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Abstract— Using e-beam lithography and reactive ion beam etching of a 120-nm amorphous silicon
film, we fabricate a 30-um spiral metalens that has a very short focal length that is equal to the
incident 633-nm wavelength (numerical aperture about 1) and is composed of 16-sectored
subwavelength binary gratings with a 220-nm period. Its unique feature is that the metalens generates
a left-hand circularly polarized optical vortex with topological charge 2 when illuminated by a left-
hand circularly polarized light but generates a cylindrical second-order vector beam when illuminated
by linearly polarized light. Both for linearly and circularly polarized light, an inverse energy flow
occurs near the strong focus of the metalens. Transverse near-focus intensity distributions measured
with a scanning near-field optical microscope are found to be in qualitative agreement with those
obtained via the FDTD-aided numerical simulation. Thus, the near-focus reverse energy flow is
experimentally confirmed to occur.

Keywords—metalens, metasurface, subwavelength grating, tight focusing, Poynting vector,
Richards-Wolf formula

1. Introduction

The trend towards the miniaturization of optical elements has generated interest in optical
metasurfaces, which are ultrathin-film optical elements that enable the amplitude, phase, and
polarization of light to be controlled simultaneously. The most widely used optical elements — lenses
based on metasurfaces, were proposed in Refs. [1-9], in which the desired characteristics were attained
by using metalenses containing optical antennae. For example, antennae in the form of elliptical
cylinders [2] and L-shaped antennae [4] have been proposed. Another way to control characteristics of a
light field is through the use of subwavelength diffraction gratings: with the subwavelength grating
being anisotropic, TE-and TM-waves will have different phases and amplitudes after passing through it.
Based on this effect, analogs of conventional polarization converters and wave plates can be designed
[10]. In particular, in a number of earlier papers, we experimentally characterized optical metasurfaces
intended to generate a subwavelength focal spot. For instance, in Ref. [11], using a 16-sector metalens,
linearly polarized incident light was converted into an azimuthally polarized optical vortex and focused
into a subwavelength focal spot whose size was less than the diffraction limit. Obtaining focal spots of
size below the diffraction limit is not the only remarkable effect that can be observed. Other recently
discovered effects include multi-segmented light tunnels [12, 13], optical chains [14,15], and flat-top
foci [16,17]. Previously, we have theoretically shown that by focusing light with a carefully selected



polarization state and phase it is possible to generate tight-focus regions where the Poynting vector is
directed oppositely to the incident light [18-20].

The latest advances in the development of high-efficiency, high-NA metalenses have been set forth in
Refs. [21-27], which deal with multifocus metalenses. Such metalenses are capable of generating an
array of foci along the optical axis or in a transverse plane. In this work, rather than studying the
multifocal properties of the metalens, we aim at demonstrating multi-functionality. Depending on the
type of the illuminating beam, the metalens under study is able to generates in the focus a beam with
either phase or polarization singularity.

In an earlier work [28], we reported on the design of a similar metalens, theoretically showing it to
form a reverse energy flow at the focus and presenting a prototype metalens, which proved to be of
inferior quality, preventing us from its detailed experimental characterization. Here, we report on the
fabrication of a high-quality metalens, enabling an optical experiment to be conducted and results that
prove the generation of the reverse energy flow in the tight focus to be obtained. The high quality of the
metalens under analysis is corroborated by the good agreement between the results of the experiment
and the rigorous numerical simulation. The use of a metalens with high NA enables the magnitude of the
reverse energy flow to be increased.

