4, C = 1/(3 × 106), andw = π/2. The diameter
of the phase map is 200 μm. The phase of a Fresnel holographic lens
with a focal length f= 300 μmutilized for Fourier transform is shown in
Figure 2(b). While Figure 2(c) presents the synthetic-phase mask

(addition of Figure 2(a) and Figure 2(b)) imposed on the designed
metasurface to generate the PB with four self-accelerating channels.
Likewise, Figure 2(d) is also the synthetic-phase mask to generate the
PB with m = 6, C = 1/(3 × 1010), w = π/2 and f = 300 μm.

3 Design of all-dielectric
metasurface

The unit cell of the designed metasurface is composed of
amorphous silicon (Si) nano-fins with height H, length L,
and width W deposited on a silica substrate with square
lattice as shown in Figure 3(a) and (b). All the simulations
were carried out using the commercial finite-difference-
time-domain (FDTD) software developed by Lumerical Inc.
[42]. To acquire the maximum polarization conversion ef-
ficiency periodic boundary conditions were applied to x
and y-direction while perfectly matched layer boundary
conditions were applied to the z-direction for the broad-
band regime of λ = 500–850 nm. The optimized structure
parameters for the unit cell are: height H = 365 nm, width
W = 135 nm, length L = 240 nm and the lattice constant
P × P = 300 nm × 300 nm. The simulated polarization
conversion efficiency of the fabricated sample is as high
as 26% at the design wavelength λd = 650 nm and above

Figure 2: Phase design for generating PBs.
(a) The phase profile used to generate the PB with m = 4 in the K
space. (b) The phase profile of the Fresnel lens. (c) and (d) The phase
profiles to generate the PBs withm = 4 andm = 6 in the real space,
respectively.

Figure 3: Nanopillar design and experimental setup.
(a) The building block of themetasurface consists of amorphous Si nano-fin sitting on a silica substrate. (b) Top view of the building blockwith
nano-fin length L = 240 nm, widthW = 135 nm, and height H = 365 nm. The nano-fin can rotate in the x–y plane with an angle θ to realize the
required phase according to the Pancharatnam–Berry phase with a pitch P = 300 nm. (c) The simulated polarization conversion efficiency
(defined as the ratio between the total optical power of the cross-polarized light to the input optical power) of the unit cell. The expanded
(d) and top-view (e) scanning electron microscopy (SEM) images of a portion of the fabricated sample. (f) Experimental setup for the optical
characterization (quarter-wave plate (QWP), linear polarizer (LP), objective lens (OL), tube lens (TL), and charge-coupled device (CCD)).
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50% in the wavelength regime of λ = 697–826 nm, as
shown in Figure 3(c). Moreover, it is experimentally vali-
dated in the next section that the high-quality acceler-
ating PBs are generated in the entire broadband regime of
λ = 500–850 nm. To accomplish the required phase pro-
files the Pancharatnam–Berry phase [43] method was
employed in the unit cell. Figure 3(d) and (e) displays the
scanning electron microscopy (SEM) images of a portion
of the fabricated sample in top view. Figure 3(f) shows the
experimental setup of the light field characterization (see
the measurement details in Experimental section).

4 Results

We have experimentally demonstrated PBs with relatively
large curvature ratios for multiple accelerating channels
and narrowbeamwidths for needle-like auto-focused field
distributions. As a proof of concept demonstration, we
show the generation of the PBs based on metasurfaces
with m = 4 and m = 6. The phase distribution imposed on
the metasurface corresponding to the optical field distri-
bution of the quadrilateral beams with m = 4 as shown in
Figure 4(a1)–(a7) and (b1)–(b7) and the hexagonal beams
withm = 6 as shown in Figure 4(c1)–(c7) and (d1)–(d7) are

shown in Figure 2(c) and (d), respectively. The measured
intensity distributions of quadrilateral beams with m = 4
and hexagonal beams withm = 6 at λ = 500, 532, 580, 633,
710, 780 and 850 nm at various propagation distances are
shown in Figure 4 (z = −95 μm for Figure 4(a1)–(a7),
z = −120 μm for Figure 4(c1)–(c7) and z = 150 μm for
Figure 4(b1)–(b7) and (d1)–(d7). The corresponding theo-
retical results are shown in Figure S1. The intensity pattern
of each PB is homogenous for different wavelengths, with
an expansion in size as the wavelength increase. This
phenomenon is caused by the chromatic aberration of the
Fresnel metalens. The focal length of the lens decreases
with an increase in the wavelength so the intensity dis-
tributions of PBs keep stirring away from the optical axis
since the wavelength increases when the phase used to
generate the polygonal beam remains unchanged.

