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Low Sidelobe Super-Resolution Lens Based on
Fermat Spiral-Arranged Dielectric Nano-Columns

Jiali Liao™, Jinrong Lan™, Yanling Sun™, Wei Li"~, Lin Ma, and Zhenzhong Lu

Abstract— Super-resolution lenses (SRLs) based on the princi-
ple of optical super-oscillation are composed of subwavelength
structural units, which can achieve precise control of light
properties through suitable design. A bio-inspired SRL structure
with Fermat Spiral-arranged dielectric nano-column is proposed
in this letter for the first time. Owing to the unequally spaced
arrangement of the Fermat Spiral, the proposed SRL can
effectively suppress the sidelobe of the focal field and achieve
a high focusing efficiency. The focusing properties of the SRL
are investigated detailedly by simulation. The focusing efficiency
and the peak sidelobe ratio of the focal field are 72.8% and
16.02 dB, respectively, at the wavelength of 1.55 pum. And an
ultra-wide working bandwidth of 200 nm are achieved by the
proposed SRL with high focusing efficiencies and low sidelobe
energies in the whole bandwidth. In addition, the sub-diffraction
limit focusing is achieved by only controlling the radius of the
nano-columns, and the bio-inspired Fermat Spiral-arranged SRL
exhibits a large tolerance of the fabrication error.

Index Terms— Fermat spiral, SRL, low-sidelobe energy, sub-
diffraction limit focusing.

I. INTRODUCTION

UPER-RESOLUTION lenses (SRLs), as an important
S application of metasurfaces, have been extensively studied
in recent years [1], [2], [3]. The SRLs are composed of
subwavelength units, and each unit cell plays a role as a control
unit [4]. SRLs break the dependence on the thickness of optical
materials, which can not only realize the miniaturization and
integration of optical systems, but also realize ultra-diffractive
focusing [5], [6].

In recent years, many kinds of SRLs have been reported,
such as a SRL with an enlarged field of view and depth of
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Fig. 1. Schematic diagram of the bio-inspired Fermat Spiral-arranged
dielectric nano-column SRL.

focus, titanium dioxide (TiO,) based multiwavelength achro-
matic SRL and switchable polarization-multiplexed SRL for
achromatic sub-diffraction focusing [7], [8], [9]. However,
achromatic SRLs usually have evident sidelobes of the focal
point, and the sidelobes not only weaken the properties of
the focal field, but also lead to the focal point accounting
for a very small part of the incident energy. An angularly
polarized SRL with a NA of 0.96 was reported to achieve
a maximum sidelobe ratio of 36.7%, and an amplitude and
phase-controllable SRL was reported to suppress the sidelobe
with the sidelobe level of —16.3 dB [10], [11], but these
SRLs could only suppress the sidelobe at a single working
wavelength. These non-ignored sidelobes of SRLs are the
important obstacles to a series of applications, thus it is
necessary to suppress the sidelobe of the focal field in a wide
working wavelength range [12], [13].

In this letter, for the first time, a super-resolution
lens based on bio-inspired Fermat Spiral-arranged nano-
dielectric-columns is proposed, as shown in Fig.l. Bene-
fiting from the bio-inspired structure and complementary
metal-oxide—semiconductor (CMOS) compatible Si units, the
sub-diffraction-limited focusing is conveniently achieved by
controlling the radii of the nano-columns at different positions.
The focusing properties of the proposed bio-inspired SRL
are investigated. Within the wide working wavelength band
from 1450 nm to 1650 nm, the focal spot sizes are from
0.47% to 0.488%, which are evidently smaller than the
Abbe diffraction limit of 0.511\;\—14. The focusing efficiencies
of the proposed SRL is higher than 67.5% in the working
wavelength range, with the highest value of 72.8% at 1550 nm.
Particularly, the peak sidelobe ratios (PSLR) maintain higher
than 15.29 dB in the whole working band, with the highest
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value of 16.02 dB at 1550 nm. In addition, the bio-inspired
Fermat Spiral-arranged SRL exhibits a large fabrication error
tolerance. The SRL can achieve achromatic sub-diffraction
focusing with low sidelobe, providing a new approach to
realize microscopic imaging.

II. DESIGN OF THE FERMAT SPIRAL-ARRANGED SRL

The unit cells of the SRL in this letter are
polarization-insensitive structures with perfect rotational
symmetry, and the phase control is realized just by changing
the geometric size of the unit cells. Therefore, the SRL is
mainly designed by the control of the transmission phase.
When the equivalent refractive index of the medium is n.sy,
and a light wave with a wavelength of A travels a distance &
in the medium, the transmission phase shift is expressed as:

21
= Tneffh (D

where 2m/A represents the wave vector in free space, and h
represents the thickness or height of the medium. It can be seen
from the formula that the transmission phase is determined
by the equivalent refractive index and the thickness of the
medium. The transmission phase type of dielectric SRLs is
based on the equivalent refractive index theory. The duty cycle
of the unit cells is changed to realize the regulation of the
equivalent refractive index of the internal waveguide mode.
As a result, the phase can be adjusted under the condition of
the same structure, thickness, and a phase coverage range of
0~27m can be achieved [14].