Below, we discuss the fabrication and characterization of a metalens intended to generate a reverse
energy flow in the focus. The metalens under study combines a spiral Fresnel zone plate with 633-nm
focus and a 16-sectored polarization converter based on subwavelength binary diffraction gratings of
period 220 nm and depth 120 nm. The multi-sectored polarizer converts an incident linearly polarized
Gaussian beam into a cylindrical second-order vector beam, being also able to convert a right-hand
circularly polarized Gaussian incident beam into a right-hand circularly polarized optical vortex with
topological charge m = -2 and a left-hand circularly polarized Gaussian beam into a left-hand circularly
polarized optical vortex with m = +2. Unlike our previous works dealing with metalenses based on
subwavelength diffraction gratings [11, 28], this work reports on the fabrication and experimental
characterization of a metalens specifically designed to create a reverse energy flow in the strong focus.
A distinctive feature of the fabricated metalens is that after passing it, an arbitrary input beam with
uniform polarization generates an on-axis near-focus reverse energy flow. It would be possible to
generate similar intensity distributions with a combination of a 2nd-order liquid crystal g-plate [29] and
a focusing microlens (100x , NA=0.95), as reported in Ref. [30]. Meanwhile, in this work, we propose
using a single metalens capable of successfully replacing the 'g-plate plus microlens’ combination.
Therefore, the major finding of this work is that, through transverse intensity measurements, we have
proven that the metalens generates either a circularly polarized optical vortex or a vortex-free
cylindrically polarized optical beam. Besides, we have shown that in both cases, a reverse energy flow
occurs in the focus.

2. Theoretical background

The operation of a spiral optical metasurface [28] can be schematically defined by the Jones matrix
Cos2¢p —sin2¢
Re)=|
sin2¢  cos2¢

illuminated by a TE-wave (projection Ex of the incident E-field), the metasurface R(p) with m=2
produces the output second-order radial polarization:

cos2¢ —sin2¢)(1) (cos2¢ )
sin2¢  cos2¢p J\0) |sin2¢

j, which describes the polarization vector rotation by a polar angle ¢. When



When illuminated by a TM-wave (projection Ey of the incident E-field), at the output is an azimuthally
polarized second-order optical beam:

cos2¢p —sin2¢)(0) (-sin2¢ @
sin2¢  cos2¢ J\1) | cos2¢
When illuminated by a right-handed circularly polarized beam (the incident field Ex+iEy), the

metasurface R(¢) produces a right-handed circularly polarized optical vortex with topological charge
m=-2:

cos2¢ —sin2¢\(1 ) 1
sin2¢ cos2¢ )\I i
Finally, when illuminated by a left-handed circularly polarized beam (initial field E,-IEy), the

metasurface R(p) produces a left-handed circularly polarized optical vortex with topological charge
m=2:

cos2¢p —sin2¢)\( 1 i 1
( ) ]( .JzeXp(Zlcp)[ .J(4)
sin2¢ cos2¢ )\ —i -1
A combination of the metasurface r() and a binary zone plate gives a metalens that focuses the fields

in (1)-(4) at a given distance f. Expressions (1)-(4) suggest that the metalens converts an incident linearly
polarized plane wave into a cylindrical second-order vector beam, a right-handed circularly polarized
plane wave — into a right-handed circularly polarized optical vortex with topological charge m = -2, and,
finally, a left-handed circularly polarized plane wave — into a left-handed circularly polarized optical
vortex with m = +2.

Immediately behind the metalens, the circularly polarized optical vortex with m=2 is given by

where o= 1 for right-handed circular polarization and ¢ =-1 for left-handed circular polarization. When
such a vortex is tightly focused, the E- and H-vector components in the focus neighborhood can be
derived using the Richards-Wolf formalism [31] :

E, :ﬁ(eiwlo,z‘*‘ﬂemwlu""}/IZVO)’
-1 i i
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where y:=(16)/2 (y, =y_=1/J2at 6=0),
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where /1 is the incident wavelength, f is the focal length of an aplanatic system, x=krsing, J,(x) is a
Bessel function of the first kind, an NA=sin#, is the numerical aperture. The (real) incident amplitude
function 4(8) may be given by a constant (a plane wave) or a Gaussian beam.

