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Generation of Optical Vortex Array
by the Quasi-Talbot Effect With
All-Dielectric Metasurface
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Abstract—In this letter, we numerically and experimentally
demonstrate the highly efficient generation of optical vortex
arrays based on the quasi-Talbot effect with a reflective all-
dielectric metasurface, which is composed of six identical orbital
angular momentum lenses. Six separated and focused optical
vortices at the focal plane can be high efficiently generated,
and form a vortex array at the defocusing plane through the
quasi-Talbot effect. The proposed metasurface is made from a
commercial silicon on insulator wafer with a high integrated
level, which enables the integration of our approach in on-chip
platforms for optical lithography and manipulation applications.

Index Terms— All-dielectric metasurface, optical vortex array,
quasi-Talbot effect, silicon on insulator wafer (SOI).

I. INTRODUCTION

PTICAL waves carrying orbital angular momentum

(OAM) are named vortex beams, and they have
doughnut-shaped transverse intensity profiles with hollow
intensity distributions and helical phase maps. Optical vortex
beams have drawn widespread interest from the scientific
community in the last thirty years since they show unprece-
dented capacities in applications such as free space commu-
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nication [1], super-resolution microscopy [2], [3], quantum
information processing [4], [5] and optical tweezer [6], [7], [8].
Optical vortex beams have been widely generated and mod-
ulated by conventional spiral phase plates [9], [10] and
fork diffraction gratings [11], [12]. In addition to optical
vortex beams, optical vortex arrays composed of periodi-
cally arranged optical vortex beams have recently received
increasing attention. Compared with isolated optical vor-
tex beams, optical vortex arrays show some distinct advan-
tages in trapping and manipulation-based applications [13],
[14], [15], [16]. As a result, various methods have been
proposed to generate optical vortex arrays, including multi-
beam interference [17], [18], specially designed diffraction
gratings [19], [20], and optical multiplexing based on sub-
wavelength phase manipulation [21], [22], [23].

Recent advances have demonstrated that the Talbot effect
is a good candidate for generating optical vortex arrays. The
Talbot effect is a self-imaging effect, which is described as
the appearance of the imitative image of a periodic structure
at periodic distances behind the structure under plane wave
illumination [24], [25]. The quasi-Talbot effect has a larger
multiplication factor and is caused by optical wave interference
from aperiodic structures, whose centers are placed in a rota-
tionally symmetric position. Recently, the quasi-Talbot effect
has been utilized in the design of plasmonic metasurfaces to
realize optical vortex arrays [26]. However, its efficiency is
approximately 1% due to ohmic loss. Compared with plas-
monic metasurfaces composed of metallic nanostructures, all-
dielectric metasurfaces can more efficiently manipulate optical
waves since their ohmic loss is negligible. Meanwhile, all-
dielectric metasurfaces prefer to be fabricated on commercial
silicon-on-insulator (SOI) wafers used in mass semiconductor
production, which will make the fabrication of metasurfaces
more effective and compatible, benefiting their application and
integration in on-chip platforms. An all-dielectric metasurface
fabricated on a commercial SOI wafer for highly efficient
optical vortex array generation based on the quasi-Talbot effect
has yet to be presented.

In this letter, we propose highly efficient all-dielectric meta-
surfaces fabricated on a SOI wafer to realize optical vortex
arrays. The metasurfaces are designed based on the quasi-
Talbot effect and consist of six identical OAM lenses tangent
to each other. The phase profile of every OAM lens is designed
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Fig. 1. Schematic of the designed reflective all-dielectric metasurface for
optical vortex array generation.

by combining the spherical phase profile of a focal lens and
the helical phase profile of a vortex beam. A crystalline silicon
nanofin with high reflectance and high circular polarization
conversion efficiency is demonstrated and used as the basic
unit cell to constitute the OAM lens. The required phase
profiles are fulfilled by utilizing the geometric phase and
adjusting the orientation angles of the nanofins. The OAM
lenses with topological charge I = 1 can generate focused
optical vortices at the focal plane, and the focused optical
vortices change into an optical vortex array on the defocusing
plane due to the quasi-Talbot effect. The experimental results
are in good agreement with the simulated results, validating the
effectiveness of our approach. Our design provides a simple
and promising candidate for further application of optical
vortex arrays in optical lithography and manipulation.

