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Abstract: In this study, we theoretically and experimentally investigate the propagation of a second-
order cylindrical vector beam through an aluminum lens which forms a tight focus at the distance
of the wavelength. Simulation by the finite-difference time-domain method and the Richards-Wolf
formulae produces light field distributions which coincide with experimental measurements provided
with scanning near-field optical microscopy. We demonstrate that a pyramidal metallized cantilever
with a hole is more sensitive to the transversal component of intensity than to the full intensity or to
the Umov—Poynting vector in areas of reverse energy flow.
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1. Introduction

Scanning near-field optical microscopy (SNOM) is widely used for research in the field
of plasmonics, nanophotonics, etc. [1-5]. Due to SNOM, researchers can detect light fields
near the interfaces between two media. In addition to propagating light waves, which
can be detected by classical optical microscopy, there are also evanescent waves, which
conventional microscopes are powerless to detect.

There are two types of cantilevers for detecting radiation with SNOM: apertureless
(s-SNOM) [6-8] and aperture (a-SNOM) [9-12]. Even though there has recently been
a steady increase in the application of apertureless SNOM, interest in aperture SNOM
remains. This can be explained by the great complexity of measurements using apertureless
SNOM techniques.

There are two types of aperture SNOM: that based on metallized tapered fiber and
that on hollow pyramidal cantilevers. A distinctive feature of aperture SNOM, as it is clear
from the designation, is the presence of a small hole—an aperture at the end of the probe.
Through this gap, the detection of transmitted radiation is carried out. The hole diameter
varies from several tens to hundreds of nanometers. The gap usually has the form of a
circle. However, to solve specific problems, another shape of the SNOM cantilever aperture
can be used. In [13], the polarization sensitivity of aperture SNOM cantilevers with a
rectangular hole was studied. It was shown that the transmission of radiation increased if
the polarization of the incident on the cantilever light was directed along the larger side of
the rectangle.

In [14], fiber-based aperture SNOM was applied to investigate the interference pattern
of surface plasmon polaritons produced by light with different polarizations. A probe
was proposed in [15], where a microsphere was fixed in the hole of a pyramidal cantilever.
Aperture cantilevers with a gap in the shape of a “bowtie” can be made both in metalized
waveguides [16,17] and in pyramidal cantilevers [18]. This aperture shape operates like a
nanoantenna, allowing a local amplification of the light field, for example, for lithographic
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purposes. The polarization properties of pyramidal cantilevers were studied in [19,20]. It
was shown that in the near-field region, such cantilevers were more sensitive to the polar-
ization of the radiation passing through them than away from the interface between two
media. A cantilever with a square hole was used in [21] to detect luminescent nanoparticles.
In [22], the sharp focusing of the light field by a Fresnel zone plate (ZP) was studied. It
was shown that the shape of the focal spot recorded with a standard pyramidal SNOM
cantilever was closer to the shape of a transversal component of intensity than to the full
intensity and was not close to the longitudinal component of the Umov-Poynting vector.
Carbon tip aperture cantilevers were introduced in [23,24]. The effect of the aperture
cantilever on a process of measurement was studied in [25].

Previously, using numerical modeling, we studied the tight focusing of second-order
cylindrical vector beams (CVBs) [26] and optical vortices with a topological charge of
two [27] with a phase zone plate. It was shown that there were regions in the center of the
focal spots in which the Umov-Poynting vector was directed opposite to the propagation
of the laser beam. An experimental study of the tight focusing of such beams using SNOM
has not been previously investigated.

Fresnel zone plates and the lenses based on them are widely used in the applications
of light focusing [28-36]. Of particular interest are spiral zone plates and spiral axicons,
which make it possible to simultaneously form and focus a vortex beam [37-41]. Recently,
the scientific community has had an increased interest in studying more complex vector
field focusing [32,42—46]. For example, in [32], a metalens for the effective control of
amplitude, phase, and polarization was considered. This metalens was manufactured with
a thin, amorphous silicon film. Amorphous silicon nanobars highly limit magnetic dipole
resonances with the phase difference 7t at an incident wavelength of 635 nm and thus
obtain lofty cross-polarization and zero co-polarization transmittance. The manufactured
metalens demonstrated 1.5- and 2.3-times higher efficiency of focusing and image contrast,
respectively, than those of a conventional zone plate in a chromium film (100 nm). In [42],
the characteristics of radially and azimuthally polarized beams after passing through
plasmonic subwavelength structures in the form of annular slots were theoretically and
numerically studied. In [43], a giant angular spin Hall effect of light was investigated.
In [44], using the finite-difference time-domain (FDTD) method, the focusing of CVBs by a
helical metasurface with a unit topological charge and unit numerical aperture (NA), which
focused light at the distance of the incident wavelength, was studied. It was shown that
this lens created near its surface circular and doughnut focal spots for incident TE-waves
and TM-waves, respectively. The focal spot diameter for incident TE-waves was less than
the diffraction limit. The distribution of intensity in the produced focal spot contained local
(dissymmetrical and symmetrical) areas of a reverse energy flow, which could be situated
both in the periphery and in the center.