Based on Eq. (6), expressions can be derived for the intensity distribution of a left-handed (
y, =0,y_=1)circularly polarized optical vortex in the focal plane:

=1 +1,+1, =|EX|2+‘Ey‘2+|EZ|2 =%(|§V2+ 17,+217,).(8)

Similarly, an expression can be obtained for the longitudinal component of the Poynting vector
S= Re[E*xH] in the focal plane when focusing a left-handed circularly polarized optical vortex with

topological charge m=2:

S, :%(Zloz,z - |22,o)- ©)

The Poynting vector (energy flow) is given by [31] S = [c/(8n)] Re[E x H'], where c is the speed of
light in vacuum, E x H is the cross product, and * stands for complex conjugation. Below, we omit the
constant ¢/(8x). From (8) and (9), it is seen that in the focal plane (z=0), the on-axis (r=0) intensity is
positive and the energy flow is negative:

1 1
l(z=r :o):Z 12, S, -3 l5,-(10)
Below, we demonstrate that a reverse energy flow does occur in the focus of a metalens illuminated by
the linearly (Egs. (1), (2)) or circularly (Egs. (3), (4)) polarized laser light.

3. Design, fabrication, and relief measurements of a metalens

Figure 1a depicts the metalens of interest. A detailed description of the design of such a metalens can
be found in Ref. [28]. The metalens combines a sectored wave-plate and a spiral Fresnel zone plate of
focal length f = 4 = 633 nm (numerical aperture: NA~=1). The wave-plate serves as a polarization
Cos2¢p —sin2¢

converter of incident light, which is described by a Jones matrix R(¢)= [sin 20 CoS2
¢ ¢

J, where ¢ is
the polar angle in the metalens plane.

The metalens under study was synthesized in amorphous silicon. As a rule, this material is utilized for
lenses working in the infrared range [1, 2, 5, 7, 8], whereas for the visible frequencies titanium dioxide



TiO, [32-34], silicon nitride SiN [35] or gallium nitride GaN [36,37] are normally used. The highest
efficiency (93%) was attained for the metasurface synthesized in a SiNy film [38], but the metalens
featured low NA. A metalens synthesized in an amorphous silicon film of thickness 250 nm with near-
unit NA (NA=0.99) and focal length of f=42 um was discussed in Ref. [39], but the metalens had low
efficiency (10%). A number of papers reported on the use of silicon for the visible spectrum [6, 40].
Although silicon shows high absorption in the visible spectrum, the efficiency of optical metasurfaces, is
shown to be higher than that of metals [4,9], reaching 12% in the case under analysis. The metalens
proposed herein has a high-numerical aperture (NA=0.99) and short-focus length (f = 1), which requires
a subwavelength period of the microrelief (of about 200 nm). Seeking to ensure a n-phase shift in the
metalens relief and a possibly small etch-depth to period ratio (thus making the microrelief walls
maximally vertical), we chose a film with the highest refraction index (amorphous silicon). The
consequence of the choice of silicon was low efficiency in the visible spectrum. The metalens was not
tested for the damage threshold, as we worked with low-power energies below 100mW. To attain high
damage thresholds, a related metalens may be fabricated in a metal film, similar to Ref. [41].

In this work, to synthesize the metalens, a 120-nm thick amorphous silicon film (a-Si, refractive
index, n = 4.35 +10.486) was applied onto a transparent pyrex substrate (n = 1.5), which was then coated
with a 150-nm ZEP resist layer. The resist was baked at 180 C°. To dissipate charge, a 10-nm aluminium
coating was applied onto the sample surface. The binary pattern was transferred onto the resist by an
30KV electron beam. The sample was then developed in ZED-N50.

The template (Fig. 1a) was transferred from the resist onto the amorphous silicon by inductively
coupled plasma (ICP) etching in a gaseous atmosphere of C4Fg and SFs. A metalens image obtained with
an electron microscope is depicted in Fig. 1(b). A magnified metalens fragment is shown in Fig. 1(c).
The metalens diameter is 30 um, the period of binary subwavelength gratings is 220 nm (110-nm valleys
and 110-nm steps). The metalens microrelief depth of 120 nm equals the thickness of the amorphous
silicon film. Spatially varying subwavelength diffraction gratings occupy 16 sectors, enabling the
metalens to rotate the polarization of incident light by 16 different angles. A phase shift by & between
the adjacent zones of a Fresnel spiral plate in the metalens (Fig. 1) is implemented with the adjacent
local diffraction gratings that form oppositely directed polarization vectors.

