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IIpennoxeHo co3laHHe CBEPXTOHKHX (ha30BBIX METANOBEPXHOCTHBIX CTPYKTYp Ha OCHOBE KOMIUIEMEHTapHBIX KBaIPaTHBIX
PACIICIUICHHBIX KOJBII 110 THIy HAHOAQHTEHHA I CO3JAHHs TEPareploBbIX METAIHH3, IEPECTPACBACMbIX U MYJIbTH(OKYCCH-
pytomuxcs. Pe3onancHsril pexxuM pesonaTopa ®adpu — [lepo MoxeT OBITH MONE3eH IpH OOBACHEHUH MPHHIINIA PACIIPOCTpa-
HEHHs ITydka U 3(PeKTHBHON nepenaun u3inydeHus. TepareploBble MeTAIUH3EI MOTYT 3((OEKTHBHO (PYHKIMOHUPOBATH KAK
KPOCC-IOJISIPU3aTOP IPHU YCIOBUH CO3/aHMUs PEIICTOK Ha Ma/JaloIiel MIOCKOCTH. 3a CYET JIOKAIbHOrO M3MEHEHHS JIMHBI KPOM-
KU U YTJIOB OTKPBITHS PACIIEIIEHHBIX KOJICIl MOXKHO JOOUTHCS ITOTHOTO KOHTPOJISL HAJl U3MEeHEeHHUs MU (ha3bl. [IBa CHMMETPHYIHO
pacIpeieNIeHHbIX NapaJUIeIbHBIX (OKAIBHBIX IITHA U JJBa BEPTHKAIBHBIX (POKAIBHBIX IIATHA C IPOU3BOJIBHBIM PACCTOSHHEM
ObLIM MONyYeHbI IyTeM Pa3MEIICHUs KONbII-PE30HAaTOPOB HA MeTanuH3ax. Kpome Toro, Mbl mpuMeHseM KOHIEHIHUIO PEXUMa
CEKI[HOHHPOBAHHOH (ha3bl A1 peann3anuy ABYX(OKYCHBIX METAINH3 B IIPOJOIHHOM HANPaBICHHUH, YTO 0OeclednBaeT THOKUH
1 yIOOHBIH METOX (POKYCHPOBKH.

Keywords: memanosepxnocms, pazosas mooynayus, mepazepyosoe usnyuenue, Padpu — Ilepo, onmuueckas pasa.

The ultra-thin phase metasurface structures based on the complementary square split ring nanoantenna have been proposed to
achieve the THz optical metalenses with multi-dimensional and multi-focusing. The Fabry — Pérot resonance mode could be
usefully employed in explaining the principle of beam propagation and efficient transmission. The THz metalens can transfer
the linear cross-polarization efficiently under the effect of the gratings on the incident plane. By locally tailoring edge lengths
and opening angles of the split rings, full control over abrupt phase changes can be achieved. Two symmetrically distributed
parallel focal spots and two vertical focal spots with arbitrary distance are obtained by arranging the SSRs units on the
metalenses. Furthermore, we apply the concept of partitioned phase mode to realize the double-focusing metalens in the longi-

tudinal direction, which provides a flexible and convenient method for focusing properties.

Keywords: metasurface, phase modulation, THz, Fabry — Pérot, optical phase.

Introduction

Metamaterials with artificially engineered new-
type optical devices have been achieved in the ma-
nipulation of electromagnetic (EM) polarization,
applying in optical vortexes [1], optical focusing [2],
high resolution holography [3], [4], quarter-wave
plates [5], and so on. The metasurface, which is a 2D
counterpart to metamaterials consisted of individual
structures, has attracted great interests due to their its
unique properties and simplicity of fabrication in
recent years [6]. Some metasurfaces rely on sub-
wavelength nanoantennas which play a significant
role in creating arbitrary phase profiles across 2x for
cross-polarized scattered light and ensuring the
uniform amplitudes [7]. Each of the nanoantennas
acts as a unit cell and realizes the modulation of op-
tical properties easily based on the fine tuning of
both the geometrical parameters and rotation angles,
e. g. The faculty to engineer the phase of the polar-
ized light with high accuracy and high polarization
transferred efficiency is perfectly suited for applica-
tions of metalens.

For conventional lenses, such as LED lens,
Fresnel lens and Luneburg lens, are based on the
reflection and refraction of light at the interface of
the medium, and the phase accumulation along the
optical path during the wave propagation in the me-
dium to realize the manipulation of the wave front
[8], [9]. Moreover, the thicknesses of these con-
ventional optical components are generally greater
than or comparable to the operating wavelength due
to the optical properties such as refractive index and
anisotropy of natural materials. Recently, optical
metalens has been the indispensable tool under com-
prehensive study towards more integrated, planar
and precision ways to operate the incidence [10]—
[12]. Researchers have been fascinated by different
principles and technologies to design metalenses
with unusual functions.

So far as we know, realizing focusing meta-
lenses on basic substrates possesses many character-
istics. Firstly, many research results on matalenses
are devoted to the design of multifocal, which have
been allowed to focus at different focal length in the
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directions of longitudinal or the transverse [13]—
[16]. Additionally, the metalenses with many focus-
ing spots have been proposed mainly based on the
phase retrieval algorithm and the parabolic phase
variation algorithm [11], [17]-[19]. Few investi-
gations have been attempted to design the meta-
lenses with multi-dimensional and multi-focusing
based on the holistic and partitioned mode, simulta-
neously [20], [21].