According to the principle of transmission phase control, the
equivalent refractive index of the unit cells can be adjusted by
changing the geometry of the nano-dielectric-column, thereby
adjusting the phase of the incident light. The optical properties
of the designed unit cells are analyzed by the FDTD software.
The unit cells are consisted of the SiO, substrates and Silicon
nano-dielectric-columns. The substrate width of the unit cell
is 0.5 pm while the wavelength of the incident light is
1.55 pum. The influence of the nanopillar radius and height
on the phase and transmittance is analyzed by simulating a
single nanometer dielectric pillar, and the results are shown
in Fig.2(a). The phase and transmittance change with the
radius for the nanopillar height of 1.3 pum are shown in
Fig.2(b). It can be seen that the phase distribution meets the
requirements of 0 to & for the SRL and the transmittance is
always at a high value exceeding 0.95, with the pillar radii
range from 50 nm to 200 nm.

The Fermat Spiral structure with uniform spatial density
used in this letter is a bio-inspired structure, with array
elements placed on the lattice position imitated sunflower
seeds [15]. In previous studies, the Fermat Spiral structure was
widely implemented in phased arrays [16]. The results show
that the coherent synthesis of the spiral array has lower side-
lobe energy and obtains higher energy at the far-field center
than the periodic arranged array [17], [18]. Therefore, the auto-
matic aperiodic distribution of the array elements is expected
to realize the sidelobe suppression of the super-oscillatory
focal field.

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 35, NO. 24, 15 DECEMBER 2023

Transmission
1
'0.83

0.66

39

h(um)

___________________________________________________________________

Fig. 2. Unit cell of the bio-inspired Fermat Spiral-arranged SRL. (a) Variation
of phase and transmittance with the height(h) and radius of nanopillars.
(b) Phase and transmittance varying with the nanopillar radius when the
nanopillar height is fixed to be 1.3 pum. (c) Schematic diagram of unit cell
structure.

The mathematical expression of the Fermat Spiral is:

n
Pn =8, —
T
¢n = 2mnp (2

in the formula, n is an integer with the value range from 1 to
N +1; p,is the distance between the center of the nth unit cell
and the center of the spiral; ¢, represents the angle of the nth
unit cell relative to the position of the polar axis; 81 controls
the two continuous angular displacement between elements;
s represents the distance between adjacent array elements on
the x-y plane.

In order to realize the focusing function of the SRL, it is
necessary to generate a phase distribution that can completely
cover 0 to 2. The phase required by each nanopillar satisfies
the following formula:

2
o(x,y) = —Tn(\/xz +Y2 4+ f2—f) 3)

where A is the wavelength of the incident wave; x and y
are the horizontal and vertical coordinate of the center of the
nanopillars; f is the focal length of the designed SRL.

When simulating a single nanopillar, the radius of the
dielectric column varies with a fixed height value, and the
relationship between the phase and different radius is obtained
at the same time. According to the mathematical expression
of Fermat Spiral, the angular displacement and the distance
between the two unit cells is 1.618 and 0.5 um. The position
coordinates of each nanopillar are determined by the structure
of the Fermat Spiral, and the spatial structure of the SRL
is generated according to the relationship between phase and
radius. The SRL consists of 767 nanopillars, where the radii of
the substrate and lens part are 12 pm and 7.8 pm, respectively,
and the radius of a single nanopillar varies according to the
position. The generated phase curves are compared with the
ideal ones for different focal lengths. When the focal length
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Fig. 3. Focusing performance of the designed SRL at 1550 nm (a) Light field
distribution along the propagation direction and at the focal plane. (b) Light
field distribution of light field along the x-axis and the y-axis at the focal
plane.

is 22 um, the generated phase curve is the closest to the idea
one, and can cover the phase range required by the SRL.

III. FOCUSING PROPERTIES OF THE DESIGNED SRL

The focusing properties of the designed SRL are investi-
gated, and the simulation results are shown in Fig.3. A plane
wave with a wavelength of 1.55 um is adopted as the incident
illuminating. The NA of the designed SRL is calculated to be
0.386. It is obvious that the sidelobe energy near the focal
point of the SRL is very low, indicating that the Fermat Spiral
arrangement can effectively suppress the sidelobes, and the
PSLR reach 16.02 dB. The full width at half maxima (FWHM)
of the focal point along the x-axis and y-axis are about 0.471\}—/4
and 0.443ﬁ, respectively, which are smaller than the Abbe
diffraction limit. The ratio of the energy in the area with a
diameter of 3 times the FWHM to the total energy of the
focal plane is used as the focusing efficiency [19], and the
focusing efficiency is calculated to be 72.8%.

