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Abstract: Self-accelerating beams show considerable
captivating phenomena and applications owing to their
transverse acceleration, diffraction-free and self-healing
properties in free space. Metasurfaces consisting of
dielectric or metallic subwavelength structures attract
enormous attention to acquire self-accelerating beams,
owing to their extraordinary capabilities in the arbitrary
control of electromagnetic waves. However, because the
self-accelerating beam generator possesses a large phase
gradient, traditional discrete metasurfaces suffer from
insufficient phase sampling, leading to a low efficiency
and narrow spectral band. To overcome this limitation, a
versatile platform of catenary-inspired dielectric meta-
surfaces is proposed to endow arbitrary continuous
wavefronts. A high diffraction efficiency approaching
100% is obtained in a wide spectral range from 9 to 13 μm.
As a proof-of-concept demonstration, the broadband,

high-efficiency and high-quality self-accelerating beam
generation is experimentally verified in the infrared band.
Furthermore, the chiral response of the proposed meta-
surfaces enables the spin-controlled beam acceleration.
Considering these superior performances, this design
methodology may find wide applications in particle
manipulation, high-resolution imaging, optical vortex
generation, and so forth.

Keywords: catenary metasurfaces; pancharatnam-berry
phase; self-accelerating beams; subwavelength structures.

1 Introduction

In recent decades, diffraction-free waves have attracted
enormous attentions [1, 2]. As a sort of special dispersion-
free beams, Airy beams [3] or, more generally, self-accel-
erating beams [4, 5] bear not only self-healing properties
but also possess a unique transverse acceleration charac-
teristic since their main peaks propagate along a nonlinear
curve. Self-accelerating beams have considerable appli-
cations in various fields, such as filamentation [6], imaging
[7], light bullet [8], and optical manipulation [9]. Recently,
there have been abundant investigations on the generation
of self-accelerating beams [10, 11]. Traditional methods
usually acquire self-accelerating beams in the Fourier
domain by encoding a cubic-phase distribution in liquid
crystal spatial light modulators [12, 13] or adaptive
deformable mirrors [14]. The applications of self-acceler-
ating beams in the compact nanophotonic platform are
mainly hindered by both those hulking elements and the
extraordinary long working distance of the Fourier Trans-
form system.

To date, various methods have been proposed to avoid
defects in traditionalmethods.Metasurface [15, 16], which is
composed of subwavelength structures, is one of the pro-
spective choices due to its ability to achieve arbitrary
wavefront manipulation at the subwavelength scale. Over
the past decades, many exotic phenomena and extraordi-
nary flat optical devices have been realized, such as
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broadband spin Hall effect [17, 18], asymmetric photonic
spin–orbit interactions [19–21], invisibility cloaks [22, 23],
full-color 3D holography [24, 25], nanoprint-hologram
display [26, 27], achromatic metalens [28, 29], among many
others [30, 31]. At the same time, metasurfaces have also
been applied to generate self-accelerating beams in the
spatial domain [32–34], andAiry surfaceplasmonshavealso
been demonstrated via on-chip nanostructures [35–37].
However, such self-accelerating beam generators need to be
encoded with a cubic phase profile whose phase gradient is
so large that contemporary discrete metasurfaces still face
the problem of insufficient phase sampling in the edge re-
gion, resulting in strong spurious diffraction orders which
will destroy the accelerating beam trajectory. As an alter-
native way, one can increase the sampling by reducing the
period of discrete structures. Unfortunately, the smallest
period will be limited by the fabrication feasibility and
electromagnetic coupling between adjacent elements [38,
39]. To balance these two factors, existing discrete meta-
surfaces still possess a limited efficiency and spectral band
[33, 34]. Continuous components like metallic catenary-
structures and dielectric nanoarc-structures have exhibited
prospects to remove the shortcomings of discrete meta-
surfaces [40–43], but they still suffer from low efficiency or
obvious spurious diffraction orders [44].

