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Abstract: Bessel beams have attracted considerable inter-
est because of their unique non-diffractive, self-healing
characteristics. Different approaches have been proposed
to generate Bessel beams, such as using axicons, diffrac-
tive optical elements, composite holograms, or spatial
light modulators. However, these approaches have suf-
fered from limited numerical aperture, low efficiency,
polarization-dependent properties, etc. Here, by utilizing
dielectric Huygens metasurfaces as ultrathin, compact
platforms by integrating the functionalities of Dammann
gratings and axicons, we successfully demonstrate multi-
ple Bessel beam generation with polarization-independ-
ent property. The number of two-dimensional arrays can
be controlled flexibly, which can enhance information
capacity with a total efficiency that can reach 66.36%.
This method can have various applications, such as paral-
lel laser fabrication, efficient optical tweezers, and optical
communication.

Keywords: Huygens metasurfaces; Bessel beams;

Dammann gratings.

1 Introduction

Metasurfaces, two-dimensional (2D) counterparts of met-
amaterials, are designed to modify the characteristics of
electromagnetic waves, such as wavefront, intensity dis-
tribution, and polarization properties [1-5]. Metasurfaces
are usually composed of subwavelength nanoantenna or
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dielectric resonator (meta-atoms) arrays. Light interaction
with metasurfaces is mainly determined by the geomet-
ric design as well as material properties. Hence, various
building blocks of metasurfaces are proposed to manipu-
late the electromagnetic properties of scattered fields. To
control a wavefront, amplitude modulation and phase
control are of paramount importance [6-14]. Huygens
metasurfaces (HMSs) are a type of metasurface used to
achieve high-efficiency and flexible phase manipulation
[15, 16]. For simplicity, based on Huygens’ principle, HMSs
can function as a combination of orthogonal electric and
magnetic dipoles; therefore, the secondary sources reradi-
ate the incident field into the far field through scattering
with near-unity efficiency [17]. In particular, by utilizing
an HMS composed of a cylinder nanopost array, polariza-
tion-independent characteristic can also be achieved for
isotropic building blocks.

Bessel beams exhibit a collimated non-diffraction
characteristic and possess the form of a Bessel function
of the first kind. This beam was discovered when Durnin
solved Whitaker’s solutions of the Helmholtz equation in
1987 [18]. Because of their unprecedented characteristics,
Bessel beams have various applications in optical align-
ment, interconnection, molecular detection, microscopic
imaging, and other areas [19, 20]. Traditionally, Bessel
beams are generated using axicons, diffractive optical ele-
ments, composite holograms, or spatial light modulators
[21-23]. The use of axicons is limited for low-numerical-

aperture (low-NA) and wavelength-dependent full width

at half maximum (FWHM) (FWHM, = 0.3584

order Bessel beam). These challenges can be overcome
with an optical system composed of annular apertures
and a high-NA lens, while the transmission efficiency is
limited because a considerable amount of light energy
is blocked by annular apertures. Compared with single-
Bessel-beam generation, multiple-Bessel-beam array
generation has the advantages of parallel processing and
large capacity, which can be applied in parallel laser fab-
rication, time-saving atomic transport and cell transfec-
tion, multiple imaging, and coherent summation of laser
beams [24-26]. However, traditional multiple-Bessel-
beam array generation uses the spatial light modulator

, for zero-
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tool to divide it into many subdomains to provide multi-
ple axicon phase-masks. This method is inefficient and
suffers from inhomogeneity of energy distribution and
interference-induced oscillations, which result in very low
quality. Note the fact that a subdomain structure cannot
reach high NA as compared with the proposed metasur-
face design in the same size.

In previous works, both in-plane surface wave and out-
of-plane free wave modulation have been demonstrated
for Bessel beam generation with metasurfaces. In the near-
field region, by utilizing intersecting metallic gratings or
quasi-phase-matching conditions, collimated SPP (surface
plasmon polariton) waves possessing Bessel properties
can be generated [27, 28]. Using a holographic principle, a
surface wave functioning as a reference beam can interfere
with the holographic pattern of metasurfaces, which can
reproduce interfering leaky waves forming a Bessel beam in
near fields [29]. This in-plane Bessel beam generation has
the disadvantage that energy vanishes in a short length.
For out-of-plane propagation, by utilizing titanium dioxide
(TiO,) nanoposts, Wei et al. generated a single Bessel beam
with a focal length of 75 um for the incident wavelength of
405 nm [30]. Another work employed gradient cascaded
metasurfaces to bend terahertz beams in anomalous refrac-
tion directions and to generate a non-diffractive Bessel
beam under normal and oblique incident conditions [31].
However, such a cascaded metasurface is still very diffi-
cult to achieve in the optical regime. The abovementioned
methods focused on the generation of a single Bessel beam.
These demonstrations with metasurfaces are still lacking
for multiple-Bessel-beam array generation.

