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ABSTRACT

In this paper, we investigate a 16-sector spiral metalens fabricated on a thin film (130 nm) of amorphous silicon, consisting of a set of subwa-
velength binary diffractive gratings and with a numerical aperture that is close to unity. The metalens converts linearly polarized incident
light into an azimuthally polarized optical vortex and focuses it at a distance approximately equal to the wavelength of the incident light,
A=633nm. Using a scanning near-field optical microscope, it is shown experimentally that the metalens forms an elliptical focal spot with
diameters smaller than the diffraction limit: FWHM, =0.324 (+0.03/) and FWHM, = 0.51/ (£0.034). The experimental results are close to
those of a numerical simulation using the FDTD method, with FWHMx =0.374 and FWHMy = 0.494. The technological errors due to
manufacturing were taken into account in the simulation. This is the smallest focal spot yet obtained with a metalens.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5092760

A significant number of recent scientific papers have been
devoted to the investigation of metasurfaces, thin optical elements that
simultaneously control the amplitude, phase, and polarization of prop-
agated light."” Metasurface-based elements can focus light into a ring,’
a segment,” or a spot.” ' A special case of a metasurface is a simple
subwavelength grating.

In previous work, we have investigated metalenses based on sub-
wavelength gratings.'' These subwavelength gratings are anisotropic,
meaning that TE- and TM-polarized waves that propagated through
them have different phases. Based on this effect, it is possible to create
analogs of the classical half-wave plates, which rotate the direction of
polarization. The spatial orientation of these wave plates will be deter-
mined by the direction of the relief of the grating. Since the relief of a
diffractive element may be oriented in any direction, it is possible to
create subwavelength grating-based elements that convert a linearly
polarized beam into a beam with a spatially inhomogeneous direction
of polarization (i.e., one that varies at different points in the cross sec-
tion of the beam). In prior work, we have also investigated elements
based on subwavelength gratings that are designed to produce cylin-
drical vector beams (CVBs), that is, beams in which the direction of
polarization has radial symmetry.'”

Although CVBs have been known in optics for a long time, numer-
ous studies of these are ongoing. For example, in Ref. 13, a compact ele-
ment on a chip was proposed for the generation of CVB. The scattering
of radially and azimuthally polarized light on Mie particles was investi-
gated in Ref. 14. Radially or azimuthally polarized light is very often used
in the tight focusing of laser light; for example, a method for obtaining
optical needles using radially polarized light was proposed in Ref. 15, in
which the obtained spot had a depth of DOF = 53/ (where DOF is the
Depth of Focus) and a subwavelength diameter of FWHM = 0.84
(FWHM is the Full Width at Half Maximum). An optical needle with a
smaller diameter was obtained in Ref. 16, in which the FWHM = 0.4144
and the DOF = 7.58. Other papers on obtaining a subwavelength focus
are presented in Refs. 17-19. In previous work,”’ we proposed a four-
sector subwavelength grating that rotates the direction of polarization of
linearly polarized light through angles of 45°, —45°, 135°, and —135°.
The metalens investigated in Ref. 21 combined the Fresnel zone plate
and the four-sector radial polarizer from Ref. 20. The main drawback of
the system in Refs. 20 and 21 is that the direction of polarization of the
light propagated through the element does not change continuously and
is limited to four directions by the number of zones. The investigation in
Ref. 22 was devoted to a numerical investigation of the influence of the
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number of sectors on the results of focusing. The present work continues
the authors’ investigations in Refs. 22 and 23.

In this work, we investigate a 16-sector spiral metalens consisting
of subwavelength gratings. This metalens converts linearly polarized
light into an azimuthally polarized optical vortex and focuses it. Using a
scanning near-field optical microscope (SNOM), it is shown experimen-
tally that the metalens forms a focal spot with diameters smaller than
the diffraction limit: FWHM, = 0.32/. and FWHM, = 0.51. The half-
maximum area (HMA) of the focal spot is equal to HMA = 0.1281%
This is the smallest focal spot obtained using a metalens (the smallest
focal spot obtained previously was reported in Ref. 6, with
FWHM = 0.574). The experimentally obtained values are close to the
results of a numerical simulation (using the FDTD method) of the man-
ufactured metalens, with FWHMx = 0.37/ and FWHMy = 0.494. The
half-maximum area of the spot is HMA = 0.1424%. Moreover, if the
metalens could be made without technological errors, the diameters of
the focal spot would be 0.435/ and 0.457/, and its area would be
HMA = 0.156,2 In this case, the focal spot of the ideally manufactured
metalens would be almost round but would have a larger area. It should
be noted that the theoretical limit on the focal spot area of the zone plate
is HMA = 0.1542% (Ref. 24) (our metalens produces a focal spot with
HMA = 0.156/). Previously, the smallest focal spot area was produced
using a parabolic mirror in Ref. 25 and was equal to HMA = 0.1342%
our metalens produces a smaller focal spot (HMA = 0.128/7). A similar
focal spot area is formed by a diffraction axicon with a period equal to
the illuminating wavelength.”® Note that in this work, we do not draw a
comparison with the metalenses designed by use of a superoscillation
phenomenon,'””” because the said method has an unprecedentedly low
efficiency. It has been reported that the intensity of a focal spot 160 nm
(0272) in diameter is just 107> of the background intensity."”
Meanwhile, the metalens proposed in this paper is able to generate a
focal spot whose intensity is seven times that of the incident beam.