ML
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(d)

Fig. 1. (a) Template of the metalens under study, (b) SEM-image of the synthesized metalens and (c)
a magnified fragment. (d) Schematic representation of a circularly polarized wave with wave-vector k
illuminating the metalens under analysis (ML) and near-focus (f = 2) Cartesian coordinates (X, Y, z).

Figure 2 depicts the central fragment of an AFM-aided subwavelength microrelief pattern of the
metalens in Fig. 1. The measurements have shown that an average height of the microrelief in an
amorphous silicon film is 120 nm, with the maximum height gradient being 150 nm.
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Fig. 2. (a) An AFM-aided pattern of the metalens central fragment (5x5 pum) and (b) its reconstructed
3D model.

4. FDTD-aided numerical simulation of the metalens

The FDTD-aided numerical simulation implemented using the FullWave software [42] has shown
that the metalens generates a reverse energy flow when illuminated by light of an arbitrary polarization,
be it linear, right- or left-handed circular polarization. The computations were conducted for a A/30 mesh
along all three axes, with the initial field containing 601x601 pixels for an 8x8-um area. Figure 3 depicts
the arguments (phases) of the transverse E-vector projections E, and E, (Figs. 3a and 3b) in the strong
focus of the metalens in Fig. la illuminated by a Gaussian beam with the left-handed circular
polarization. From Fig. 3a,b, the phase is seen to take a value of 4z as the polar angle makes a full circle
around the central point. Hence, the optical vortex shaped has topological charge m=2. From Fig. 3a, b,
the two projections of the electric field, Ex u Ey, are seen to have a phase shift of n/2. Hence, after
passing through the metalens, the field acquires the right-handed circular polarization. Under
illumination by the light with linear x-polarization, the metalens generates, in the focus, a linearly
polarized field whose distribution is marked by arrows in Fig. 3c. From Fig. 3c, a 2nd-order cylindrical
vector beam is seen to form at the output of the metalens of Fig. 1a, with the polarization vectors
rotating about two points.
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Fig. 3 FDTD-aided phase patterns of the transverse E-field components (a) Ex and (b) E, in the focus
of the metalens in Fig. 1a from an incident Gaussian beam with right-handed circular polarization. (c)
Streamline map for linear polarization vectors in the metalens focus from an incident beam with linear
horizontal x-polarization (Ey).



While directly measuring phase in the subwavelength focus would be challenging, it is possible to
measure the focal intensity pattern. This fact has prompted us to obtain a numerically simulated intensity
pattern near the metalens focus.

Figure 4 shows intensity patterns I=I,+ly+l, generated in the metalens focus located 400-nm away
from its surface, the longitudinal component S, of the Poynting vector S=Re[E*><H], and the

transverse intensity component I,+ly. Below, the color bars on the right of Figs. 4-7 give relative units,
with the intensity and the on-axis energy flow assumed to be unitary in all cases. Thus, the numbers in
the color bars show the ratio of the energy and the energy flow to the incident ones. From Fig. 4(a-c), the
intensity in the focus is seen to be annular-shaped for circular polarization or have two intensity peaks
for linear polarization. The intensity in Fig. 4(g-i) is non-zero at the center, which is particularly clear
when looking at the transverse component. From Fig. 4(d-f), it is seen that in all cases the maximum
negative energy flow is at the center. Figure 4(g-i) provides better agreement with the experiment
because the metallic pyramid probe of the scanning near-field optical microscope measures the near-
focus transverse intensity of light [43], with the on-axis intensity at the center seen to be non-zero.
Figure 5 depicts similar plots, including the total intensity, the transverse intensity, and the longitudinal
projection of the Poynting vector along the propagation axis z when focusing right-handed circularly
polarized incident light (thanks to symmetry, the distributions in the XZ and YZ planes are almost the
same).