In this study, a dielectric HMS was used to gener-
ate multiple Bessel beams with high efficiency and an
ultracompact footprint. The HMS is composed of cyl-
inder nanoposts with a tailored radius and possesses
polarization-independent properties. By combining the
Dammann grating concept with the Bessel function, we
achieved the axicon-like phase-mask for 5x5, 2D Bessel
beam generation. The non-diffraction propagation
lengths were characterized, and the measured experi-
mental efficiency could reach as much as 66.36%. Mean-
while, the FWHM of the generated Bessel beam is about
1600 nm. The theoretical investigations and experimental
demonstrations agree well with each other. Our proposed
method can also be extended to generate higher-order
Bessel vortex beams by adding a spiral phase to the exist-
ing phase-mask. Therefore, multiple Bessel beam gen-
erations based on metasurfaces can significantly benefit
applications in scanning microscopy, optical manipula-
tion, and lithography to achieve a high spatial resolution
and parallel processing.

DE GRUYTER

2 Design principles and results

As shown in Figure 1A, by illuminating arbitrary polarized
light on the designed dielectric HMS, 5x5 Bessel beam
arrays are generated with high uniformity. The scalar form
of a Bessel beam propagating along the z-axis in the cylin-
drical coordinates (r, ¢, z) can be expressed as E(r, ¢, z) = A
exp(ik z)J (k r)exp(+ing), where A is the amplitude, J is
an nth-order Bessel function, k_and k, are the correspond-

ing longitudinal and radial wavevector’ respectively, and
obey the relation [k’ +k’ = k— /1 , where 1 is the wave-

length. For the zero-order ideal Bessel beam, its intensity
has the maximum value in the center, and the side lobes
decay fast away from the main lobe in the plane orthogo-
nal to the propagation direction, as shown in Figure 1B
and C. Furthermore, the radial intensity is independent of
the z-direction. Note that an ideal Bessel beam solution
carries infinite energy, because it is not square integrable;
therefore, it cannot be realized in practice. Nevertheless,
it is possible to experimentally approach the ideal Bessel
solution by modulating it with a Gaussian envelope,
axicon envelope, etc. Thus, a quasi-Bessel beam can be
experimentally generated, and it has limited focal depth
over a distance.

For multiple-Bessel-beam generation, an HMS was
designed by combining the Dammann grating concept
with the axicon phase profile. Usually, a Dammann grating
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Figure 1: Schematic of the Bessel beam array generation based on
HMS.

The gray arrows indicate the polarization of the incident light: (A)
illustration of HMS composed of nanoposts to generate Bessel beam
arrays; (B) 3D image of a Bessel beam; and (C) the cross-section line
of a single Bessel beam.
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is a pure phase modulation grating whose phase transi-
tion points are optimized to produce equal-intensity spots
at diffractive orders with high efficiency. To ease the nano-
fabrication while avoiding ultra-small transition points,
multi-order phase optimization by using periodic lattices
of the metasurface was chosen. The design principle for
the Dammann grating is as follows. For a 2D multiorder
phase grating, its complex transmission can be expressed
as t(x, y) =explif(x, y)], which represents the spatial distri-
bution of complex amplitude. Without loss of generality,
the Dammann grating is composed of periodic arranged
supercells, and each supercell is divided into 10x10
units with various phase distributions. Here, the unit size
(equal to the pixel size of the metasurface) is chosen to
be 400 nm, and the period of supercell d, is 4 um. The
phase of each unit cell can be optimized with a simulated
annealing method or genetic algorithm to achieve the 5x5
diffraction orders with equal intensities while suppressing
all the other unwanted orders. By setting optimal targets
and several iterations, we can obtain the optimized phase
distribution of such supercell composed of 10 x 10 units,
as shown in the inset of Figure 2A. The fractional phase
profile of the optimized Dammann grating phase distri-
bution is shown in Figure 2A for visualization, whereas
the total size of the whole distribution is 800 %800
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Figure 2: Simulation results of Bessel beam array.
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pixels (80 x 80 supercells). The axicon phase is shown in
Figure 2B. Note that the NA of the metasurfaces is defined

NmP+n*a
d

directions, and d is the period of the supercell. Then, the
calculated NA is 0.55.