As illustrated in Figure 1, the three-dimensional in-
tensity patterns are evolved into focus of a singular point
from a polygon with intensive cusps and then splits into
four or six off-axis identical lobes. The singular point ap-
pears on the focal plane of the Fresnel lens (z = 0 µm) and
then the PBs are generated during propagation after the
focal plane. The self-accelerating trajectories in front and
back of the focal plane are identical in number while
differing in the direction of transverse deflection of the
beam when comparing Figure 4(a1)–(a7) at z = −95 μm,

Figure 4: Measured intensity distributions of the PBs in x–y plane. Measured intensity distributions of the generated quadrilateral beams
(a1)–(a7) for z = −95 μm and (b1)–(b7) for z = 150 μm at wavelengths of λ = 500, 532, 580, 633, 710, 780 and 850 nm, respectively while,
measured intensity distributions of the generated hexagon beams (c1)–(c7) for z = −120 μm and (d1)–(d7) for z = 150 μm at wavelengths of
λ = 500, 532, 580, 633, 710, 780, and 850 nm, respectively. Scale bar = 17 μm (a1)–(a7), (b1)–(b7) and 20 μm (c1)–(c7), (d1)–(d7).
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Figure 4(c1)–(c7) at z = −120 μm and Figure 4(b1)–(b7) and
(d1)–(d7) at z = 150 μm.

The focal length of the Fresnel lens, used for the
Fourier transform in our design approach of the synthetic-
phase metasurface, can be theoretically set to a relatively
small value without considering the alignment issue of the
optical axis. The Nyquist focal length is fN = NΔ2/λ = 95 μm,
where N = 666, Δ = 300 nm (λ = 633 nm) [11]. The resulting
PB with m = 4 has a large curvature ratio for multiple
accelerating channels and a small needle-like auto-focused
field. To demonstrate the above properties, first, the xz
cross-section of the intensity distribution (see optical
characterization in Experimental section) is reconstructed
for the PB with m = 4 at wavelengths of λ = 500, 532,
580, 633, 710, 780, and 850 nm, respectively, as shown in
Figure 5(a)–(g). Then the beam deflection of the main
accelerating channel along the longitudinal direction is
shown in Figure 5(h). The corresponding theoretical results
are shown in Figure S2. The curvature ratio is defined as the
ratio of the deflection distance along the transverse direc-
tion to the propagation distance along the longitudinal
direction. It is noted that the curvature ratio of the PB with
m = 4 is 0.193 (29 μm from the optical axis at z = 150 μm),
which is as large as 31 times higher than that of the recently
reported plasmonic metasurface (about 0.375 mm from the

optical axis at z = 60mm) at the wavelength of 633 nm [39].
As the wavelength increases, the curvature ratio also in-
creases as shown in Figure 5(h).

Regarding the traditional methods for PBs generation,
as the working wavelength changes, the position of the
physical objective lens must be adaptively adjusted since
the physical lens usually has a large dispersion. Our
designed synthetic-phase metasurfaces evade this issue
efficiently due to the large operating bandwidth of the
device. To further validate the wideband self-focusing
characteristics of the PBs with relatively small transverse
sizes, Figure 6(a1)–(a7) and (b1)–(b7) manifest the recon-
structed longitudinal needle-likefield distributions and the
extracted transverse fields at the focal plane of the meta-
surface (the white dashed line in Figure 6(a1)–(a7)) at the
wavelengths of λ = 500, 532, 580, 633, 710, 780, and
850 nm, respectively. Figure 6(c1)–(c7) depict the normal-
ized intensities along the horizontal axis at the center of the
focal plane corresponding to Figure 6(b1)–(b7), and the
FWHMs at the wavelengths of 500, 532, 580, 633, 710, 780,
and 850 nm are 2.36, 2.25, 2.25, 2.35, 2.21, 2.27, and 2.39 μm,
respectively. The corresponding theoretical results are
shown in Figure S3. The experimental results realize an
ultra-high quality of the spot due to the high refractive
index and lower absorption losses of the silicon at the

Figure 5: Measured longitudinal intensity distributions of the PB.
(a)–(g) Measured longitudinal intensity distributions for the PB with m = 4 at wavelengths of λ = 500, 532, 580, 633, 710, 780, and 850 nm,
respectively. To facilitate visualization, the intensity distribution in (a)–(g) are false-colored images in the log scale. (h) Measured beam
deflection of the main accelerating channel along the longitudinal direction for the above wavelengths.
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target wavelength λ = 500 nm (3.92 + 0.12i) to 850 nm
(3.34 + 0i). It is worth noting that at λ = 633 nm, the beam
has a focused spot size of 2.35 μm (3.71λ) which is reduced
by nearly 15 times [39], and a focal depth of about 72 μm
(114λ). Meanwhile, the side lobes of the beam are much
smaller than the Bessel beam, as Bessel beams have high-
energy side lobes [44]. Figures S4 and S5 shows that the
length of the needle-like region increases as C increases
when the focal length f of the Fresnel lens is determined,
which is unlike the traditional method to control needle
region through optimization algorithm [45, 46]. Figure S6
shows the simulated polarization of electric fields and
energy flow states in the needle region of the PB. Airy beam
and the tailored Bessel beam have achieved great success
in the field of biological microscopy imaging [41] and laser
processing [47, 48], and we envision that the generated
PBs with long depths of focus in the needle regions bear
great potential in light-sheet microscopy, high-aspect-ratio
through-silicon vias, and such other applications. In addi-
tion,wesimulate thePBwithm= 1.As shown inFigure S7(d),
the PB spreads to both sides along the inclined straight line
when propagating in the x–z plane. We expect this work to
stimulate research interest in further types of PBs.

