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This paper presents ultrathin multi-focusing metalenses that can produce several independent focusing spots,
useful in imaging for light flow redistribution, even asymmetrical into many focal spots. The proposed design
includes quadrangular frustum pyramids serving as individually tuned nanoantennas; their structure can be
modified, facilitating wave-phase retardation tuning. Combining the propagation phase control with the Pan-
charatnam-Berry phase principle allows the screening of various cell structures. The specific design of the unit-

cell structures makes the metalenses capable of single- and double-focusing at the required focal length. Thus,
this metalens design might help in developing precision optics for micro-object manipulation.
Data Availability: The data that support the findings of this study are available from the corresponding author

upon reasonable request.

Recent advances in metamaterials have attracted growing interest
from the scientific and engineering community worldwide [1-4]. One of
the fascinating intrinsic features of metamaterials is their ultrathin
thickness, which distinguishes them from traditional, natural materials
[5]. The subwavelength thinness of some metamaterials has led to the
creation of a subclass of so-called metasurfaces, which are capable of
shaping the light phase, amplitude, and polarization; this ability has
been effectively used to design ultrathin focusing lenses called metal-
enses [6,7]. Metalenses have extremely wide applicability since they can
not only replace but also overcome the functionalities of traditional
optical lenses, e.g., by breaking through the diffraction limit [8].
Compared with traditional lenses, metalenses present the following
advantages: light weight, small thickness and volume, suitability for
mass production, and absence of the diffraction limit. Hence, metalenses
are applicable in both new and existing technologies, including beam
refraction [9,10], achromatic optics [11,12], light focusing [13-15],
vortex beam modulation [8,16], ultra-resolution and holographic im-
aging [17-21], and image coding [22,23].

In the metalens design, using metals is privileged [24,25]; however,
this leads to high energy losses and temperature instability. Thus,

designing metalenses with reduced energy losses using
high-refractive-index nonmetallic constituents, which do not deteriorate
their high transmittance or limit their manufacturability, is a current
challenge [26-29]. Recently, there have been various attempts for to-
pologically optimizing metalenses. For instance, Yueshen et al. [30]
proposed the use of conical structures to modify the metalens surface;
however, the conical structures are conjugated and there are some dif-
ficulties in controlling their high-precision angularity during
manufacturing. Li et al. [31] used a quadrangular prism nano-antenna to
achieve subdiffraction focusing. However, this work did not make full
use of the abundant structural parameters of the quadrangular prism
nano-antenna. They only changed the rotation angle of the
nano-antenna to realize full phase control.

In the present study, quadrangular frustum pyramid-shaped struc-
tures were used to modify metalenses while maintaining a transmittance
comparable with traditional lenses. These structures have many pa-
rameters that can be adjusted for phase modulation; they were also
selected because of their successful utilization in manufacturing facil-
ities [32,33]. The pyramids used in the metalenses were topologically
optimized by combining the Pancharatnam-Berry (PB) phase principle
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Fig. 1. Design of the metalens: (a) unit-cell and (b) its top view, with the
structural parameters indicated; (c) lateral and (d) top views of the whole

metalens. (e) Manufacturing flow chart: (1) pattern of the photoresist, (2) E-
beam evaporation of Si film, and (3) removing the photoresist.

[34] with phase retardation analysis [35]. The cell structures were
screened to find those capable of producing phase changes in the 2n
range; noticeably, when using the selected pyramidal structures, both
single- and double-focusing arrays could be designed. Additionally,
simulations demonstrated that the designed arrays can produce perfect
focusing effects.

The usage of Si pyramidal structures periodically distributed onto a
SiO4 substrate allows significant metasurface modifications and topo-
logical optimization with reduced dissipative losses; Si provides a high
refractive-index contrast between the building blocks, represented by
subwavelength Si truncated pyramids and the air. The pyramids are
considered as waveguides of a Fabry-Perot resonator, i.e., they have a
low-quality factor, necessary for high transmittance. Compared with the
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traditional cuboid structure [36-38], the pyramidal structure is more
versatile in terms of structural modification, which enables fine
wave-phase retardation tuning.