In previous studies, SOLs generally only work at a sin-
gle wavelength, however, the realization of broadband and
achromatic is required in many application fields [20], [21],
[22], [23], [24]. Subsequently, the achromatic properties of
the designed SRL are discussed. Due to the asymmetrical
focal spots, the distributions of light field along the x-axis
are mainly discussed. The simulation results are shown in
Fig.4. It can be seen that the sidelobe energy at the focal
point is always at a very low level for different considered
wavelengths. The FWHMs of the focal points are 0.472-2 N
0.473 55, 04725, 0.476 55, 0482 for the wavelength of
1.45 pm, 1.50 um, 1.54 pm, 1.60 pm, 1.65 pm, respectively,
and the PSLRs are 17.93 dB, 17.52 dB, 16.25 dB, 15.54 dB,
15.42 dB for the five discrete wavelengths.

In order to further demonstrate the achromatic properties
of the designed SRL, we investigate the effect of wavelength
on the three main properties of the focusing process within
the wavelength range from 1.45 um to 1.65 pm, including the
FWHM, the focusing efficiency and the PSLR. The simulation
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Fig. 4. Focusing performance of the SRL at 1.45 pum, 1.50 pm, 1.54 pm,
1.60 pm and 1.65 um. (a) Light field distributions along the propagation
z direction. (b) Intensity distributions at the focal plane. (c) Light field
distribution of light field along the x-axis at the focal plane.
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Fig. 5. Achromatic properties of the designed SRL. Simulation tests of
(a) FWHM, (b) focusing efficiency, and (c) PSLR as a function of operating
wavelength are carried out respectively.

results are shown in Fig. 5, with the working wavelength
from 1.45 pum to 1.65 um. In the whole considered working
wavelength range, the FWHMs are all smaller than the Abbe
diffraction limit, of which the minimum value is 0.47 NAA,
while the maximum value is 0.488 ]V’\A, in addition, the FWHM
increases with the increase of wavelength. The focusing effi-
ciencies of the designed SRL are higher than 67.8% in the
200 nm-wide wavelength range, and show a trend of increasing
and then decreasing. The focusing efficiencies decrease faster
when the wavelength less than 1.45 pum, while the focusing
efficiencies gradually decrease for the wavelength larger than
1.55 pm. The largest focusing efficiency exhibits at 1.55 pum,
because the generated lens phased is designed closed to the
ideal lens phase at 1.55 pum. In particular, the PSLRs maintain
a high level better than 15.29 dB in the 200 nm wide band, and
the PSLRs show an overall decreasing trend with the increase
of wavelength. The sidelobe suppression benefits from the
aperiodic distribution of Fermat Spiral-arranged unit cells, and
do not depend on the generated phase distribution. Therefore,
the working bandwidth of the proposed bio-inspired SRL can
reach at least 200 nm with the superiority of the three main
properties of the focusing.

The proposed SRL has high aspect ratio, fabrication pro-
cessing can use deep-ultraviolet (DUV) projection stepper
lithography [25]. The phase manipulation of the designed SRL
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Fig. 6. Fabrication error tolerance of the designed SRL. Simulation results of
(a) FWHM, (b) focusing efficiency and (c) PSLR with the fabrication errors
of 1-10 nm.

is achieved by precisely adjusting the radius of the nanopillar,
and the deviation of the nanopillars radii from the ideal value
caused by fabrication processing has a non-negligible impact
on the focusing effect. It’s necessary to analyze the fabrication
tolerance of the designed SRL. On the basis of the designed
SRL, the radii of the nanopillars are randomly added with
an error. We investigate the effect of fabrication error on the
three main properties of the focusing process, including the
FWHM, the focusing efficiency and the PSLR. As shown
in Fig.6, it can be seen that the FWHMs show irregular
changes with fabrication errors of 1-10 nm, and all of them
are smaller than the diffraction limit. The focusing efficiency
gradually decreases with fabrication error increasing, when
the processing error exceeds 9nm, the focusing efficiency is
lower than 70%, and the decline becomes fast. The PSLRs also
decrease with the error increasing, but all of them are at a high
level exceeding 14.07 dB, and the influence on the far-field
center spot is small. Therefore, the SRL has a high focusing
efficiency as well as PSLR, even within the fabrication error
as large as 9 nm, so the designed SRL has the advantage of
large fabrication error tolerance, which provides a new method
to reduce the required fabrication accuracy of the SRL.

IV. CONCLUSION

In this letter, a bio-inspired Fermat Spiral SRL with uniform
spatial density distribution has been designed. The results
show that the Fermat Spiral structure can effectively suppress
the sidelobe energy with the PSLR of 16.02 dB at 1550 nm
and the FWHM is 0.47ﬁ. A wide working bandwidth of
200 nm are achieved, with the focusing efficiencies and PSLRs
higher than 67.8% and 15.29 dB, respectively. In addition,
the designed SRL exhibits a large fabrication error tolerance
of 9 nm. The low-sidelobe and achromatic SRL provides
a promising approach for the micro-imaging, data storage,
holography, etc.
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