In this paper, a methodology for dielectric catenary (a
form of integral) metasurfaces is proposed to detour the
aforementioned limitations. Excellent performances of the
integral structure are attributable to the ability of continuous
wavefrontmanipulatingwithin a single element. It provides a
significant way to alleviate insufficient sampling of meta-
surfaces with large phase gradients under the premise of
ensuring the efficiency and bandwidth of the device. A
broadband and high-efficiency self-accelerating beam gener-
ator with a cubic phase profile has been realized by the pro-
posed integral metasurface. Owing to the chiral response of
the proposed generator, mirrored accelerating trajectories can
beacquiredviaaltering the spin stateof the incident light. This
work may provide a new designing strategy for other meta-
devices, including high-resolution metalens, optical orbital
angular momentum generators, and optical tweezers.

2 Results and discussion

2.1 Structure design

Unlike Airy beamswith a defined quadratic trajectory, self-
accelerating beams with customized beam trajectories can
be designed based on the geometrical optical framework.

To derive the phase distribution of the metasurface that
produces the self-accelerating beam, as shown in
Figure 1A, we assume that the metasurface is located on
z =0 plane and the accelerating beam follows the trajectory
of z = f(x). (x₀, z₀) is the coordinate of an arbitrary point on
the trajectory curve and its tangential equation is z =f ′(x₀)·
(x− x₀)+ z₀. Then one can get the intersection of the tangent
and metasurface, that is, x = x₀ − z₀/f ′(x₀). According to the
principle of geometric optics, the phase gradient dφ(x)/dx
imparted by the metasurface has to be amenable to the
equation: dφ(x)/dx = −k₀/f ′(x₀), where k₀ = 2π/λ is the
wavenumber and λ is the wavelength in free space. Finally,
the phase distribution φ(x) can be described as:

φ(x) � ∫
−k0
f ′(x0)dx (1)

According to Eq. (1), the trajectory of the two-dimen-

sional reciprocal self-accelerating beam is { z � a/x
z � a/y

,

where a is a constant, and the phase distribution φ(x) can
be defined by:

φ(x,  y) � k0(x3 + y3)/12a (2)

The reciprocal curve and phase distribution of the gener-
ator are shown in Figure 1B. Once the phase distribution is
determined, the generator can be engineeredwith different
subwavelength structures. According to Eq. (2), the phase
gradient of the cubic phase is dφ(x)/dx = k0x

2/6a, which

Figure 1: (A) Schematic diagram of deducing phase distribution for
generating the self-accelerating beam trajectory based on
geometrical optical framework. (B) Reciprocal self-acceleration
trajectory (blue) and the phase distribution (green) of the generator.
(C) Schematic illustration of the rectangular antenna. (D, E)
Simulated trajectories of the discrete metasurfaces whose lattice
constants are 0.1λ and 0.7λ, respectively.

2830 F. Zhang et al.: High-efficiency accelerating beam generation



would be too large to sufficiently sample the phase using
traditional discrete metasurfaces. For example, the phase

gradient will be k0 at x � ���
6a

√
, and thus there are usually

two or fewer structures to sample the wavefront manipu-
lation within a single period covering 0 ∼ 2π, leading to a
low efficiency and narrow bandwidth. To discuss this issue
in detail, we theoretically simulated a 200 × 200 μm self-
accelerating generator with a phase gradient of k0 at its

edge (i. e., the radius of the generator is equal to
���
6a

√
) by

vectorial angular spectrum theory [40]. It is assumed that
this device consists of discrete rectangular antennas shown
in Figure 1C, thus the phase will be sampled with a period
of p in the simulation. The details of the simulation are
illustrated in Section 1 of Supplementary Information.
Figure 1D and E presents the simulated results for the
sampling periods of 0.1λ and 0.7λ, respectively, and the
results for other sampling periods are shown in Figure S1.
The layered main lobes indicate that the trajectory of the
main peak will no longer follow the presupposed curve as
the period increases (Figure 1E), which is mainly caused by
spurious diffraction orders from the area at the edge due to
the insufficient phase sampling. Simulated results indicate
that discrete structures with smaller lattice constants
should be used to obtain high-quality acceleration trajec-
tories and near stable results can be acquired when the
lattice constant is less than 0.4λ. On the other hand, two
issues of harder fabrication and worse performance will
emerge when the period becomes smaller. The perfor-
mances of efficiency and bandwidth of the discrete struc-
tures are shown in Figure S2. In a word, traditional discrete
metasurfaces rarely ensure high efficiency, wide spectral
band, and sufficient sampling simultaneously. Thus, it is
essential to design subwavelength blocks with the
continuous wavefront manipulation ability for the meta-
devices with a large phase gradient, such as self-acceler-
ating beam generators.

