@ nanomaterials

Communication

Design of a Metasurface with Long Depth of Focus
Using Superoscillation

Tianyu Zhao !, Xiao Lv !, Yue Wang ! and Yihui Wu 12*

check for
updates

Citation: Zhao, T.; Lv, X.; Wang, Y.;
Wu, Y. Design of a Metasurface with
Long Depth of Focus Using
Superoscillation. Nanomaterials 2023,
13,2500. https://doi.org/10.3390/
nano13182500

Academic Editor: Andrey
B. Evlyukhin

Received: 14 August 2023
Revised: 31 August 2023
Accepted: 1 September 2023
Published: 5 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Changchun Institute of Optics, Fine Mechanics and Physics (CIOMP), Chinese Academy of Sciences,
Changchun 130033, China; zhaotianyu@ciomp.ac.cn (T.Z.); lvxiao@ciomp.ac.cn (X.L.);
wangyue@ciomp.ac.cn (Y.W.)

2 GD Changguang Zhongke Bio Co., Ltd., Foshan 528200, China

*  Correspondence: yihuiwu@ciomp.ac.cn

Abstract: Longitudinal optical field modulation is very important for applications such as optical
imaging, spectroscopy, and optical manipulation. It can achieve high-resolution imaging or manipu-
lation of the target object, but it is also limited by its depth of focus. The depth of focus determines
whether the target object can be clearly imaged or manipulated at different distances, so extending
the depth of focus can improve the adaptability and flexibility of the system. However, how to extend
the depth of focus is still a significant challenge. In this paper, we use a super-oscillation phase
modulation optimization method to design a polarization-independent metalens with extended focal
depth, taking the axial focal depth length as the optimization objective. The optimized metalens
has a focal depth of 13.07 um (about 22.3 A), and in the whole focal depth range, the transverse full
width at half maximum values are close to the Rayleigh diffraction limit, and the focusing efficiency
is above 10%. The results of this paper provide a new idea for the design of a metalens with a long
focal depth and may have application value in imaging, lithography, and detection.
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1. Introduction

To improve the performance of imaging systems, precise manipulation of the optical
field is required. The optical field produces longitudinal field components when it varies
along the propagation direction; these components have extraordinary optical manipulation
capabilities. In the past few decades, people have extensively studied the longitudinal field
components. For example, when the focusing of radial polarization light is used to enhance
longitudinal field components, a special beam, namely a longitudinal polarization light
needle [1,2], can be formed. This light needle has potential application prospects in particle
acceleration and fluorescent particle capture [3-5].

However, one of the challenges in optical imaging is to achieve a high resolution
and a long depth of field simultaneously. The depth of field is the distance range over
which the image is in focus. A long depth of field is desirable for capturing clear images of
objects at different distances from the lens. However, conventional lenses have a trade-off
between resolution and depth of field: increasing the numerical aperture (NA) of the lens
can improve the resolution, but it also reduces the depth of field. Therefore, there is a need
for novel lenses that can overcome this limitation and achieve both high resolution and
long depth of field.

The methods for achieving extended focal depth that have been reported so far in-
clude Fresnel lens arrays (FLAs), axial lenses (AXLs) and light sword optical elements
(LSOEs) [6,7]. However, due to the difficulty of manufacturing traditional lenses, they are
at a significant disadvantage in the development of extended focal depth lenses.

Subwavelength metasurfaces [8-36], which can arbitrarily control the amplitude,
phase, and polarization characteristics of the incident light, thus achieving new functions
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that traditional lenses cannot achieve, have become a research hotspot in the current optical
field. In the process of realizing the metasurface function, commonly used finite focal depth
metasurfaces and extended focal depth light sword metasurfaces have some limitations,
such as polarization sensitivity caused by geometric phase structures or design parameters
that are not flexible enough due to forward design thinking. To improve these limitations,
a more freely designed, polarization-independent metasurface design method needs to
be explored.

