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Abstract: A combined high-aperture metalens in a thin silicon nitride film that consists of two
tilted sectored metalenses is considered. Each sector of the metalens consists of a set of binary
subwavelength gratings. The diameter of the metalens is 14 pm. Using a time-domain finite difference
method, we show that the metalens can simultaneously detect optical vortices with two topological
charges —1 and —2, almost over the entire spectrum of visible wavelengths. The metalens can
distinguish several wavelengths that are focused at different points in the focal plane due to a 1-nm
change in wavelength resulting in a focal spot shift of about 4 nm. When the metalens is illuminated
by a Gaussian beam with left-handed circular polarization, two optical vortices with topological
charges 1 and 2 are simultaneously formed 6-um apart at the focal distance of 6 um.

Keywords: topological charge; optical vortex; multifocal metalens

1. Introduction

Over the past years, combined metalenses have been investigated intensively [1-4].
Researchers have proposed various variants of multifocal lenses [1,2], as well as combined
metasurfaces matched to each other [3,4]. There are different ways to create metasurfaces [5].
Most often, metalenses are designed in the form of pillars of different shapes that act as
resonators for a given wavelength and polarization [6-12]. At the same time, if not using
materials with a high refractive index, these pillars need to have a high aspect ratio and the
accuracy of transverse dimensions needs to be very high, which increases the cost of their
manufacture. Broadband metalenses are also known to focus coherent light, which may be
polarized both linearly [13] and circularly [14].

One of the applications of metalenses or metasurfaces is the collimation of light for
coupling light into/out of a waveguide [15]. If the waveguide is multimode and the modes
are separated by wavelengths, then a problem of wavelength-division multiplexing of
the output light has to be solved. For example, diffraction gratings are well known to
do this [16]. However, the shortcoming of this approach is the need to use two separate
devices—a lens for focusing light and a diffraction grating. Another interesting application
of metalenses is for generating optical vortices with a topological charge [7,17]. Utilizing
the topological charge (TC), additional information can be encoded in the beam, which
increases the amount of the information transferred by the optical fiber. Metalenses can
also be used to detect the topological charge [18-20] or polarization of laser beams [21].
For example, authors in [21] proposed a metalens that can focus light into different circles
depending on the type of polarization of incident light. In [22], a combined metalens was
considered, which focuses three longitudinal vortices with distinct topological charges at
different focal planes on the optical axis.

In this paper, we describe a combined metalens capable of collimating the light,
detecting a TC in a beam, and wavelength-division multiplexing of the beams. Using
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such the metalens, up to three wavelengths can be separated simultaneously, as well as
different TC. The proposed metalens can be used in mode-division multiplexing devices
in information transmission lines via optical fibers. The advantages are that the lens is
broadband and can combine all three devices in one. Therefore, the alignment of the device
is simplified due to a reduced number of optical components.

2. Theoretical Background

A method for designing metalenses in a thin amorphous silicon film for the visible
light spectrum was described in [23]. Briefly, it is as follows. In diffractive optics, a spiral
zone plate (SZP) is known to focus an optical vortex [24]. The transmission function of the
binary phase SZP has the form

kr?
Tin(r, ¢) =sgn|cos| mo+ — | |, 1)
2f
where m is the topological charge (TC) of the optical vortex, (v, ¢) are polar coordinates, k is
the wavenumber of light with wavelength A, f is the focal length of the parabolic lens.
The depth of the binary relief of such a phase SZP should be equal to

H=A)2(Ren —1)] 7, @)

where Re is the real part of the refractive index n of the SZP material. The operation of
half-wave gratings is based on different effective refractive indices of the grating for two
directions of the polarization vector: along the grating lines (TE) and across them (TM) [25]:

1/2
nify = (Qu+(1- Q)

ni = (Qn 2+ - Q) ©

where Q is the fill factor (the ratio of the step width to the grating period), 1, is the refractive
index of the grating material, and 7,, is the index of the medium.