Yy (um)

¥ (um)
Y (um)

0.8
0.6
0.4
0.2

Y (um)

Y (um)

X (nm) X (um) x (um)

Fig. 4. Patterns of the intensity 1=I,+1,+1, (a-c), the longitudinal component S, of the Poynting vector
(d-f), and the transverse intensity Iy+ly (g-i) in the metalens focal plane (Fig. 1a) for the incident light
with (a,d,g) right-handed circular, (b,e,h) left-handed circular, and (c,f,i) linear polarization.
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Fig. 5. Distribution of (a) the total intensity, (b) transverse intensity component, and (c) on-axis
longitudinal component of the Poynting vector near the focus of the metalens (Fig. 1a) for the right-
handed circularly polarized incident light.

From Fig. 5, the intensity pattern (Fig. 4a) and the longitudinal component of the Poynting vector in
the transverse plane XY (Fig. 4c) are seen to always be doughnut-shaped. The total on-axis intensity
(Fig. 4a) is characterized by alternating zero and non-zero values. The longitudinal on-axis component
of the Poynting vector always takes negative values (Fig. 4c). Meanwhile the transverse intensity
component (Fig. 4b) has a different intensity pattern in the transverse planes, being characterized by
alternating bright intensity rings and peaks.

The negative on-axis energy flow occurs as the Poynting vector is composed of two vectors [44] —
one being the canonical energy flow and the other — spin flow. Thus, the resulting energy flow (the on-
axis component of the Poynting vector) in the focus in Fig. 5¢ is negative because the spin flow is

negative and larger in magnitude than the always positive canonical component, which is proportional to
the transverse intensity (Fig.5b).

Figure 6 depicts focal intensity patterns generated by linearly polarized light in the XZ and YZ
planes. From Figs. 6(a) and Fig. 6(b), the intensity distribution is seen to be in the form of an

asymmetric ring. Similar asymmetry, though less pronounced, is observed for the projection of the
Poynting vector.
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Fig. 6. On-axis intensity patterns from the metalens (Fig. 1a) in the planes (a) YZ and (b) XZ and the
longitudinal projection of the Poynting vector in the planes (c) YZ and (d) XZ when focusing an incident
wave linearly polarized along the X-axis.



5. Experiment

While being unable to directly measure the reverse energy flow, we are still able to demonstrate
experimentally its presence in a certain region. In this work, aiming to detect a reverse energy flow near
the optical metasurface, we utilized a hollow metal pyramid probe with a 100-nm nanohole in its tip.
The probe was placed in the region where the reverse energy flow was expected, and scanning
performed with a 35-nm step. We note that such a probe measures a transverse intensity and not an
energy flow, being insensitive to the longitudinal intensity. Having found the transverse intensity to be
non-zero, we concluded that the agreement between the calculated and probe-measured transverse
intensity distributions serves to prove the presence of a reverse energy flow in the focus of the optical
metalens. What is more important, the agreement between the calculated and experimentally measured
intensity distributions was demonstrated for two types of beams — when focusing a circularly polarized
second-order optical vortex and a non-vortex beam with second-order azimuthal polarization.

The metalens-aided focusing of laser light (Fig. 1b) was experimentally studied using a scanning
near-field optical microscope (SNOM, Fig 7a).

In the experiment, a 80-mW laser beam of wavelength A = 633 nm from a Cobolt 06 MLD laser was
filtered using a 50-nm pinhole PH and a lens L; (f; = 150 mm), before passing through a linear
polarization converter P; to obtain linearly polarized light. If a circularly polarized laser beam was to be
obtained, a quarter-wavelength plate was placed behind the linear polarization converter. The beam was
then focused onto a metalens using a lens L, (f, = 10 mm). The intensity distribution of light after
passing through the metalens was measured with a cantilever C; (with a 100-nm nanhole, SNOM_C,
NT-MDT). After passing through the cantilever, the light consecutively went through an objective lens
01 (100X Mitutoyo Plan Apo Infinity Corrected Long WD Objective) and a spectrometer S; (Solar TlI,
Nanofinder 30) to filter out the irrelevant radiation, before being finally registered with a CCD camera
(Andor, DV401-BV).