Themeasured generation efficiency of the PB (defined
as the ratio of the intensity of the generated PBs to that

of the incident beam) is as high as 39.83% (m = 4) at
λ = 722 nm in the plane of z = 150 μm. Here, the measured
generation efficiency is p = I1/I0, where I1 and I0 are ob-
tained by integrating the grey values of each pixel in the
light field distribution of the PB and that of the laser
through the substrate only, captured by the CCD. Using
the above method, the measured efficiencies are 38.22%,
41.21%, 42.49%, and 43.10% at z = 175 μm, 125 μm, 105 μm,
and 90 μm, respectively. This is extremely critical for
generating high-quality PBs and further enhancing the
feasibility of such beams. The experimentally measured
high-quality PBs validate that the device is capable of
achieving high-efficiency and broadband generation of
PBs from visible to the near-infrared band while conven-
tional methods, based on SLMs or plasmonic metasurfaces
[7–10], are challenging to implement.

5 Conclusions

In summary, to overcome the limitations of traditional
SLMs or plasmonic metasurface, we demonstrate a highly
efficient approach to generate PBs with different self-
accelerating channels in a single device forminiaturization
and integration of the optical system and devices. Besides,

Figure 6: Measured intensity distributions of the PB in the needle-like region. (a1)–(a7) Intensity distributions of the PBs (m = 4) along the
optical axis (x–z plane) and (b1)–(b7) measured transverse field distributions (x–y plane) at the focal plane of the PBs at wavelengths λ = 500,
532, 580, 633, 710, 780, and850nm. To facilitate visualization, the intensity distributions in (a1)–(a7) are false-colored images, because these
intensity distributions are extracted from the reconstructed three-dimensional image, while the intensity distributions in (b1)–(b7) are true-
colored images. (c1)–(c7) Normalized intensity profiles along the horizontal axes at the center of the focal spots. Scale bar = 6 μm.
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the generated beam has a large curvature ratio for the
accelerating channel and a small-sized needle-like focused
field. The efficiency of the device is as high as 43.1% at the
wavelength λ = 722 nm. Substituting the bulky system of
Fourier transform for the generation of PBs, the proposed
device facilitate a low-cost and ultrathin platform for PBs
generation which will be readily integrated with on-chip
devices for future applications like high-resolution bio-
logical microscopy imaging, optical tweezing of live sam-
ples, and laser processing.

6 Experimental section

Sample fabrication: Electron beam (e-beam) lithography and induc-
tively coupled plasma dry etching processwas employed to realize the
metasurfaces. Our design utilized silicon as the optical material since
it ensures relatively higher polarization conversion efficiency with a
rigorous optimization of geometric parameters of the nano-fin. To start
with, a 365 nm thick uniform amorphous silicon layer was deposited
by a sputtering machine. Then a layer of e-beam resist (CSAR) with a
thickness of 200nmwas spin-coated on thewafer afterward. Thewafer
was baked at 180° for 1 min. E-beam lithography was implemented
based on the electron beam writing system (JEOL JBX-9500) with an
acceleration voltage of 100 keV. The samplewas then developed in the
developer AR-600-546 at room temperature for 90 s. Finally, STS
advance silicon etching machine was used for silicon dry etching.

Optical characterization: The experimental setup for the mea-
surement of field distributions of the generated PBs is illustrated in
Figure 3(e). The intensity distributions of the PBs shown in Figures 4–6,
were imaged using an optical setup that includes an Olympus objec-
tive (MPlanFL N NA = 0.45, 20 ×) (to ensure that the resulting image
can be entirely detected by the CCD), a tube lens with a focal distance
of 180 mm and a CCD camera (DH-HV3151UC) with a resolution of
2048 × 1536 pixels. The metasurface was illuminated by LCP light
generated by a linear polarizer (Thorlabs LPVIS100) and a quarter-
wave plate (Thorlabs AQWP05M-600) with the incident light gener-
ated from the NKT super-continuum light source (NKT Photonics
SuperK EXTREME EXR-15). Another quarter-wave plate and polarizer
were used to eliminate background light in the optical path i.e., the
LCP light. The objective lens and the tube lens were fixed on a
high-speed motorized xy scanning stage (Thorlabs MLS230-1). The xz
cross-section of the intensity distribution was obtained by moving
the objective lens and the tube lens along the z-direction by the xy
scanning stage at a step size of 1 μm and then reconstructing to 3D
field patterns in the longitudinal plane, from which the longitudinal
xz field distributions of the 2D PBs were extracted as shown in
Figure 6(a1)–(a7). The broadband response of the device can be
observed by sweeping the wavelength of the super-continuum laser.
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