This spiral metalens [Fig. 1(a)] is a combination of a spiral zone
plate with a topological charge m =1 [Fig. 1(b)] and a sectorial subwa-
velength grating that acts as a half-wave plate. The lens consists of 16
radial sectors, each of which rotates the polarization of the incident
light to produce the azimuthal polarization [Fig. 1(c)]. Each sector is
divided into sub-areas in the shape of a circular arc. The angle of the
relief in neighboring areas within one sector is chosen such that the

FIG. 1. (a) Spiral metalens (the image size is 8 um x 8 um) and (b) corresponding
binary spiral zone plates with topological charge m=1; (c) polarization of light
transmitted through the metalens.

scitation.org/journal/apl

polarization of the light passing through them differs by = [Fig. 1(c)].
Linearly polarized incident light (the incident polarization in Fig. 1 is
directed vertically) is transformed into a focused, azimuthally polar-
ized optical vortex. The period of the grating is 220 nm, and the depth
of the relief is 120 nm. The focal length of the zone plate [shown in
Fig. 1(b)] is equal to the illumination wavelength, f=1=633nm.
Figure 1(c) also shows that the direction of the grating relief in the
adjacent areas of the lens is mutually perpendicular.

A series of simulations were carried out using the FDTD method
implemented in FullWave software. The parameters for these simula-
tions are as follows: the wavelength was 4 =633 nm, the size of the
entire simulated area was 8 X 8 x 2 ,um3, and the simulation mesh step
was A/30 along all three axes. The index of refraction of the metalens
was 1 =4.352 + 0.486i (amorphous silicon). Figure 2 shows the inten-
sity distribution at the focal spot calculated using the FDTD method.

The metalens forms an almost circular focal spot at a distance of
600 nm from the surface. The diameters of the focal spot (Fig. 2)
formed by the ideal metalens [Fig. 1(a)] are FWHMx=0.4354 and
FWHMy = 0.4574.

Figure 2(c) depicts the phase pattern of a light field behind the
metalens in Fig. 1. Two spirals shown as dashed white and black lines
are present in Fig. 2(c), with each turn of the spirals characterized by
two phase jumps by 7. Such a behavior of the phase is the result of
superposition of an optical vortex with topological charge 1 and the
amplitude exp(ip) and a plane azimuthally polarized wave described

1@ 1 ®

¥ (um)

4 3 2 1 0 1 2 3 4
x (um)

FIG. 2. Calculated intensity in the focal spot when an ideal metalens (Fig. 1) is illu-
minated by linearly polarized laser light: along the (a) x-axis, (b) y-axis, and (c) the
phase pattern of the component E, calculated 0.1 um behind the metalens.
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sin ¢
0s ¢
electric field components E, and E, (the longitudinal component is
absent) are described by an amplitude A(r) exp (2i@) + B(r), where
the functions A(r) and B(r) depend only on the radial coordinate.
Although both projections of the electric field have a vortex compo-
nent exp (2i¢) [Fig. 2(c)], the intensity I = |Ex|2 + |E},|2 is indepen-
dent of the azimuthal angle ¢ and circularly symmetrical, taking its
maximum value at the center [Figs. 2(a) and 2(b)].