In this paper, we have proposed several novel
polarization-independent  multi-dimensional —and
multi-focusing metalenses in the horizontal and lon-
gitudinal direction based on the metasurface of the
designed square split ring nanoantenna structure on
the thin silicon film. The focusing lengths and focus-
ing intensities of every focusing spots from the
multi-focusing metalens can be controlled and
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silicon

gold y-polarized wave |

Figure 2.1 — (a) Schematic view of the nanoantenna unit

modulated by the concrete designs effectively. The
simulation results show that the perfect focusing
phenomenon of cross linearly-polarized (LP) wave
can be achieved due to the modulation of gold grat-
ing layer that acts as a polarizer and the novel com-
plementary square split ring nanoantenna. The re-
sults can provide a reliable method for the enhanced
tunability and selectivity of designing plasmonic
devices. And this structure will lead to improved
approaches for the miniaturization and integration of
THz systems.

2 Results and discussion

As shown in Figure 2.1 (a), the structure con-
sists of a gold gratings film, silicon substrate and an
array of square split ring gold antennas.
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. (b) An illustration of 2D multi-focusing metalens

consisted of the square split ring gold nanoantennas array. (c) Phase shifts and transmitted amplitudes
of the cross-polarized electric field of the proposed twelve units under LP normal incident wave
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Figure 2.2 — (a) Intensity distribution and the FWHM of the y-polarized light for the designed 1-D single-focal
metalens along the z-direction, which was simulated using commercial software. (b) The focusing phase
distribution of metasurface arrays. (c) Intensity distribution and the FWHM of the y-polarized light for the
designed 1-D double-focal metalens along the z-direction
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Figure 2.3 — (a) Intensity distribution, focusing on the x-y plane and the FWHM of the y-polarized light
for the designed 2-D single-focal metalens. (b) Intensity distribution, focusing on the x-y plane and
the FWHM of the y-polarized light for the designed 2-D double-focal metalens

Both the antennas and the gratings have the
same thickness d of 200 nm, and the silicon layer
thickness D is 25 um. The period P of the unit cell is
set as 80 um to avoid coupling between the adjacent
split ring nanoantennas, the width w and period A of
the grating are 4 pm and 10 pm, respectively. The
gold gratings act as the polarizer that can transmit
the x-polarized radiation and reflect the y-polarized
THz radiation almost completely. By optimizing
both the frame length and the opening size the
square gold nanoantenna, the phase of the transmit-
ted y-polarized light can be modulated in the range
between 0 and 27 with a constant phase diference of
n/ 6, while the amplitude transmission is maintained
up to 0.5 at an operating frequency of 0.86 THz, as
shown in Figure 2.1 (b).

The metalens can be designed based on equal
optical path principle. Firstly, we have designed the
polarization-independent 1-D metalens with single-
focal by square gold nanoantennas array. According
to the equal optical path principle, the phase profile
can be expressed as

30

(p(x):%(\/xz + 17 —f)—27tm.

Based on the phase distribution principle of the
single-focal structure, under the incidence of LP
light, the corresponding induced double-focal phase
profile in the horizontal direction can be expressed as

1. 1.
—sin kr, +—sin kr,
r2

4l
tan@ = 1 1 .
—cos kr, + —coskr,
4l )

Where ¢ represents the abrupt phase shifts be-
tween an arbitrary point and the original point; A is
the incident wavelength at 0.86 THz; r, and r, repre-
sent the optical path between an arbitrary point and
the original point, and f is the focal length. The in-
tensity distribution of the y-polarized light on the x-z
plane is as shown in Figure 2.2 (a). Additionally, it
shows the focal point profiles (f= 2.5 mm) that cor-
respond to the intensity distributions along the center
of focus, which both show good sinc shapes with a
full width at half maximum (FWHM) of 324 pum.
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And the focusing phase distribution of one dimen-
sional metasurface arrays are displayed clearly in
Figure 2.2 (b). The electric intensity distribution of
symmetric double-focal (f=2.5 mm) is presented in
Figure 2.2 (c), which the FWHM of the focal spots
are 328 pm. The transmission efficiency and the
focusing efficiency (power ratio toward the focus by
the focusing metalens) can reach to 93% and 1.2%
respectively.

For achieving the maximum density in the ra-
dial direction and designinig the multi-dimensional
metalens to satisfy the realistic needs, simultane-
ously, the metalens with one focus (f=2.5 mm) in
Figure 2.3 (a) and the double-focusing metalens
(fi=2 mm, f,=5mm) based on the partitioned
mode in Figure 2.3 (b) have been proposed. The
designing plane of the multi-focusing metalens with
40x40 unit cells has been divided into different re-
gions (the inner 20x20 unit cells), which is called
partitioned mode. Both the focused intensity and
FWHM of the upper focus are larger than the lower
focus. The double-focusing metalens with different
focal length can be realized by tuning the densities
of the nanoatennas in the special rings.

Conclusion

We have proposed a series of multi-dimension
and multi-focusing metalenses consisted of twelve
gold SSRs nanoantennas and gold gratings used for
the performance of polarization conversion. For the
normal incidence of x-polarized with fixed
frequency in the terahertz region, the simulated
results of the constructed chain double-focusing with
the foci position along horizontal and longitudinal
agree well with the theoretical expectations and have
excellent focusing features. Furthermore, a
comparison of the chain-like lenses and the planar-
like lenses for multifocal imaging has been made to
facilitate the development of metasurface devices
towards integration and practical applications. The
approach of partitioned mode provides a flexible
design for realizing a tunable multifocusing
metalens, which would open a new avenue for the
THz field modulated device.
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