The design of the metalens based on a spiral phase plate for the incident circularly
polarized light was considered in detail in [23]. In this work, we design an SZP and a
corresponding metalens that can generate two optical vortices with topological charges 1
and 2. This metalens is also shown to detect similar optical vortices but with the negative
TC, —1 and —2. The metalens combines two zone plates of orders of 0 and 1. For example,

e ~sne ) o
—sing —cos¢g
rotates the polarization vector by the angle ¢ multiplied by the transmission ¢¢ of the
spiral plate and the transmission function exp (—ikr?/ (2f)) of the spherical lens of the 1st
order. Then, when illuminated by the light with left-handed circular polarization (LHCP),
the metalens generates an output optical vortex converging into an intensity ring with a
topological charge of 2 and right-handed circular polarization (RHCP) [26]:

g cos @ —sing 1
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That is, the metalens constructed using a zone plate of the Oth order creates a 1st order
vortex at the focus. Meanwhile, the 1st order zone plate integrated into the (spiral) metalens
increases the order by one, so the resulting order equals m = 2. If a laser beam with LHCP
that has a vortex with TC m = —2 falls onto the same metalens, then a focal spot with RHCP
and without a vortex will be formed. Hence, we infer that the metalens will focus this
vortex into a circular focal spot. Similarly, a metalens intended for detecting the TC of the

the metalens can be described by a rotation matrix R(¢) = (

4)
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incident vortex m = —1 can be constructed. To do this, the metalens should be created on
the basis of a zero-order zone plate (a regular zone plate). This metalens transforms LHCP
light into a RHCP vortex with the TC m = 1. If the incident light has the TC m = —1 and
LHCP, then it is transformed to non-vortex RHCP light (i = 0) and focused at the focal
plane into a round focal spot.

3. Simulation of TC Detection

If several possible topological charges in a beam need to be detected, then the light
should be transmitted through several metalenses. One way is to use a beam splitter and
different metalenses, but it is possible to create a combined metalens consisting of several
ones, each of which transmits the light to a focal spot with definite coordinates. Shown
in Figure 1 is a metalens intended to detect TC m = —1 and m = —2 in an incident beam
with LHCP.

{
o
y o
o
7
WY

Figure 1. Metalens for detecting an LHCP laser beam with TC m = —1 and m = —2: white is a metalens
material, colored patterns—through grooves. Blue/cyan colors correspond to the inner metalens
intended to focus a beam with TC m = —1 at point (—3 pum; 0), brown/yellow—for the outer one
for a beam with m = —2 and a focal point at (3 um; 0). In the gratings, the darker-colored zones
(blue, brown) are rotated by 90 degrees relative to the lighter-colored zones (yellow, cyan) as the
corresponding phases in these zones are shifted by 7, thus making it possible to focus the incident
light. These zones are circular in the inner metalens (cyan/blue areas are round) and spiral in the
outer one (brown/yellow). Each zone is divided into 12 sectors, with the direction of gratings in each
sector being constant.

The first metalens is located inside a circle with an outer radius of 4.9 um and the
second one is within a ring limited by radii 4.9 um and 7 um, with the two of them forming a
conventional metalens (Figure 1). The parameters are as follows: wavelength is A = 633 nm,
the diameter is 14 pm, the material is SiN (refractive index n = 2.04), the microrelief height
is 1 um, the grating period is 220 nm, the focal length and output plane distance is 6 um
(the average numerical aperture is 0.62 for the inner metalens and 0.75 for the outer one).
The metalens is intended to focus an incident laser beam with TC m = —1 into a focal
spot centered at (—3 pm; 0) and a beam with TC m = —2 to a focal spot centered at (3 um;
0). The numerical simulation was carried out using the FDTD method in the FullWave
software. Shown in Figure 2 is the operation of the lens. If the incident beam is a LHCP
plane wave, then optical vortices are generated at both above-said focal spot coordinates
with topological charges m = 1 and m = 2 (Figure 2a). Figure 2b—d shows the light intensity
in the focal plane at the given wavelength for three different incident beams with TC m = —1
and m = —2.
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Figure 2. (a) Intensity and phase of the output light when the incident light is a non-vortex
LHCP plane wave, (b) intensity and phase at the metalens output from an incident beam with
TC m = —1 (top), m = —2 (middle), both TCs at once (bottom), and (c,d) their profiles along the X
axis. The wavelength is A = 0.633 um. Dashed rings imposed on the phase patterns show the location

of the vortices.