Meanwhile, the classical axicon profile is given by g(r)
=explip(r)] =exp(-i2zr/r ), where r =/x* +y* in the radial
coordinate and r is an adjustable control parameter that
determines the diameter of the Bessel beam. The phase
function ¢(r)=2mrr/ r, creates a beam with an approximate
Bessel function profile that remains constant over a dis-
tance z___=Dr /21, where D is the diameter of the phase-
mask. Considering the Nyquist sampling limit r =pA in
theoretical calculations, this means the original signal can
be restored after transmission with a sampling rate p 2,
and A is the lattice constant. Here, we set p=100.

Hence, the key for quasi-Bessel beam array genera-
tion is integrating the axicon function with the Dammann
grating. The final generated phase pattern can be written as
g(r,0)=exp(-i2mr/r Jexp(i2nx/d ), whered,is the supercell
period of the Dammann grating, as shown in Figure 2C. We
carefully choose the pixel size and grating period to ensure
that all the 5x5 diffraction orders can be sufficiently col-
lected by the objective. The relative size of the Bessel beam

as , where (m, n) is the grating order in x and y
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The following is the design process of the metasurfaces and Bessel beam generation: (A) fractional phase profile of the Dammann grating
(the inset is the optimized phase distribution within one supercell); (B) phase profile of axicon; (C) final Bessel phase profile by integrating
Dammann grating with axicon function; and (D) numerical reconstruction of Bessel beams by using Fresnel propagation.
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can be adjusted by the number and size of supercells.
According to the Fresnel diffraction function, we have

UG =BT | J jU (xo,yo)exp{’ [Ox=x, P +(y— yoﬂ}

dx dy,, where U(x, y) and U,(x,, y,) represent the complex
amplitude of the image plane and object plane, respec-

. 2w . .
tively, and k=7n is the wavevector, while d is the

propagation length. Using the function, we can simulate
the propagation of the generated Bessel beam; therefore,
we obtain the 5x5 Bessel beam array in the Fresnel zone
with a reconstruction distance of 4 mm, as shown in
Figure 2D.

The dielectric HMSs are composed of a nanopost
array on top of a glass substrate, as shown in Figure 3A.
To achieve the desired phase distributions, a 2D param-
eter optimization was performed using the finite-differ-
ence time domain method. Because the absorption in the
optical regime is relatively low and much easier to fabri-
cate, we chose silicon nanoposts as building blocks. We
start with the wavelength and height sweep, as shown in
Figure 3C and D. The height ranges from 200 to 600 nm
with a period of 400 nm, while the wavelength A covers
550-1000 nm. At a fixed wavelength of 780 nm, the height
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Figure 3: Simulation of the HMS.
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of the cylinder is not an important index to induce the
desired phase change. For the convenience of fabrica-
tion and experiment, we choose height h=450 nm and
A=780 nm for further optimization. The corresponding
refractive index of the silicon cylinder in the simulation
is n =3.8502+0.01092*1i, and, for the substrate, it is
ng, =1.5. The refractive index of Si can match the experi-
me;ltally measured value with ellipsometry, which is
n,=3.62015+0.00164 * 1i. A 1D sweep was conducted by
varying the radius in the range from 40 to 115 nm, with
a period of 400 nm. Figure 3B shows that the radius of
the nanopost is a dominant parameter to induce a drastic
phase shift for the transmission light. The amplitude of the
output light is relatively uniform and has >60% efficiency.
Note that the transmission efficiency of the metasurface is
determined by the intrinsic material loss (the absorption)
and also by the geometric design (related to scattering or
reflection). Meanwhile, the phase can cover 02z, which
enables the full modulation property. Eight-order phase
levels were obtained that cover the range of 27 to map the
theoretical phase distribution. Then, the total phase-mask
distribution is encoded into the HMSs.