A metalens with the relief shown in Fig. 1(a) was fabricated using
electron beam lithography. A 130 nm-thick amorphous silicon film (a-
Si) (with refractive index n =4.35 + i0.486) was deposited on a trans-
parent Pyrex substrate (with refractive index n=1.5), coated with a
320 nm-thick polymethyl methacrylate (PMMA) resist, and baked at a
temperature of 180 °C. The thickness of the resist was chosen to give a
combination of good etch resistance and high-resolution patterning.
To prevent charging, the surface was sputtered with a gold layer of
15 nm thickness. A binary template was transferred onto the resist sur-
face using a 30kV electron beam. The specimen was developed in
water blended with isopropanol in the ratio 3:7, and the template was
then transferred from the resist into the a-Si film, using reactive ion
etching in a gaseous atmosphere of CHF; and SFe. The aspect ratio of
the etch rate of the material and the photomask was found to be 1:2.5.

by the Jones vector (_c ) In the superposition, the transverse
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FIG. 3. (a) Electron microscopy (the image size is 4 um x 4 um) and (b) atomic
force microscopy images of a spiral metalens in an a-Si film.
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The height of the metalens microrelief is 130 nm, being equal to the
thickness of the amorphous silicon film. Electron microscopy and
atomic force microscopy images are shown in Fig. 3. As a result of this
process, the gold was completely washed out from the PMMA surface.
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FIG. 4. Calculated intensity of the focal spot: 2D intensity pattern (a) and intensity
profiles along the (b) x- and (c) y-axes. Numerically simulated near-focus intensity
patterns in two longitudinal planes: (d) XZ-plane and (e) YZ-plane.
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Next, we conducted a FDTD-aided simulation of the propagation
of light through the metalens with the manufactured relief shown in
Fig. 3. The focal length in this simulation was equal to 633 nm. Figure
4 shows the intensity distribution of the focal spot.

From Figs. 4(a) and 4(b), the transverse size of the focal spot is
seen to be FWHMx = 0.374 and FWHMy = 0.49/, with Figs. 4(d) and
4(e) showing that the depth of focus at full width of half-maximum
intensity is approximately DOF = 700 nm.

The focusing by the fabricated spiral metalens was investigated
experimentally using a scanning near-field optical microscope (Ntegra
Spectra, NT-MDT). Figure 5 shows the experimental setup. In this
experiment, a light beam from an He-Ne laser (wavelength 633 nm) was
used to illuminate the metalens. The full width of the incident beam was
30 um. The intensity of the focal spot was measured using a hollow, met-
alized, pyramid-shaped probe (C) with a 100 nm pinhole in the vertex.
After passing through the pinhole, the light was collected by a 100x
objective lens (O;) before traveling through the spectrometer (S) (Solar
TII, Nanofinder 30) to the CCD camera (Andor, DV401-BV).

Figure 6 shows the results of focusing. The intensity distribution
is shown in Fig. 6(a), and its sections along the x and y axes are shown
in Figs. 6(b) and 6(c), respectively. The focal spot diameters in Fig. 6
were FWHM, = 0.32/ [Fig. 6(b)] and FWHM, = 0.514 [Fig. 6()].
The maximum intensity of the focal spot was seven times larger than
the maximum intensity of the input beam.

In this work, we investigate a 16-sector spiral metalens consisting
of subwavelength gratings. The metalens converts linearly polarized
light into an azimuthally polarized optical vortex with topological
charge m = 1 and focuses it. The metalens was fabricated using electron
beam lithography applied to an amorphous silicon film deposited on a
Pyrex substrate. Using a scanning near-field optical microscope, it was
shown experimentally that the metalens forms a focal spot with diame-
ters that are smaller than the diffraction limit: FWHM, = 0.324 and
FWHM, = 0.51/. The experimentally obtained values are close to the
results of a numerical simulation of the manufactured metalens using
the FDTD method, which are FWHMx = 0.374 and FWHMy = 0.49/.
Moreover, if the metalens could be made without technological errors,
the focal spot diameters would be equal to 0.435/ and 0.457 . It should
be noted that the experimental size of the focal spot along the horizon-
tal axis (0.324) is less than the diffraction limit of the focus formed by
an annular aperture (0.364). This diffraction limit coincides with the

r-—-——_—-— - = [
| M, . I
' S|/ ccp |
| O |
| C

. sNom |

L=/ Metalens
»
5 E M

Laser P,

FIG. 5. Experimental setup: P;—linear polarizer; My, My—mirrors; O1—100x
objective lens; C—probe; S—spectrometer; and CCD—CCD camera.
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FIG. 6. Measured intensity of the focal spot of the metalens (Fig. 3): 2D intensity
pattern (a) and intensity profiles along the (b) x- and (c) y-axes.

diameter of a Bessel beam of zero order. The side lobes of the Bessel
beam are equal to 16% of the maximum intensity. As can be seen from
Fig. 6, the side lobes of the focal spot have an intensity that is almost
50% of the maximum.

This work was funded by the Russian Science Foundation (Project
No. 18-19-00595) in the part of experiment and by the Ministry of
Science and Higher Education of Russian Federation (Agreement No.
007-I"3/43363/26) in the part of numerical simulation.
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