Owing to its continuous wavefront manipulation
ability, the proposed integral dielectric structure provides
an opportunity to eliminate this contradiction between the
large phase gradient and the performance of the generator.
The simulation results of the integral and discrete struc-
tures are used to highlight the advantages of integral
metasurfaces for achieving large phase gradients.
Comparedwith the discrete structure, the integral structure
can achieve a higher efficiency and more accurate phase
distribution under the same phase gradient. The detailed
explanations are shown in Supporting Information Section
1 and Figure S3. Additionally, the broadband response of
the integral structure profits from the achromatic property
of the Pancharatnam−Berry (PB) phase, which is

determined by the orientation of the anisotropic structure
and the spin state of the incident light, regardless of the
wavelength. To clearly describe the broadband character-
istics of the PB phase, we assume an anisotropic trans-
missive scatterer with an orientation angle of α, and the
transmissive complex amplitudes along its fast and slow
axes are tᵤ and tᵥ, respectively. When a circularly polarized
(CP) light of [1 – iσ]T is normally incident on the anisotropic
scatterer, the emergent beam can be expressed as [15]:

(tu + tv)[ 1
−iσ ] + (tu + tv)2−iσα[ 1

iσ ] (3)

where σ = ±1 are for right- and left-handed circular polar-
ization (RCP and LCP), respectively. From the second term

Figure 2: (A, B) 2D and 3D schematic views of the integral structure
with an equal width. The geometric parameters are as follows:
w = 1.3 μm and h = 4.7 μm. (C) Scanning electron microscopy (SEM)
image of the deflector sample. The lattice spacings of the array are
Λ= 14.99 μmandpy=3.2 μm. (D) Experimentalmeasurement results
under LCP (top) and RCP (bottom) illumination at the wavelength of
10.6 μm. (E) Simulated and measured results of absolute and
diffraction efficiencies over a broad spectrum from 9 to 13 μm.
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of Eq. (3), the emergent cross-polarized light will carry a PB
phase of -2σα that is independent of wavelength. One-
dimensional devices are used as an example to describe the
modeling process of the proposed integral dielectric met-
asurfaces, and the two-dimensional counterpart is shown
in Section 2 of Supplementary Information. The schematic
diagrams of the integral metasurface are shown in insets of
Figure 2A and B. It is hypothesized that the phase φ(x)
varies from 2mπ to 2(m + 1)π as xmoves from a =φ−1(2mπ) to
b = φ−1[2(m + 1)π], where m is a non-negative integer and
φ−1(x) represents the inverse function of φ(x). Then, the
slope of the continuous structure should be y′ = tan[φ(x)/2]
according to the PB phase principle, and the structural
streamline can be derived by the mathematical integration
along the x-axis:

y � ∫
b

a

tan(φ(x)/2)dx (4)

Then, two curves, which are located on the separated
edges of the streamline with the same distance of w/2
along the normal of the streamline, are closed to build the
proposed integral structure. Compared with the previous
method for constructing the metallic one by two
streamlines with a longitudinal shift [43], the proposed
method can enable not only higher efficiency but also
higher fabrication feasibility (see Figure S5). To avoid
intersection or tiny spacing (limited by the fabrication
resolution) between adjacent structures, the integration
interval will be truncated at x = a + 0.125Λ and
x = b − 0.125Λ, where Λ = b − a. Subsequently, vertical
structures with the same width are employed in the
truncated region to acquire continuous phase retardation
and consistent amplitude response, and the number of
vertical structures is ⌊0.125Λ/w⌋, where ⌊γ⌋ represents the
round down function of γ.