The metasurface sample was fabricated following the
processes of deposition, patterning, lift off, and etching.
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(A) The unit cell composed of cylinder nanopost above the silica substrate. (B) Parameter sweep of amplitude and phase by varying the
radius of nanopost. (C, D) 2D sweep by varying the incident wavelength and height of nanopost.
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The top- and side-view scanning electron microscopy
(SEM) images are shown in Figure 4A and B. The geomet-
ric parameters of the nanoposts correspond to the theo-
retical designs. The experimental setup for the far-field
characterizing and imaging is shown in Figure 4C. The
laser beam with a wavelength of 780 nm passed through
a polarizer and impinged on the sample. After interacting
with the sample, the transmitted light was collected by an
objective with NA =0.85, 60x%, and a lens. To fully harvest
the light passing through the sample, the objective was
tightly placed after the sample. The generated Bessel
beams were recorded using a charge-coupled device (CCD)
camera. To obtain the yz-plane, the positions of sample,
objective, and other components were unchanged, while
only the position of the CCD camera was changed using
a 3D precision translation stage. Thus, we measured the
different propagating distances of the Bessel beam array
by referring to the origin point (z=0) of the metasurface.

The experimental results are shown in Figure 5. In the
experiment, we detected different xy-planes of the Bessel
beam in the distance range from 11.25 to 24 mm (the central
distance is 17.625 mm) with a step of 0.05 mm; hence, we
could record 256 xy-planes. Then, post-processing was
performed to obtain the desired yz-plane. For every xy-
plane, we can choose either of the five column cross-lines
for yz-plane propagation. The 5x5 Bessel beam arrays
were obtained in the xy-plane, as shown in Figure 5A. All
the diffraction beams have an almost uniform intensity
distribution, while the zeroth order has a relatively large
intensity, because of the unavoidable discrete property of

Figure 4: Sample fabrication and experimental setup.
(A, B) Side view of the SEM images of the HMS. (C) Experimental
setup for the characterization of metasurface.
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the metasurface (light passing through the bare substrate
without interaction of nanoposts) and fabrication errors,
combined with the misalignment issues, which may result
in a large spot size of the zero order compared to a single
point. Because the zero-order Bessel beam intensity is
too strong, which may affect the surrounding order for
visualization, the +1 order 5 x 1 Bessel beam (white arrow
in Figure 5A) was chosen to observe the non-diffraction
property in the yz-plane, as shown in Figure 5B. Such
Bessel beams possess a tightly focused waist and have
ignorable divergence in propagation direction. To dem-
onstrate Bessel beam generations more clearly, we com-
pared the cross section of a single beam in the experiment
(Figure 5C) with the one in the simulation (Figure 5D).
The beam width is dependent on both the auxiliary objec-
tives/lens and the design of the metasurface itself. Both
cross sections show a quasi-Bessel-like profile; hence, the
experimental results are consistent with the simulations.
Because of the limited spatial resolution of the CCD, the
side lobes are not as perfect as the ideal cases.

Meanwhile, the captured Bessel beam intensities at
different orders were not strictly identical in the experi-
mental results because of alignment-related problems.
The angle of each diffraction order can be easily deter-
mined by using grating equations. In our experiment,
the maximum diffraction angle was 22.9°; therefore,
we could ensure that all the diffraction orders could
be collected using the objective. By replacing the CCD
camera with a power meter, we measured the efficiency
of all the diffraction orders. The diffraction efficiency is
defined as the ratio of the power of the output light of all
the diffraction orders (excluding the zero-order energy)
to the power of the incident light. A dielectric HMS
can provide a much higher efficiency than traditional
methods, with an efficiency of as much as 66.36%. Fur-
thermore, by optimizing the phase distribution of the
Dammann grating, we can easily achieve an arbitrary
2D beam array.

3 Conclusion

In summary, we proposed and demonstrated a dielectric
HMS composed of cylinder nanoposts for 2D 5 x 5 Bessel
beam array generation by integrating the Dammann
grating concept with an axicon phase-mask. The phase
modulation was based on the electric and magnetic
resonance effect within the high-index Si nanoposts to
mimic a Huygens source. HMS can provide phase modula-
tion capability covering the 2 range, while maintaining
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Figure 5: Experimental results of the Bessel array generation.
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(A) Experimental results of the generated 5 x5 Bessel beam arrays in xy-plane (the white arrow indicates the orders used to retrieve the
yz-plane). (B) Non-diffraction propagation property of the Bessel beam arrays in yz-plane (the five main orders of the Bessel beams can be
clearly observed). (C) Line cross-section corresponding to one of the Bessel beams in xy-plane. (D) Line cross-section corresponding to one

of the Bessel beams in xy-plane.

uniform amplitude. Optical characteristic measurements
were carried out to determine the long-range non-diffrac-
tion properties. HMS has the advantages of compactness,
high efficiency, and relatively easy fabrication properties.
The generated Bessel beam array has great potential in
various applications, with benefits for parallel laser fab-
rication, molecule transportation, cell detection, optical
communications, and other fields.
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