II. METASURFACE DESIGN

The working principle of the designed metasurface is illus-
trated in Fig. 1. The designed metasurface is composed of
six identical OAM lenses tangent to each other. The number
of lenses has been optimized to get vortex beam arrays in
dense gapless arrangement and good shape of vortex arrays.
The centers of the OAM lenses are placed at the vertex
positions of a regular hexagon. The radius of the circumcircle
of this regular hexagon and the radius of the OAM lenses
are set as d = 34 um and r = 17 um, respectively. For
633 nm right-handed circularly polarized (RCP) plane waves
illuminating along the -z direction, each OAM lens can reflect
the incident waves with high efficiency, changing their spins
and generating a focused optical vortex at the focal plane. As a
result, six separate and focused vortices can be generated. The
focused vortices will extend along the z-axis and interfere with
each other on the defocusing plane, resulting in an optical
vortex array through the quasi-Talbot effect. The generated
optical vortex array is attributed to the quasi-Talbot effect
instead of the Talbot effect since the focused optical vortices
do not form a periodic structure. In our design, the focus
length f of all OAM lenses is set as 500 wm, and the distance
between the focal plane and the defocusing plane D is set
as 2000 pm.
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Fig. 2. (a) Schematic of the structural parameters of the nanofin. (b) Sim-
ulated reflectance of spin-preserved and spin-flipped waves under circularly
polarized illumination. Simulated results of the field flows (black arrows) and
amplitude distribution of the x- and y-components of the (c) electric field and
the (d) magnetic field in the x-z (y = 0 nm) and y-z planes (x = 0 nm) under
circularly polarized illumination at 633 nm.

The designed metasurface was fabricated on a commer-
cial SOI substrate (widespread in the modern semiconductor
industry) with a layer of 220 nm crystalline silicon (c-Si)
separated from the bulk silicon substrate by a thin layer
of 2 um SiO;. A nanofin was designed and optimized by using
finite differential time domain method to constitute OAM
lenses. The structural parameters of the nanofin are illustrated
in Fig. 2(a). The periods in both the x and y directions are
P, = P, = 340 nm, and the width w, length [, and height A
of the nanofins are equal to 100 nm, 220 nm, and 220 nm,
respectively. The height (#) of the nanofins is the same as the
thickness of the top crystalline silicon layer of the commercial
SOI substrate, and underneath SiO; acts as the etch stop layer
to ensure height accuracy, reducing the etching difficulty. The
nanofins can be regarded as near-perfect half-wave plates that
can efficiently convert the spin state of incident circularly
polarized waves into the opposite state, as shown in Fig. 2(b).
By rotating the nanofins 6 degrees along the z-axis, a phase
delay of £26 due to the geometric phase can be added
to left-handed and right-handed polarized reflection waves,
respectively. As a result, the designed nanofins can be used
to manipulate the phase of reflection waves with over 60%
efficiency from 600 to 660 nm, ensuring the high efficiency of
the six OAM lenses. The nanofin with C,, rotational symmetry
can be treated as an anisotropic optical resonator, which can
reflect x- and y-polarized incident waves with similar effi-
ciency, and the phase difference between the reflected x- and
y-polarized waves is close to m, resulting in the circularly
polarization conversion with high efficiency. The anisotropic
optical response of the designed nanofins can be attributed
to the simultaneous excitation of electric and magnetic res-
onances. To validate the results, we simulated the flows and
distributions of the electric and magnetic fields in the x-z and
y-z planes under circularly polarized illumination at 633 nm,
as shown in Figs. 2(c) and 2(d). Both the x- and y-components
of the electric and magnetic fields are localized and enhanced
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Fig. 3. The phase profile of the two designed metasurfaces for generating
optical vortex arrays with topological charge (a) / = 1 and (b) / = 3. SEM

images of the fabricated metasurfaces for the realization of optical vortex
arrays with (c) [ = 1 and (d) / = 3, and their optical images captured under
different polarization detection conditions. The scale bars of the total and
enlarged SEM images are 10 um and 300 nm, respectively.

inside the nanofin, verifying the existence of electric and
magnetic resonances in both the x and y directions.

The OAM lenses consist of nanofins with different orienta-
tion angles to fulfil the required phase profile ¢ obtained by
combining the spherical phase profile ¢, of a focal lens and
the helical phase profile ¢, of a vortex beam:

¢ = b5 + dn. (D

Figs. 3(a) and 3(b) illustrate the phase profile of the designed
OAM lens with topological charges | = 1 and I = 3,
respectively, which are linear additions of a spherical phase
profile and a helical phase profile. As a result, the phase delay
of every nanofin in the OAM lens can be expressed as:

p(x,y) = —ZTJT( X2+ 32+ f2—f)+lx arctan(%). )

where f is the focal length of the OAM lens and [ is
the topological charge of the reflected vortex beam. The
scanning electron microscopy (SEM) images of the fabricated
metasurfaces for the realization of optical vortex arrays with
/| =1 and ! = 3 are shown in Figs. 3(c) and 3(d). The enlarged
SEM images of the metasurfaces reveal the good fidelity of
the nanofins.