2.2 Experiments and discussions

As a proof-of-concept demonstration, a spin-dependent
deflector consisting of the same integral dielectric structure
has been designed, fabricated, and chdaracterized. In
synergy with the spin-Hall effect of light originating from
the photonic spin–orbit interactions, the periodic array of
the linear integral structures with a constant phase
gradient can provide the same function as the deflector.
The lattice constants of the array in the x- and y- directions
are, respectively, set to 14.99 μmand 3.2 μm (the diffraction
angle of -1st order is −45° in the x-direction at 10.6 μm
wavelength), and the height and width of integral struc-
tures are 4.7 μm and 1.3 μm, respectively. Then, a 5 × 5 mm

sample has been fabricated to experimentally verify the
methodology, and the partial scanning electron micro-
scopy images of the sample are shown in Figure 2C. Since
the employed laser has a limited bandwidth from 9.32 μm
to 10.69 μm, the laser lights at different wavelengths with
strong and stable power have been selected for experi-
ments to reduce the effects of background thermal noise on
experiment results. Furthermore, the broadband and high-
efficiency characteristics can be proved by these four
discrete points over the band owing to the continuous ef-
ficiency spectrum of the integral structure. As shown in
Figure 2E, the deflector achieves high absolute and dif-
fractive efficiencies within a wide spectral band from 9 to
13 μm. The absolute or diffractive efficiency is defined as
the ratio of the -1st diffraction energy to the incident or
transmitted power. As a result, the absolute efficiency
equals the total transmission multiplied by the diffraction
efficiency. Experimentally, the sample has achieved high
absolute and diffraction efficiencies (67.13% and 92.04%)
close to simulation ones (79.4% and 96.94%) at the
designed wavelength, and the measured results at other
wavelengths are depicted in Figure 2E. The fact that the
measured absolute efficiencies are lower than the simu-
lated ones can be mainly attributed to material loss and
fabrication error. Additionally, the high diffraction effi-
ciency can be further validated by themeasured diffraction
patterns which solely contain -1st or +1st diffraction order
under LCP or RCP illumination (Figure 2D), and the
measured results at other wavelengths are depicted in
Figure S6. Ultra-high diffraction efficiency promises to
generate outstanding accelerating beams without the need
for a quarter waveplate and linear polarizer to filter out the
co-polarized light, which will facilitate the integration of
self-accelerating beam generators into ultra-compact op-
tical systems. Since it is hard to measure the diffraction
efficiency of the self-accelerating beam accurately, espe-
cially in the invisible infrared band, the efficiency perfor-
mance of the deflector is used to indirectly represent that of
the self-accelerating beam generator.

Owing to these superior performances, the proposed
method can be applied to implement a self-accelerating
beam generator. Due to the limitation of the mechanical
structure of the employed infrared detector, it is only
possible to directly measure the diffraction pattern located
at a distance of more than 3 mm from the generator.
Therefore, we have designed an integral dielectric meta-
surface (6 × 6 mm) that can generate a reciprocal self-
accelerating beam far enough to facilitate detection,
and the acceleration coefficient a of the reciprocal curve
(z = a/x) is set to 12000D, whereD = 6mm is the diameter of
the generator. Partial scanning electron microscopy
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images of the generator are shown in Figure 3A and B. An
electronically controlled movement platform (GCD-0401
M)with the accuracy of 1 μm is placed along the optical axis
to measure the intensity distribution at different distances
from the generator, and the schematic illustration of the
experimental setup is shown in Figure S7. The measured
self-accelerating trajectory at the wavelength of 10.6 μm
along the optical axis is represented in Figure 3C, and
Figure 3F shows the simulated result for comparison. From
the measured and simulated trajectories, there are little
deviations between them and both trajectories accurately
follow the preset reciprocal curve, which indicates that the

contradiction between the performance and phase sam-
pling of the generator can be solved through the proposed
integral metasurfaces. Figure S8 depicts the measured full
width at half maximum (FWHM) values of the beam tra-
jectory from z = 3 mm to z = 13 mm. The fluctuant FWHM
values are mainly attributable to the large pixel size of the
detector (8.5 μm) and background thermal noise. As a
result, the fitting curve of experimental data is used to
characterize the difference between experimental and
simulated results. In this case, the excellent performance of
the integral generator has been demonstrated by the fact
that the fitting curve of experimental data agrees well with

Figure 3: (A, B) SEM images of the self-
accelerating beam generator. (C, F)
Measured and simulated self-accelerating
beam trajectories on the x-z plane. The
white dotted lines are theoretical
trajectories. (D, G) Measured and simulated
diffraction patterns on the x-y plane at
z = 5 mm. (E, H) The measured and
simulated diffraction patterns on the x-y
plane z = 9 mm.