In this research, we studied the propagation of a second-order CVB through an ampli-
tude lens with a diameter equal to 15 pm, which focused the incident beam at a distance
of the incident wavelength. The lens was manufactured by means of chemical etching,
electron-beam lithography, and a lift-off process in a 50-nm-thick aluminum film. Numeri-
cal modeling by applying the FDTD method and the Richards-Wolf formulae demonstrated
that such a lens formed a region in the focal spot on the axis, in which the Umov-Poynting
vector was directed opposite to the incident light propagation direction (the region of the
inverse energy flow). Both the distribution of the Umov-Poynting vector longitudinal
component and the intensity had the forms of rings. However, the Umov-Poynting vector
longitudinal component had a symmetrical ring, while the intensity had an asymmetric
ring due to the uneven contribution of various components. In particular, the transverse
intensity component was nonzero on the optical axis and had the form of three peaks
located along the x-axis. Then, the region of the energy backflow was investigated using an
Ntegra Spectra (NT-MDT) scanning near-field optical microscope based on a hollow pyra-
midal aperture cantilever. The peak intensity distribution at the focus was experimentally
recorded (with the subwavelength sizes FWHMXx = 0.39A and FWHMy = 0.71A where A is



Photonics 2022, 9, 592

30f11

incident wavelength of 532 nm). This fact proved the sensitivity of the cantilever to the
cross-section component of the light field intensity in the reverse energy flow region.

CVB is used in a wide variety of applications, such as nanostructuring, optical capture,
and optical telecommunications [47,48]. In addition, studies in the field of spin—orbit con-
version in a tight focus of beams with hybrid polarization are topical [45,46]. The research
of CVB behavior is significant because of the different polarization effects present, for
example, the reverse energy flow in its tight focus. Moreover, the problem of experimental
detection of these effects is of particular importance.

2. Materials and Methods
Structure and Manufacturing of the Lens

The proposed lens had the form of concentric rings. The ring radii were calculated
using the formula:

252\ 1/2
rm:<m7\f—m4A) ’

where ry, is the edge radius of the relief ring, m is the concentric zone number, A is the
incident beam wavelength, and f is the focal distance. The proposed lens was calculated
for illumination with A =532 nm and f = A. The lens diameter was 15 um. The NA of the
lens with these parameters was 0.99749.

For the manufacturing of the subwavelength diffractive optical element, technologies
including lithography, chemical etching, and a lift-off process were used. Quartz was used
as the substrate of the future element. The surface roughness was less than 10 nm. A metal
film was deposited onto a quartz substrate using a CarolineD12A magnetron deposition
system (ESTO-Vacuum, Inc., Moscow, Russia). The metal layer was formed during the
deposition of aluminum at a vacuum pressure of 10~ Pa and a power of 300-700 W. The
thickness of the aluminum film was controlled by the deposition time and amounted
to 50 nm. Next, a resist for electron-beam lithography was applied in a centrifuge. The
thickness of the deposited resist was 400 nm (monitored on a P-16 profilometer (KLA-Tencor,
Inc., Milpitas, CA, USA)). The exposure of the resist was performed with a SEM microscope
with a resolution of 10 nm. The remaining mask was then chemically removed from the
resist. The resulting structure was cleaned and baked to increase adhesive properties. A
thin chromium film was deposited by a CarolineD12A magnetron sputtering machine
(ESTO-Vacuum, Inc.). The deposition took place at the following parameters: 700 W and
103 Pa. The film thickness was 45 nm. Further, a lift-off process was used. The resist was
removed by acetone along with the chromium film on it. This made it possible to obtain a
negative mask in chromium compared with the mask on the resist. The metal layer was
removed through the chromium film with NaOH. At the last stage, the chromium mask
was removed by potassium hexacyanoferrate (III) (K3[Fe(CN)g]) for 10 min. The image of
the manufactured lens obtained by a SEM microscope is presented in Figure 1a. To check
the fabrication quality and parameters of the manufactured element, an optical white light
interferometer (“Zygo New View 7300”) was applied. The sizes of the analyzed area were
35 um x 26 pum and the optical zoom was 200 x. The relief height of the lens was 50 nm.
The results of measurement are demonstrated in Figure 1b.

M
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Figure 1. The manufactured aluminum lens: SEM image (a); map of the lens surface obtained with
an optical white light interferometer (b).