The metalenses were prototyped and optimized for being excited by
an incident linearly polarized light at the resonant wavelength of 1550
nm. Then, variational analysis and topological optimization were per-
formed using the finite-element solver COMSOL Multiphysics (Fig. 1).
We set periodic boundary conditions in the x and y directions to simulate
the situation of infinite periodic arrays. A perfect matching layer was set
in the z direction to perfectly absorb scattered stray light and prevent it
influencing the simulation results. The grid size was optimized to one-
fifth of the incident wavelength, making the simulation results more
accurate. The metalens arrays consisted of 12 building blocks (or meta-
atoms), which acted as individual subunits with specific phase retar-
dation characteristics covering a phase interval of /6 for each block; the
12 cell structures could produce phase shift changes in the 2r range.
According to the PB phase principle, when determining the phase
retardation, the rotation angle (a) (Fig. 1b) was considered a primary
variable, and the secondary variables [e.g., the dip angle of the platform
(0), the side length of the upper and lower bottom sides of the platform
(L1,2 and Wy 5, respectively), the height of the platform (t), and the array
periodicity, i.e., the period of the unit-cell (P)], dependent on the pri-
mary ones, were tuned during the variational analysis. In particular, the
combination of L; and « allowed full-range phase variability (2n) and
high transmittance. Finally, the invariant structural parameters, such as
0 and Wi, were independently optimized to finely tune the trans-
mittance. The design process flow of the metasurface is shown in Fig. le.

When the resonant incident wavelength was 1550 nm, the unit-cell
parameters were optimized as follows: P =700 nm, W; = 250 nm,
6 =1.5° t =820 nm, Wy = Wy-2t'tan(d), and Ly = L; — 2t'tan(6). Fig. 2
displays the phase retardation and transmittance diagrams for all the
variety of unit-cell rotation positioning obtained when changing «
simultaneously with L;, which are also summarized in Table 1.

The wave-phase retardation depends on the prism shape and orien-
tation (Fig. 2a). The phase and transmittance changes of the 12 unit-cells
are shown in Fig. 3a, and the resulting transmittance was 0.8 or more for
all the cases. When the light propagated through a one-dimensional (1D)
array composed of all the 12 orientations (Fig. 3a), it was deflected by
9.6° (Fig. 3b). According to generalized Snell’s law, the deflection angle
(ap) can be expressed as follows:

A do(x)

n, sin @, — n; sin @; = e (@D)]

where @; = 0 is the angle of the incident light, n; is the refractive index of
the incident medium, and n; is the refractive index of the propagating
medium. The calculated a; value was approximately sin"' (/12 P)
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Fig. 2. (a) Phase retardation and (b) transmittance diagrams of the full variety of unit-cell rotational positioning.
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Table 1
Phase retardation (Phase) and L; (length of the longer bottom sides of the platform) for all 12 unit-cell rotation angles ().
Phase (°) — 165 - 135 — 105 —-75 — 45 —15 15 45 75 105 135 165
a(®) 0 10 10 10 0 20 20 40 60 0 0 0
L, (nm) 559 510 475 447 426 412 391 384 384 650 629 601
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Fig. 3. (a) Wave-phase retardation and transmittance as a function of the orientation of the pyramidal unit-cells when light propagates through each of them. (b)
Optical deflection of light (9.6°) when propagating through a one-dimensional array composed of all the orientations of the 12 unit-cells shown in (a).
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Fig. 4. Phase distribution of the one-dimensional single-focusing array for different focal lengths: (a) 10 and (b) 15 pm.

=10.63°.

A 1D array design for single- and multi-focusing is presented here: it
can realize single-focusing in different positions and double-focusing in
the z and x directions (the array plane is put on the xy plane).

According to the principle of equal optical path and the phase control
mechanism, the phase distribution of the single-focusing 1D array can be
expressed as follows [38]:

Hx) = 2n//1(\/m— m) —2nr, )

where 1 is the wavelength of the incident light, x is the distance from
each position in the array to the central origin, fis the focal length, and n
is an integer. The as-calculated phase distribution, obtained for two f
values (f; = 10 um and f, = 15 pm), is plotted in Fig. 4.

The 1D array structure was designed to evaluate the focusing per-
formance of the arrays (Fig. 4). Thus, 1D focusing arrays with flexibly
adjusted focal lengths in the 10-25 pum range were designed. The quality
of focusing localization and the focal spot shape depended on the focal
length. With increasing focal length, the full width at half maximum
(FWHM) of the intensity at the focal point decreased from 1.18 to

0.86 um; i.e., the focusing localization increased, although the focusing
depth elongated along the z axis. The numerical aperture, expressed as
NA = sin[tan‘l(D/Z'f)], where D is the array diameter of the, was
calculated for the following designed lenses: NA; = 0.962, NA; = 0.917,
NA3 = 0.868, and NA4 = 0.8137. Fig. 5.