The laser beam with TC m = —1 is seen to form an intensity maximum found close
to the calculated coordinates (—3.05 um; —0.26 um). Some asymmetry is explained by the
fact that when acting as a polarizer, the diffraction gratings have different transmission
coefficients depending on the incidence angle [27]. Thus, on the right, an intensity ring is
observed near the point (3 pm; 0), since it is the point where the vortex with RHCP and
order m =1 is focused. If the initial TC is changed to —2, the round focal spot “moves” to
the right, forming an intensity maximum at coordinates (3.08 um; 0.17 pm). On the left, a
ring is formed with a minimum of intensity in its center, since at this point the vortex with



Nanomaterials 2022, 12, 2602 50f 10

RHCP and TC m = —1 is focused. Thus, we infer that by analyzing the intensity maximum,
the TC of the incident beam can be measured. Since the metalens part which focuses the
incident field with TC m = —2 is located on the outer ring, its numerical aperture is higher,
producing a narrower focal spot (Figure 2d). Note that an inclination of the plane wave in
the focus in case of incident vortex with TC m = —1 is seen from Figure 2b (where m = 0) to
be slightly greater than in case of incident beam with m = —2. This can be explained by the
fact that the beam comes to the point x = —3 um from the inner part of the metalens, which
is located inside a circle with an outer radius of 4.9 um. At the point x = 3 pm, the light
comes to the focus more symmetrically from the outer part of the metalens and with less
inclination. If, however, a non-vortex LHCP wave is sent to the metalens, then intensity
rings of different diameters are formed at both points. Thus, in the left focus, a vortex with
RHCP and TC m =1 is found, with a vortex with RHCP and order m = 2—found in the
right focus.

4. Numerical Simulation of Metalens-Aided Focusing of Different
Incident Wavelengths

Mode-division multiplexing in a waveguide can be achieved using multiple wave-
lengths in one fiber. Therefore, it would be interesting to analyze how the metalens works
with different wavelengths. Shown in Figure 3 are plots of the intensity maximum and its
X coordinates depending on the incident wavelength, as well as plots of the full width half
maximum (FWHM) of the peak for the incident field with TC m = —1 and m = —2.
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Figure 3. Dependences of the intensity, the X coordinate of the intensity maximum (a,c), and its
width (b,d) on the light wavelength for the incident field with TC m = —1 and m = —2.

The metalens is seen from Figure 3 to operate in a wide range of wavelengths. The
TC m = —1 can be detected in a beam in the range of wavelengths from 490 to 720 nm.
Furthermore, note that if the wavelength of light changes, the focal spot shifts along the X
axis. In the range from 500 nm to 720 nm, the shift along the X axis is approximately 910
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nm, while the FWHM of the focal spot does not exceed 600 nm. Therefore, the simultaneous
detection of the TC and the wavelength is possible, since with the parameters obtained, it
is possible to resolve two maxima at different wavelengths. As a result, it is not necessary
to separate the light by wavelengths, which reduces possible losses when detecting the TC.
Note that despite the calculated position of the focal spot X = —3 um at the wavelength
A =633 nm, it is slightly shifted: the numerical simulation gives a value of X = —3.05 pm.
The maximum intensity is obtained at the wavelength of 570 nm.

The same can be said of the beam with TC m = —2. In this case, the simultaneous
detection of the TC and the wavelength is possible too. The operating range of the metalens
is also somewhat shifted towards shorter wavelengths—from 500 to 700 nm, while the
range of the focal spot shift along the X axis at these wavelengths is 860 nm. The FWHM of
the focal spot does not exceed 480 um, which helps to detect the wavelength using the shift
of the intensity maximum. The smallest FWHM for m = —1 is approximately 485 nm, for
m = —2-380 nm. A tendency towards a decrease in the focal spot width when the numerical
aperture increases is also seen from Figure 2.

Shown in Figure 4 are intensity maximum profiles and focal spot patterns in color
for two and three incident wavelengths. The simulation for each wavelength was also
performed using a FDTD method, before summing up the intensities with no regard for the
light phase, so coherence between the light sources is disregarded. The initial intensities
for all three wavelengths are considered to be the same. From Figure 4a,b, the wavelengths
of 523 and 703 nm are seen to be resolved irrespective of the presence of both vortices
in the incident beam, because the focal spots do not overlap. The signal-to-noise ratio
(hereinafter referred to as p = S/N, where S is the useful intensity and N is the spurious
intensity component) is at least 18:1, that is, p = 18, where the noise is side lobes around the
maximum of the adjacent wavelength (Figure 4a). If an extra vortex of wavelength 613 nm
is added while two previous vortices are retained, it can be resolved with p = 2.8. The
vortex with A = 613 nm reduces the quality of detection of the vortices at A = 523 and 703 nm
because of its side lobes; however, putting the intensity sensors for these two focal spots on
their edges (left and right in Figure 4) and, thus, capturing them partly, without a central
peak, can significantly improve the signal-to-noise ratio, which will lead to a successful
resolution of all three wavelengths for any combination of them in the incident beam.