Figure 4: (A–C) Measured and (D–F)
simulated self-accelerating trajectories on
the x-z plane at three wavelengths under
LCP incidence.
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the simulated one. Additionally, it can be seen that the
main lobe of the beam maintains a spot size about 48 μm
within a long propagation distance from z = 4 mm to
z = 6 mm (∼200λ, see Figure S8), which is an explicit vali-
dation for the non-diffraction characteristic of self-accel-
erating beams. To further demonstrate the performance of
the self-accelerating beam, the measured intensity distri-
butions at z = 5 mm and z = 9 mm are shown in Figure 3D
and E, respective, and both them show a good agreement
with their corresponding theoretical counterparts
(Figure 3G and H). Deviations between experimental and
theoretical results could be attributed to fabrication and
experimental errors.

Stable self-acceleration trajectories should also be
obtained under the illuminating beams at different wave-
lengths benefiting from the achromatic characteristic of the
PB phase, and the accelerating trajectories at three wave-
lengths of 9.639, 10.22 and 10.6 μm have been measured
to verify it. Those measured results are depicted in
Figure 4A–C, and the corresponding theoretical results are
shown in Figure 4D–F for comparisons. These results show
that excellent self-acceleration trajectories can also be ac-
quired over a wide spectral range, and we have measured
FWHM values similar to the simulated ones along the three
acceleration trajectories (Figure S8). The defect of narrow

band causedby the discrete strategy can be solved owing to
the continuity of the phase regulation of the integral met-
asurface. The position of the main lobe will shift as the
wavelength changes, which means that the self-acceler-
ating trajectory is dispersive. This phenomenon primarily
derives from the theoretical inherent evolution. According
to the above theoretical analyses, the coefficient of the self-
acceleration trajectory is a ∝ 1/k, which means that the
beam trajectory is related to not only the phase distribution
but also the wave vector of the incident light. As a result,
the beam trajectory changes with the incident wavelength
even under the same phase distribution, and it will grad-
ually move toward the origin of the coordinate as the
wavelength decreases. This standpoint can also be verified
by the simulation results that have similar deviations.
Furthermore, the fact that the integral metasurface ach-
ieves a consistent PB phase distribution over broadband
can be proved by the beam trajectory that correctly evolves
with the incident wave vector, as shown in Figure 4.

According to the principle of the PB phase, the trans-
mitted cross-polarized light will carry an opposite phase
gradient for two opposite spin states, resulting in the spin-
dependent response of the integral metasurface. This im-
plies that the self-accelerating trajectory with axial sym-
metry along the z-axis will be obtained when the generator
is illuminated by CP light with an opposite spin state. Since
linearly polarized light can be seen as a superposition of
RCP and LCP, two mirrored self-accelerating trajectories
will be acquired when the metasurface is illuminated by
the linearly polarized light. The measured trajectory at
10.6 μm wavelength is shown in Figure 5A, and Figure 5B
presents the intensity pattern at z = 7 mm. Figure S9 shows
the simulated result for comparisons. As expected, two
symmetrical self-accelerating trajectories have been
observed in experiments and match well with the theoret-
ical predictions. Furthermore, Figure 5C depicts the FWHM
values of two mirrored trajectories, and the slight differ-
ence between the left and right beam trajectories can be
attributed to non-absolute normal illumination during the
experiments. Furthermore, the FWHM values from
z = 10mm to z = 13 mm are somewhat unstable because the
light intensity of the beam trajectory gradually weakens
along the propagation and thus the effect of environmental
noise is gradually significant. In a word, the beam trajec-
tory can be controlled by the polarization state of the
incident light within acceptable error. Adjustable beam
trajectories provide the possibility of microscopic particle
manipulation with adjustable trajectories. Besides, rotary
trajectories can be obtained by adjusting the incident angle
(Figure S10, Supporting Information).