In the experiment, we demonstrated that when illuminated by the circularly polarized light, the
metalens in Fig. 1b generated, at a distance of 0.4 — 0.5 um from the surface, a transverse annular
intensity pattern of average diameter 800 nm (Fig. 7b). As the distance from the metalens increased to
about 0.6 — 0.7 um, a local intensity peak of width FWHM=0.6\ appeared at the center of the intensity
pattern (Fig. 7c), before the pure-annular intensity pattern reappeared at a distance of 0.8 — 0.9 um. Such
alternating patterns of intensity rings and peaks suggest that the SNOM-measured intensity distribution
is in agreement with the numerically simulated transverse intensity distribution of Fig. 5b. For
convenience, the SNOM-measured (Fig. 7b,d) and numerically simulated transverse intensity patterns
(Fig. 7c,e) are juxtaposed.

From the comparison of Figs. 7b and 7c, the experimentally measured intensity ring is seen to be
larger in diameter (FWHW=0.81 um) than the numerically simulated one (FWHM=0.66 um). This can
be explained by the fact that the metalens used in the experiment had a larger diameter (30 pum) than that
of the incident circularly polarized Gaussian beam.
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Fig. 7. Experimental setup. Laser — Cobolt 06 MLD (A = 633 nm, 80 mW), P,— linear polarizer, L,
Lo— lenses (f; = 150 mm and f, = 10 mm), PH- a pinhole (50 pm), M1, M, M3, Ms— mirrors, C— a
cantilever (diameter 100 nm, SNOM_C, NT-MDT), O; — a 100x objective lens (100X Mitutoyo Plan
Apo Infinity Corrected Long WD Objective), S — a spectrometer (Solar TII, Nanofinder 30), CCD —
CCD camera (Andor, DV401-BV). (b,d) SNOM-measured and (c, e) numerically simulated distributions
of the transverse intensity Ix+ly from the metalens (Fig. 1) at a distance of (a,c) 0.4 um (focus) and (b,d)
0.6 um. The metalens was illuminated by a focused left-handed circularly polarized Gaussian beam.

A comparison of the experimental (Fig. 7b,d) and numerically simulated (Fig. 5c,e) intensity patterns
in the metalens focus shows them to be in qualitative agreement. However, there are quantitative
differences between them, which may be caused by A) metalens fabrication errors (Fig. 1b), B) failure to
accurately generate the required diameter of the incident beam, C) failure to accurately measure the
distance to the metalens surface (the error of about 100 nm), and D) intensity measurement error with a
cantilever, which may introduce perturbations into the light field. However, the qualitative agreement
between the experiment and simulation results in Fig. 7 indirectly proves that a reverse energy flow
occurs near the metalens focus. We maintain that our experiment proves the existence of an on-axis
reverse energy flow as the transverse intensity in the focus is non-zero. It has been theoretically shown
[45] that when focusing a circularly/linearly polarized optical vortex with arbitrary integer topological
charge m, the on-axis intensity has always been zero, except for when m=2. Thus, upon creating an
optical vortex, a non-zero on-axis transverse intensity in the focus has been an indicator of a reverse on-
axis energy flow. It is not possible to directly measure the reverse flow in the focus of the metalens using
a SNOM probe because the SNOM probe measures the transverse intensity rather than measuring the
energy flow [43]. The conclusion that it is the transverse intensity Ix+l, in the focus that the metallic
SNOM probe predominantly measures can be drawn from the Bethe-Bouwkamp theory [46]. The theory
states that when illuminating a metallic screen with a nanohole of diameter a much smaller than the
incident wavelength 4, a light wave with the electric vector E induces an electric dipole P and magnetic
dipole M within the nanohole:

4 8
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where n is a unit vector perpendicular to the nanohole which is parallel to the optical axis z and ¢, is the

vacuum permittivity. From (11), the electric dipole P is seen to be contributed to by the longitudinal E-
field component E,, irradiating in the transverse direction and not to be detected by the photoreceiver
located on the z-axis. On the contrary, the magnetic dipole M is contributed to only by the transverse E-
field components (Ey, E,), irradiating along the optical axis z. Hence, we infer that the photodetector
signal is proportional to the radiation of the magnetic dipole M, which is proportional to the transverse
field intensity: I+l .