Multi-focusing lenses can be realized with a 1D array if the array
structure is rearranged for the desired phase distribution and the focus
localization along the x axis is governed by the following expression:

Zﬂ/l( x2+f12—|f1|)—2n7z -D/2<x<0
P(x) = 3
27[/1( x2+f22—[f2|)—2nn 0<x<DJ2

The distance between the two focal points along the x axis could be
controlled, as well as the focus positioning. Eq. (3) indicates that the
double-focusing focus arrays are composed of two single-focusing focus
arrays. The focusing effect shown in Fig. 6a and b suggests that the two
focus focusing effects are perfect and do not interfere with each other;
this result provides a train of thought for the study of a multi-focusing
metalens. The FWHM values obtained under illumination by linearly
polarized light (1550 nm) along the x axis are shown in Fig. 6c and d.
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Fig. 5. (a—d) Focus localization and (e-h) axial intensity distribution for the different focal lengths: 10.79 (a, e), 14.67 (b, f), 21.04 (c, g), and 24.79 um (d, h). In

(e-h), the arrows indicate the full width at half maximum.

)Iax

(@) 30

25

2=22.02 pm

~N
>

£1=10.90 pm

—
wn

z(pm)

20 30 Min

1.12pm

1.05pm
—p

0 20

X(um)

-20

Fig. 6. Realization of double-focusing with (a) xy plane delocalization and (b) in xy plane localization. (c, d) Corresponding intensity distributions and full width at

half maximum at the focal lengths (f) indicated in (a, b).
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Fig. 8. (a) Top view of the two-dimensional metalens and the corresponding phase distribution for single-focusing. (b) Visualization of the focusing effect at a focal

length of 10.79 pm.

The phase distribution for multi-focusing when the focal spots are
delocalized in a xy plane can be expressed as follows:

@, (x) = arg{expli(¢, (x))] + expli( — ¢, (x))]
+expli(¢,(x))] + expli( — ¢, (x))]},

4

where ¢1(x) and @2(x) control the positions of f; and f,, respectively.
@(x) is determined by Eq. (2), and the distance between two focal points
along the z axis can be expressed as d = |fi—f2|. Fig. 7 illustrates the
phase distribution and performance for the double-focusing 1D array.
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Table 2

Comparison with other studies.
Wavelength NA Polarization Function Focal length Transmittance Material
0.86 THz 0.2 Linear Multi-focusing 2-5 mm ~0.7 Gold[39]
632.8 nm 0.74 Linear Multi-focusing 5-11 pym ~0.6 Gold[15]
480 nm 0.65 TE/TM Multi-focusing 8-14 um ~0.9 TiO,[27]
1550 nm 0.982 Circular Single-focusing 4-5 um ~0.95 Si[31]
1550 nm 0.8-0.96 Linear Multi-focusing 10-25 um ~0.95 Si (our work)

The simulation of the 1D array demonstrated the feasibility of a
focusing metalens, but had limited practical applications. However, the
results can be used as a reference for designing more complex systems.
For example, the phase distribution of a 2D array can be expressed as
follows:

¢(x,y) :27;//1(\/R2—+fz—|f|) —2nx, (5)

where R = (x* + y*)!/2 is the distance from any point on the 2D plane to
its origin.

Such a 2D array was designed by placing 40 x 40 unit-cells on a SiO5
substrate; each element corresponded to the phase requirements shown
in Fig. 8a. Fig. 8b shows the ability of this metalens to focus the
impinging radiation at a focal length of 10.79 um, which is close to the
theoretically calculated value of 10 um.

Finally, we compared our work with other recent metalens work in
Table 2. Compared to metal metalenses, dielectric metalenses can obtain
higher transmittance (Table 2). Our work has a larger NA compared to
other multi-focal focusing metalenses.

Analytical calculations and modern numerical simulations were
combined to design and evaluate an array composed of Si pyramids
capable of driving light in an intriguing nontrivial manner. First, the
underlying principles of beam deflection were outlined; then, the basic
physical mechanisms of the in- and out-of-plane focusing in 1D config-
uration, as a base for the more complex 2D metalenses, were demon-
strated. The numerical simulations showed that, when properly
configuring the structural parameters of the basic blocks (i.e., their
spatial arrangement, periodicity pattern, material parameters, and array
dimensions), monochromatic light can be efficiently focused at the
desired focal length. An additional multi-focusing compatibility claimed
the metalens functionality beyond the reach of traditional technologies.
Such metalenses can be fabricated at existing production sites via the
traditional Si formation technology. The ultrathin design of metalenses
can extend their applications, strictly subject to space limitations, in
various technological fields, including terahertz imaging.
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