3. Results and Discussion
3.1. The Results of Modeling by the FDTD Method

The simulation was performed applying the frequency-dependent FDTD ((FD)>TD)
method, implemented in FUullWAVE software. The following grid parameters were used in
the calculations: the spatial step was 15 nm, and the pseudo-time step cAt was chosen to be
7.5 nm in conformity with the Courant condition. During the analysis of the simulation
results, the field components were averaged over 10 periods. The parameters of the lens in
the simulation (diameter, focal length, relief depth) corresponded to the parameters of the
manufactured element. Possible manufacturing errors were not considered.

The intensity at the focus was calculated by the formula:

2
I:|Ex|2+‘Ey| +‘Ez|2zlx+ly+lz/ (2)

where Ey, E,;, and E; are the components of the electric field; Iy, Iy, and I; are the components
of the intensity distribution. The Umov-Poynting vector was calculated with the formula:

S = Re (E* x H), 3)

where E and H are the vectors of the electric and magnetic fields in focus with components
(Ex, Ey, and E;) and (Hy, Hy, and H;), respectively. The initial light field was chosen as
E = (sin 2¢, cos 2¢, 0), where ¢ is the polar angle in the XY-plane at z = 0. The results of
focusing at a distance of f = 532 nm are shown in Figures 2 and 3.
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Figure 2. The distribution of the total intensity (a) and the longitudinal component of the Umov-
Poynting vector (b) in the focus obtained by the FDTD-method.
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Figure 3. The transverse I, = I + I (a) and the longitudinal I (b) intensity components in the focus
obtained by the FDTD-method.

It can be seen from Figures 2 and 3 that the distributions of the intensity and the
Umov-Poynting vector longitudinal component in the plane of the focus were ring-shaped:
asymmetric for the intensity (Figure 2a) and symmetric in the case of the Umov-Poynting
vector longitudinal component (Figure 2b). In this case, negative values were observed
in the center of the ring formed by the Umov—Poynting vector longitudinal component
(reverse energy flow). The asymmetry of the intensity ring was caused by the uneven con-
tribution of individual intensity components to the formation of this ring; the longitudinal
component (Figure 3b) formed the top and bottom of the ring (it had the form of two peaks
located along the y-axis), and the transverse component formed the right and left parts of
the ring (it had the form of three peaks located along the x-axis). In this case, it was the
transverse component of the intensity that was nonzero on the z-axis (Figure 3a).

3.2. The Numerical Simulation by the Richards—Wolf Formulae

We modeled the process of the same CVB focus with a proposed lens using the
Richards—-Wolf formulae [49]:

max 27T

Ulp 2 = | [ BO)TOILOREO, 9)x @
x exp{ik|psinfcos(¢ — ¢) + zcos 0]} sin 0dbd g,

where U(p, ¢, z) is the magnetic or electric field in the focus, B(f, ¢) is the incident magnetic
or electric field (¢ and ¢ are the azimuthal and polar angles, respectively), T(f) is the
function of apodization (it can be written as T(0) = cos!/20 and T(6) = cos3/20 for an
aplanatic lens and a flat diffractive lens, respectively), k = 27t/A is the wavenumber, A
is the incident wavelength, a;, is the maximal polar angle defined by the NA of the
proposed lens (NA = sin ay4y), and P(8, ¢) is the matrix of polarization for the magnetic
and electric fields:

1+ cos? p(cos® — 1)
P(6,9) = | singcos¢(cosd —1) |a(b,¢)
—sinf cos ¢
sin ¢ cos p(cosf — 1)
1+ sin? ¢(cos® — 1) ] b(0,¢),
—sinfsin ¢

©)
+

where a(8,9) and b(6,¢) are functions of polarization for the x- and y-components of the
launch beam, respectively.
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The Jones vectors for a beam with a cylindrical polarization of the mth order can be

written as: (9 ) ) ( )
a8, )| _ |—sin(me
500.9) = 35 )] = | costmg) | ©
in the case of the electric field and
_ [a(6,9)| _ [~ cos(mp)
Ho9) = {b(G, CP)} a {—Sin(mq))] @

in the case of the magnetic field. The Umov-Poynting vector was calculated using
Equation (3). In the calculation, it was assumed that the lens was illuminated by a second-
order CVB in the form of the Laguerre-Gaussian mode (0,1), which had the following form
in the coordinates of the exit pupil:

_ 2 tg*0 }
16) = 50)exp{ L, ®
where the parameter 8 describes the attitude of the lens and the beam radii = R/w. The
parameter 8 was equal to one, which corresponded to the experiment.