Figure 5: Measured results under linearly polarized incidence. (A)
The measured self-accelerating trajectories on the u-z plane, where
u is the line between the two symmetric major lobes. The white
dotted lines are theoretical trajectories. (B) Measured diffraction
pattern on the x-y plane at z = 7 mm. (C) The measured FWHM values
of left and right ones at the wavelength of 10.6 μm, and the blue and
red curves are the fitted curve of themeasured data. The black curve
is the theoretical curve.
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3 Conclusion

In conclusion, an effective methodology has been pro-
posed to design catenary-type metasurfaces with the abil-
ity of continuous wavefront manipulation. The proposed
platform not only solves the problem of insufficient phase
sampling for discrete metasurfaces, but also enables high-
efficiency and broadband wavefront manipulation. Prof-
iting from near-perfect phase manipulation of the pro-
posed integral structure, a spin-dependent deflector with
nearing 100% diffraction efficiency over a wide spectral
range has been demonstrated. Furthermore, as a repre-
sentative of meta-devices with a large phase gradient, a
self-accelerating beam generator has been implemented to
directly excite the reciprocal accelerating beam in the
spatial domain. Additionally, incorporating with the chiral
response of the proposed integral metasurface, two
mirrored trajectories have been experimentally proved
under the illumination of two orthogonal CP lights. This
work provides a promising way to design more spin-
dependent multifunctional meta-devices beyond de-
flectors and accelerating beam generators, and may find
wide applications in high-resolution imaging and particle
manipulation.

4 Methods

4.1 Simulations

The optical properties of the integral dielectric structure were simu-
lated by the finite element method in CST Microwave Studio. The
boundary conditions in the x-, y-, and z-directions are unit-cell, unit-
cell, and open, respectively. Enough diffraction orders have been
calculated. The permittivity of silicon was set to 11.36 in the simula-
tions [19]. All electric-field simulations of self-accelerating beam
generators are based on vectorial angular spectrum theory [40]. Dur-
ing the simulation, the cubic phase matrix of size [l/p] × [l/p] is
generated with a sample period of p, and then is interpolated to a
matrix of [l/0.1λ] × [l/0.1λ] by the nearest neighbor interpolation,
where [ξ] represents the round function of ξ; l is the size of the
generator. For discrete metasurfaces, p depends on the period of unit
elements. Since the catenary metasurface can support a continuous
wavefront, p should be small enough and is equal to 0.1λ in our sim-
ulations.

4.2 Sample fabrication

First, a 500 nm thick AZ 1500 photoresist layer was spin-coated onto a
double-sided polished Si wafer (wafer thickness is ∼500 µm) and
baked at 100 °C for 5 min. Then, the patterns of metasurfaces were
fabricated through the direct laser writing in the photoresist at 22 °C
and 50% humidity. Next, the photoresist patterns were obtained by

developing in the AZ 400 K for 50 s. After development, the sample
was baked at 100 °C for 10min. Subsequently, the photoresist patterns
are transferred into Si wafer to form the structures via the inductive-
coupled plasmonic etching under the SF6 gas condition, combined
with Bosch process under the C4F8 gas condition. After etching to the
set thickness, the residual photoresist was removed under the O2 gas
condition.

4.3 Characterizations

As shown in Figure S7, a tunable CO2 laser was employed as the
light source in the experiment. The beam successively passed
through the adjustable attenuator, linear polarizer, quarter wave-
plate, and a scalable aperture, and then transmitted through the
sample. For the efficiency characterization of the deflector, an
infrared power meter was used to measure the optical power of
incident and transmissive lights. The transmitted diffraction pat-
terns were recorded by an infrared detector whose pixel size is
17 × 17 µm with a video capture card (TC-UB625), and the images
were magnified two times through the built-in interpolation algo-
rithm during the experiment, that is, the effective pixel size is
8.5 × 8.5 µm. The infrared detector, which is assembled on an
electronically controlled movement platform with the accuracy of
1 µm, can be moved precisely along the optical axis.
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