Meanwhile the direct measurement of the reverse energy flow in the focus of a microlens with
NA=0.95 has been reported [30].

Below, we discuss focusing a linearly polarized laser beam. The SNOM-measured intensity
distribution in the focus (0.4 um behind the metalens) is depicted in Fig. 6a.
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Fig.8. Transverse intensity patterns in the focus of the metalens in Fig. 1 at a distance of 0.4 um from

its surface: (a) SNOM-measured and (b) numerically simulated. The metalens was illuminated with a

Gaussian beam linearly polarized along the X axis. Transverse intensity profile in the metalens focus
obtained along the Y-axis by (c) SNOM measurements (Fig. 8a) and (d) numerical simulation (Fig. 8b).

From Fig. 6, the intensity pattern is seen to have two peaks located 0.87 um apart (Fig. 6a), with a
non-zero intensity found at the center. For a more detailed comparison, Fig. 6¢d depicts Y-axis profiles
of the transverse intensity distribution 0.4 pum behind the metalens of Fig. 1(a), which were measured
with a SNOM (Fig. 6a) and (b) numerically simulated (Fig. 6b). A comparison of the experimental and
numerically simulated results in Fig. 6 shows them to be in qualitative agreement. A difference between
the numerically simulated and experimentally measured results is due to SNOM-probe introduced
perturbations of the light field. However, the qualitative agreement between the intensity patterns
obtained in the experiment and via the FTDT-aided numerical simulation indirectly proves that when
illuminated by the linearly polarized light, the metalens of Fig. 1 produces an on-axis near-focus reverse
energy flow.

Conclusion

A high-NA metalens synthesized in a thin-film amorphous silicon and intended to generate a reverse
energy flow in the strong focus of laser light has been experimentally characterized. Such a metalens has
been synthesized and characterized for the first time. Its unique feature is that when illuminated by an
arbitrary beam with homogeneous (linear, right-or left-handed circular) polarization, the metalens
generates an on-axis near-focus reverse energy flow. The 30-um metalens combined a spiral Fresnel



zone plate, whose focal length was equal to the incident wavelength of 633 nm (400 nm, in the
experiment), and a 16-sectored polarization converter composed of spatially varying binary
subwavelength diffraction gratings of period 220 nm, synthesized in a thin-film amorphous silicon.
The 16-sectored polarization converter has been shown to convert a linearly polarized incident laser
beam into a cylindrical second-order vector beam, also converting a right(left)-handed circularly
polarized incident beam into a right(left)-handed circularly polarized optical vortex with topological
charge m =-2 (m = 2). The metalens proposed here has similar parameters to a metalens from Ref. [39],
but ours is the shortest focus length metalens, demonstrated to date.

The near-surface intensity distributions were measured using a SNOM with a hollow metallic
pyramid-shaped probe with a 100-nm pinhole in its vertex. The metalens has been experimentally shown
to generate a doughnut intensity profile in the strong focus if illuminated by a circularly polarized light,
generating two intensity peaks if illuminated by the linearly polarized light. The intensity patterns
obtained in the experiment and via the FDTD-aided numerical simulation are in gqualitative agreement.
Based on this agreement, we may infer that the metalens under study operates in the intended way,
generating a near-focus reverse energy flow for both circularly and linearly polarized incident light.
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Highlights

e We fabricate a spiral metalens that is composed of 16-sectored subwavelength binary gratings.
e Near-focus intensity distributions was measured by a scanning near-field optical microscope.
e The near-focus reverse energy flow is experimentally confirmed to occur.
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