III. RESULTS AND DISCUSSION

We captured the optical images of the fabricated samples
for the realization of optical vortex arrays with /[ = 1 and
| = 3 under different polarization detection conditions
at 633 nm, as presented in Figs. 3(c) and 3(d). The
spin-preserved component of reflection waves from the OAM
lenses is negligible since the OAM lenses in the two samples
are dark while the substrate is bright. In contrast, the spin-
flipped component of reflection waves from the OAM lenses is
significant since the OAM lenses are bright while the substrate
is dark. The captured images of the fabricated samples validate
that the nanofins have high reflectance and high circular
polarization conversion efficiency.
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Fig. 4. Numerical and experimental validation of the optical vortex arrays

generated by the designed metasurfaces. (a) Simulated (left) and experimental
(right) results of vortex beam spots with topological charges equal to 1 and 3
on the focal plane. (b) Simulated (top) and experimental (bottom) results of
generated vortex arrays (left: / = 1, right: / = 3) on the defocusing plane.
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Fig. 5. Increasing the number of vortices by change the distance between
the OAM lenses from d = 34 um to d = 170 pum. Simulated vortex beam
spots on the focal plane for the two designed metasurfaces with topological
charge (a) / = 1 and (b) / = 3. Generated vortex arrays on the defocusing
plane for the two designed metasurfaces with topological charge (¢) / = 1 and
(d)l=3.

We further simulated and measured the optical field dis-
tributions on the focal and defocusing planes, as shown in
Fig. 4. The simulated results were conducted using vector
diffraction integral method. For the two designed metasurfaces,
six separate and identical focused vortices can be observed
at the focal plane, as shown in Fig. 4(a). The simulated and
measured results are in good agreement. A charge-dependent
increase in the vortex core can be observed for focused vortices
with [ = 3. The optical field extends along the z-axis and
interfere with each other on the defocusing plane, generating
optical vortex arrays on the defocusing plane due to the quasi-
Talbot effect. Fig. 4(b) shows the simulated and measured field
distributions on the defocusing plane for metasurfaces with
I =1 and [ = 3. The agreement between the numerical and
measured results demonstrates the precise fabrication of our
metasurfaces.

Despite the good agreement between the simulated and
measured results, an optical vortex array can be observed for
the metasurface with / = 1, while an optical vortex array
with interference pattern instead of an optical vortex array
can be observed on the defocusing plane for the metasurface
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with [ = 3. Owing to the larger vortex core for an optical
vortex with /[ = 3, both the number of OAM lenses and the
observation distance need to be increased to observe the optical
vortex array [27]. Meanwhile, since the six OAM lenses are
tangent to each other, the optical vortex arrays are only in
a small center area on the defocusing plane. Optical vortex
arrays with a greater number of vortices can be obtained by
increasing the distance between the OAM lenses or the radius
of the OAM lenses. For example, if we change the distance
between the OAM lenses in the two designed metasurfaces
with/ =1 and [ = 3 from d = 34 um into d = 170 um
(the distance between the focal plane and the defocusing plane
increases to 8000 um accordingly), the number of vortices can
significantly increase, as validated by the results in Fig. 5.

IV. CONCLUSION

In summary, we numerically and experimentally demon-
strated that all-dielectric metasurfaces fabricated on a com-
mercial SOI wafer can be used to efficiently generate optical
vortex arrays based on the quasi-Talbot effect. We designed
and optimized a crystalline silicon nanofin to reach high
reflectance and high circular polarization conversion efficiency
from 600 to 660 nm. The designed nanofin is then used as
the basic unit cell to constitute the six identical OAM lenses
of each metasurface. With both simulated and experimental
validation, we proved that the six OAM lenses with [ = 1
can generate six separated and focused optical vortices at the
focal plane, and the focused vortices will extend along the
z-axis and change into a vortex array at the defocusing plane
through the quasi-Talbot effect. The number of vortices in a
generated optical vortex array for a metasurface with [ = 1
can be further increased by adjusting the distance between the
OAM lenses. Our designs demonstrate that highly efficient
optical vortex arrays can be effectively generated with all-
dielectric metasurfaces fabricated on the SOI wafer, providing
fertile ground for further application of optical vortex arrays
in optical lithography and manipulation.
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