Simulation of a vortex with TC m = —2 leads to similar results (Figure 5).
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Figure 4. Cont.
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Figure 4. The intensity maxima profiles of a focused vortex with TC m = —1 for three incident

wavelengths A = 523 nm, 613 nm, and 703 nm (a), simultaneous location of two (b) and three

(c) focused vortices in the focal plane, in accordance with their relative intensities.
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Figure 5. Profiles of intensity maxima of a focused vortex with TC m = —2 for three wavelengths:
A =523 nm, 613 nm, and 703 nm (a), simultaneous location in the focal plane of two (b) and three
(c) focused vortices in accordance with their relative intensities. The dotted line in (a) shows the
attenuation of the 613 nm intensity at which all three vortices can be successfully resolved in any

combination with a sufficient contrast.
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Intensity, a.u.

Since the numerical aperture for this TC is higher, the focal spots become narrower,
and the peak for m = —2, A = 703 nm falls on the second ring from the focal spot with
A =523 nm. Thus, the central peak is greater than for the m = —1. However, if only two
extreme wavelengths are used, then the vortex with A = 523 nm is seen from Figure 5a,b
to be resolved with p = 7.7, and the vortex with A = 703 nm—with p = 4. Even if the
vortex with A = 613 nm is present, the maxima of the two neighboring wavelengths can be
distinguished in the beam due to narrower focal spots. If we decrease the incident intensity
of the vortex A = 613 nm to a possible contrast p = 2.1 (dotted line in Figure 5a), then all
three wavelengths with TC m = —2 will not interfere with each other.

The question is how does the beam with TC m = —1 and any wavelength disturb the
detection of individual wavelengths in the beam with TC m = —2? Side lobes of the vortex
with TC m = —2 that can interfere with the focal spot of the vortex with TC m = —1 are
shown in Figure 6a, the wavelength is 613 nm. Similar results for the focal spot of the
vortex with TC m = —2 are shown in Figure 6b. The vortices are seen not to interfere with
each other, however, at other wavelengths (523 nm, 703 nm), the peak shift does not allow
them to be distinguished with the contrast p = 2 or higher. Therefore, at least two vortices
with TC m = —1, m = —2 can be detected simultaneously on one wavelength, whereas for
other wavelengths perhaps, time division multiplexing is necessary.

30

A=613 nm 1 A=613nm m=—2
m=—1
=20
8
& 7
5 1
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Figure 6. Intensity profiles through centers of the focal spots in the presence of two vortices with one
wavelength A =613 nm and two TCs m= —land m = —2: —4 <x< —2(a),2 <x <4 (b).

Note that vortices with larger TCs, m = —3 and m = —4 were also examined. Metalenses
for these TCs were found to be able to operate with an acceptable efficiency if they were
located in the outer rings of the combined metalens. However, in this case the size of the
simulation region grows significantly as well as the simulation time required to obtain
dependences on the wavelengths. Therefore, these data are not presented in this article.
Nevertheless, we find that this approach to the creation of the combined metalens is also
acceptable both for larger values of the TC and for a bigger size of the metalens.

5. Conclusions

A combined metalens consisting of two separate metalenses capable of detecting
separate vortices with different topological charges and different wavelengths is proposed.
The metalens operates in a wide range of wavelengths from 500 to 700 nm, which makes
it possible to determine the topological charge in the incident field and its wavelength.
In addition, at one value of the topological charge, the shift of the focal spot along the
transverse axis helps to simultaneously detect up to three vortices at different wavelengths
with a sufficient contrast ratio (2 or more), which results in 8 different combinations
of the presence or absence of vortices in the incident field to be distinguished. If two
values of the topological charges are used, the number of possible combinations is greater.
Such a metalens can be used in telecommunications for wavelength-division multiplexing
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and beam separation by the topological charge, which increases the amount of encoded
information in the optical fiber.
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