Equation (4) was valid for light focusing in free space, far from the separation of two
media, but qualitatively, the results coincided with the calculation of the FDTD method. The
distributions of the focused light are presented in Figures 4 and 5: Figure 4 demonstrates the
intensity distribution I = I + I, + I; and the Umov-Poynting vector longitudinal component
S., and Figure 5 shows the distribution of the cross-section I, = I; + I, and the longitudinal

I, intensity components.
1
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V., um
o

-20

-30

Figure 4. The total intensity I = Iy + Iy + I; (a) and the Umov-Poynting vector longitudinal component
S, (b) in the focus obtained by the Richards-Wolf formulae.

In this case, qualitatively, the same intensity distributions were observed as in the
FDTD modeling. However, in the distribution of the transverse intensity component,
the central peak was larger (Figure 5a) than it was in the case of the plane wave launch
(Figure 4a). This was caused by the use of the Laguerre-Gaussian mode (8), which was
essentially the equivalent of an annular aperture. The central part of the lens did not
participate in the focusing process under such illumination, and the effects of tight focusing
were enhanced. Furthermore, the rotation of the original beam by 90 degrees led to the
same rotation (Figures 4 and 5), and the maxima of the transverse component (Figure 5a)
were located along the vertical axis.
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Figure 5. The transverse I, = I + Iy (a) and the longitudinal I, (b) intensity components in the focus
obtained by the Richards-Wolf formulae.
3.3. Experiment

Using a scanning near-field optical microscope, Ntegra Spectra, the focusing of a
second-order CVB was studied. The circuit of the experiment is presented in Figure 6.

Plate
M, Licg=
2 —2,
Gl CVB-2 ‘
=
\Y ¥ M
Laser ND L, L,

Figure 6. The experimental setup. Laser is the LCM-5-111-20-R (50 mW, 532 nm); ND is a neutral
density filter; L1, L, and L3 are lenses with a focal distance of f; = 35, f» = 100, and f3 = 10 mm,
respectively; My, My, M3, and My are mirrors; GT is the Glan-Taylor prism; CVB-2 is a polarization
converter (Thorlabs WPV10-532); C is a cantilever with a diameter of 100 nm (SNOM_C, NT-MDT); S
is a spectrometer (Solar TII, Nanofinder 30); O; is a 100 objective lens (100 x Mitutoyo Plan Apo
Infinity Corrected Long WD Objective); CCD is a CCD camera (Andor, DV401-BV).

The SNOM cantilever had the form of a hollow pyramid made of a thin aluminum
layer with an aperture at the top. The hole size was about 90 nm. The SEM image of the
used cantilever is presented in Figure 7. The transverse scanning of the focus area was
carried out with a precision of 35 nm.
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Figure 7. The SEM images of the cantilever: full view (a) and enlarged shot of its aperture (b).

SNOM measurements showed that the pattern of intensity in the focal plane had a
peak character. An example of the intensity distribution at the focus (distance was 0.6 um
from the lens relief) and its cross-sections are plotted in Figure 8.

\
\
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\
150 [\ \
YRVAYA
100 t \//

50 \
\
\/
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X, um
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Figure 8. The intensity pattern (a) and its distribution along the x-axis (b) in the focus measured
with SNOM.

The focal spot dimensions in full width of half the maximum of intensity (Figure 8)
were FWHMXx = 0.39A and FWHMy = 0.71A. A comparison of Figures 3, 5 and 8 showed
a qualitative agreement between the results obtained with SNOM (Figure 8) and the
distribution of the cross-section component of the light field intensity I, = I + Iy in the
simulation (Figures 3a and 5a). Although, in the numerical simulation, the side peaks along
the y-axis turned out to be more pronounced than in the experiment.

4. Conclusions

In this research, we considered the focusing process of a second-order CVB with an
amplitude lens which had a focal distance of 532 nm and a diameter of 15 pm, fabricated
by means of chemical etching, electron lithography, and a lift-off process in a 50-nm-
thick aluminum film. It was numerically proven that such a lens produced a region
in the focal spot on the axis, where the Umov-Poynting vector was directed opposite
to the light propagation direction (energy backflow region), and the transverse intensity
component was nonzero on the optical axis and had the form of three peaks along the x-axis.
The reverse energy flow region was studied using an Ntegra Spectra scanning near-field
optical microscope (NT-MDT), applying a hollow pyramidal aperture cantilever. The peak
intensity distribution at the focus was experimentally recorded (with the subwavelength
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sizes FWHMXx = 0.39A and FWHMy = 0.711). A comparison of the intensity distributions
detected by the SNOM cantilever and the features of the light field distributions, calculated
using the (FD)?TD method and the Richards-Wolf formulae, allowed us to deduce the
sensitivity of the cantilever to the cross-section intensity component. Although, it was not
sensitive to the full intensity or to the Umov-Poynting vector components in the areas of
the reverse energy flow. Our results on the sensitivity of the cantilever to the cross-section
intensity component were consistent with the research provided in [50].
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