In this paper, we design a polarization-insensitive metasurface based on titanium
dioxide dielectric cylindrical unit structures, and use an innovative super-oscillation phase
modulation method, which enables the metasurface to achieve near-diffraction-limit fo-
cusing performance and 22.3 A extended focal depth under any polarization light excita-
tion. The metasurface design method overcomes the limitations of traditional geometric
phase structures, providing subwavelength metasurfaces with greater design freedom and
stronger functionality. The metasurface has long focal depth and polarization-insensitive
characteristics and has broad application prospects in imaging, lithography, and detection.

2. Materials and Methods

The phase shift of the metasurface designed in this paper, which consists of cylindrical
dielectric nanocolumn structures with rotational symmetry, depends on the transmission
phase with polarization-independent characteristics. Therefore, in order to match the ideal
phase obtained by calculation, we need to construct a phase library of nanocolumns. We
use the commercial software package “FDTD Solutions” (ANSYS Inc. (Lumerical Inc.,
Vancouver, BC, Canada) to perform finite-difference time-domain (FDTD) simulation of
nanocolumns and obtain the phase shift of nanocolumns when each geometric parameter
increases by 2 nm. Periodic boundary conditions are applied along the x and y directions,
and perfectly matched layers (PMLs) are applied along the z direction. The height, H, is
fixed at 600 nm; the scanning range of the diameter of the nanocolumns is 80-310 nm; and
the period of the properly arranged nanocolumn array, P, is 320 nm. As can be seen from
Figure 1a, when P = 320 nm, the obtained propagation phase library can cover the phase
distribution, meeting our requirements for phase matching.
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Figure 1. (a) shows the phase distribution of the unit structure (b) at a wavelength of 587 nm when
the period, P, is 320 nm; (b) shows the schematic diagram of the unit structure, where the substrate
material is SiO; and the unit structure is TiO,, with a height of 600 nm and a period of 320 nm.
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In this paper, we first design the phase function of the super-oscillation lens. The
phase function of the device can be divided into two parts: the focusing phase function
Do (1) and the superoscillation phase modulation function ®so (7).

The schematic diagram of the design in this paper is shown in Figure 2. By introducing
and adjusting the super-oscillation phase, the energy at the original focal point is stretched
along the axis. While achieving the purpose of long focal depth, this also reduces the lateral
spot size and improves the resolution.

Figure 2. Metasurface design schematic diagram.

The first part is the focusing phase, which can focus the optical field. This part of the
phase function can be expressed as:

Brns (1) = 2 <—\/f§ T +fo) 2mn M

where A is the design center wavelength; fj is the focal length; m is an integer; r is the
radius of the lens structure. The designed superoscillation lens structure has a diameter of
32 um and a focal length of 30 pum.

The super-oscillation modulation phase function ®so(r) can achieve long focal depth
focusing by modulating the size of the high-frequency and low-frequency spatial spectrum
based on the focused light field.

The specific design principle: using the point source method to calculate the intensity
distribution of the axial diffraction light field, taking the depth of the focus (axial half-height
full-width) length as the objective function and then selecting the appropriate structure
from the unit structure database obtained from simulation via the optimization algorithm.
The formula for calculating the light field distribution via the point source method can be
expressed using the following formula [37]:

N-1A.
E(x0,Y0,20) = )_ r—j]exp[i(krj—l—qu)} 2)
=0

where r; represents the distance between the metasurface unit and the focal point (xo, yo, z0),
N is the total number of metasurface units, A; is the amplitude intensity of the unit structure
(here replaced by the structure’s transmittance), ¢; is the phase response of the metasurface
unit structure. The formula is composed of structures selected from the transmission phase
database that match ¢, and E(xo, yo, zo) is the electric field intensity at point (x, Yo, zo ).

¢ = Dlens (1’) + (I)SO(r) 3)

The specific optimization solution process is shown in Figure 3:
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Figure 3. Long focal depth metasurface optimization flow chart.

As shown in the flow chart: First, a database of the transmission phase and transmit-
tance of the unit structure needs to be established, and then the designed metasurface is
divided into N equidistant rings along the radial direction; N is 10 in this paper. Then, the
phase variables in the optimization algorithm are added to each ring to construct a new
ideal phase distribution. The optimization algorithm can choose any one of these: particle
swarm optimization algorithm, cuckoo search algorithm, simulated annealing algorithm,
genetic algorithm, etc. This paper uses the genetic algorithm.

3. Results

Using phase matching, we select the appropriate unit structure from the database
and place it at the corresponding position of the metasurface to construct the complete
structure of the metasurface. We use the point source method to solve the axial electric field
intensity distribution of the metasurface and take the axial electric field depth of focus as
the optimization objective function. At the same time, in order to ensure the position of the
focal point, we set the position of the maximum value as 30 um as a constraint condition
to ensure the rationality of the design. Then, using continuous iterative optimization,
we obtain the corresponding parameters of the design. For comparison, we first use a
metasurface structure without super-oscillation phase modulation for calculation and
obtain the simulation results as shown in Figure 4:
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Figure 4. (a) Transverse electric field intensity distribution of metasurface when fy = 30 um. (b) Dis-
tribution curve of axial electric field intensity of metasurface. (c) gds layout of metasurface stru-ture.
(d) Axial electric field distribution diagram of metasurface.
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When the superoscillation phase modulation is added, the optimized result is shown
in Figure 5:
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Figure 5. (a) The original focusing phase of the metasurface. (b)The optimized super-oscillation
phase of the metasurface. (c) Axial field distribution curve of metasurface. (d) gds layout of metasur-
face structure.

After obtaining the corresponding design parameters, the full-wave simulation soft-
ware FDTD Solutions was used to verify and obtain the corresponding results as shown in
the following figure:

By comparing the axial electric field intensity distribution curves of Figures 5c and 6b,
it can be seen that the general trends of the two are almost consistent when the DOF (depth
of focus) value of Figure 5c is 14.57 um and the DOF value of Figure 6b is 13.07 pm, which
are also close. The main reason for the error is that the point source method cannot account
for the coupling between structures when calculating the light field, as the full-wave
simulation does, but compared with other diffraction calculation theories, this algorithm
has a certain advantage in accuracy because it particularly considers the influence of
the amplitude transmittance of the structure. Figure 6a shows the lateral electric field
intensity distribution of the structure at fy = 30 ym, and after calculation, its full width
at half maximum value is 616 nm, which is less than the Rayleigh diffraction limit, and
the focusing efficiency is 28.4%. By observing the axial electric field intensity distribution
in Figure 6¢, it can be seen that the focused light field in the whole depth of focus range
becomes very small in lateral size due to longitudinal stretching, the lateral full width at
half maximum values are all less than the diffraction limit, and the focusing efficiency is
also above 10%. The specific simulation results parameters are shown in Table 1:
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Figure 6. (a) Transverse electric field intensity distribution of metasurface when fy = 30 um. (b) Dis-
tribution curve of axial electric field intensity of metasurface. (c) Axial electric field distribution
diagram of metasurface.
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Table 1. Axial focal position, focusing efficiency, and lateral full width at half maximum(FWHM).

Axial Focal Position (um) Focusing Efficiency (%) FWHM (um)
25.73 11.81 472
30 28.4 616
30.95 29.44 664
38.79 21.63 888

When the modulation is not performed with the super-oscillation phase, the depth
of focus of the metasurface is 4.3 um, the depth of focus is about three times greater after
adding the super-oscillation phase modulation, and the resolution is also improved.

4. Conclusions

This paper proposes a polarization-independent long focal depth metasurface struc-
ture using the super-oscillation phase optimization method. By combining the focusing
phase and the super-oscillation phase as optimization variables, the focal depth of the meta-
surface is successfully increased to 13.07 pm (about 22.3 A). The lateral full width at half
maximum values in the whole focal depth range are close to the Rayleigh diffraction limit,
and the focusing efficiency is above 10%. At the same time, this method uses the data in the
fixed unit structure; unlike the topology optimization method, it does not need to change
the shape of the structure, has more advantages in processing, and meets the conditions
for processing and manufacturing. Compared with the traditional forward design style
of long focal depth metasurface, the design method in this paper has a greater degree of
freedom and is easier to control in terms of the relevant performance of the metasurface.

The results of this paper provide a new perspective for the design of long focal
depth metasurface and may find potential applications in imaging, holography and
optical manufacturing.
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