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Abstract: Features of the diffraction of Gaussian beams and Laguerre-Gaussian modes on subwave-
length optical 3D microstructures with variable relief heights are calculated and studied in this
paper. Silicon subwavelength ring gratings and diffraction axicons were considered as such optical
microstructures. The height of individual relief elements varied. The propagation of laser light
through the proposed optical elements was simulated using the finite difference time domain (FDTD)
method. It was shown that it is possible to select the height of individual relief rings of ring gratings
in such a way that it is possible to reduce the size of the focal spot down to 0.36 A, form an extended
light segment (up to 5.79 A), and form optical traps.

Keywords: optical traps; optical vortices; Gaussian beams; silicon ring gratings; diffractive axicon;
FDTD; Meep

1. Introduction

Currently, methods for capturing and manipulating various micro-objects are being
actively studied [1-14], in particular, using optical tweezers (optical traps) [13-18]. The
use of optical traps has been shown to trap proteins, viruses, and vesicles not only theo-
retically, but also experimentally [19-23]. Various configurations of optical tweezers are
known [24-33], such as the optothermal tweezer [27,28], optoelectronic tweezer [1,29],
opto-thermo-electrohydrodynamic tweezer [28,29], and opto-refrigerative tweezer [30].
In particular, it has been shown that it is possible to reduce laser power when using op-
tothermal tweezers [28], and the use of hypothermal opto-thermophoretic tweezers for
controlled cargo delivery using plasmonic vesicles has also been demonstrated [28]. This
type of optical tweezer allows the capture and dynamic manipulation of nanometer-sized
objects [30]. Also interesting is the use of an opto-refrigerative tweezer to reduce photo-
damages to the target object [32]. In addition to the above, methods such as DMD-based
optical manipulation [33,34] and holographic tweezer [35,36] should also be noted.

An optical bottle is an area with minimal light intensity, which is evenly surrounded on
all sides by intensity maxima [37-39]. Such optical traps are used to solve applied problems
in optical trapping [37-43], and Hermite-Gaussian and Laguerre-Gaussian beams are often
used to create an optical bottle [39-41,43-46].

Vortex beams are laser radiation of a special structure [47-50]. Among the properties
of the vortex beam, we should note the presence of orbital angular momentum [47,48],
which is determined by the order of the optical vortex (also called topological charge).
Such beams are used for some applications [51-54], among which, in addition to optical
manipulation [50,51], one can note tight focusing [55,56], sensing [57], optical information
transmission [58,59], and multiplexing of transmission channels data (when a beam with
orbital angular momentum has a large number of possible quantum states) [60], and laser
processing [61].
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Diffraction optics are often used to form vortex beams [62-76], including multi-order
diffractive optical elements [65-67], spiral phase plates [68-70], spiral and twisted axi-
cons [71-73], and elements with a complex surface shape [73,74]. It is known that one can
use spiral phase microplates manufactured at the end of a waveguide to form vortex beams
in optical connector systems in data centers [76]. It should also be noted that optical bottles
could be obtained using axisymmetric diffraction structures [43,46,77].

Materials made from silicon and its compounds are actively used for some applica-
tions [78-81], among which should be noted the production of diodes, integrated circuits,
other semiconductor devices [78,81,82], solar cells [83,84], in medicine [85], in optics, and
in photonics [86-89]. Moreover, it is worth noting the active development of silicon photon-
ics [90-92], including for the implementation of new accelerators for deep learning [93-95].

The features of diffraction of Gaussian and super-Gaussian beams, as well as optical
vortices with circular polarization on silicon 3D microstructures with variable heights of
individual relief elements are studied this work for the formation of optical traps on the
optical axis.

The finite difference time domain (FDTD) method [96-100] was used to numerically
calculate the propagation of the laser radiation. The calculations were performed using
the freely available Meep software [46,101-104] on a computing cluster with a capacity of
850 Gflop.

2. Materials and Methods

A change in the height of the optical elements quite expectedly affects the diffraction
pattern in the near zone [46,105], which was previously shown using the example of a
diffraction axicon [46,51]. It should be noted that in the case of uniform polarization, due
to the redistribution of energy between the components of the electromagnetic field, a
powerful longitudinal component can be formed [46,106,107].

The circular polarization of laser radiation was considered in this paper, in which
the sign of the circular polarization is opposite to the sign of the introduced vortex phase
singularity. Thus, a round focal spot should be formed on the optical axis, in contrast to the
case when the signs of polarization and phase singularity are in the same direction [49].

The gaussian beams and Laguerre-Gaussian (1, 0) modes were considered as input
laser beams, and super-Gaussian functions were considered to obtain a more uniform
intensity distribution over the beam cross section [51,107]. The amplitude of such a beam
of degree p is determined by Formula (1):

p
A(r) = exp {_2;!7}’ 1

where ¢ is the beam size in um. The amplitude of the Laguerre-super-Gaussian mode (1, 0)
is given by [51]:
rP ;

A(r,p) = r-exp {_W} -e'?, )
where ¢ is also beam size in pm. The values p = 2 and 10 for both types of beams were
mainly considered in this paper. The input beams for values p = 2 and 10 are shown in
Figure 1. For individual cases, p = 4, 6, 8 were also considered.

The simulation was carried out using the FDTD method. In this method, to solve
Maxwell’s equations, the discretization in time and space using central differences is used
and then solved numerically [108,109].

The Meep software package was used for numerical modeling using the FDTD
method [101,103], which used standard Yee mesh sampling.
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(b)

Figure 1. The input beams, gaussian beams—(a) p =2, 0 = 4.3, (b) p = 10, ¢ = 8; the Laguerre-Gaussian
modes (1, 0)—(c)p=2,0=3.5,(d)p=10,0 =8.

The simulation parameters using the FDTD method were as follows: wavelength
A = 1.55 um, size of the calculated 3D region x, y, z in the range [-5.8 A; 5.8 A]. The
thickness of the absorbing layer PML (perfectly matched layer—PML) surrounding the
computational area on all sides is 1.2 A, the spatial sampling step is A/30, and the time
sampling step is A/ (60 s), where c is the speed of light.

The source was located inside the substrate, which occupied the entire space below
the relief and was partially immersed in the PML layer.

The silicon (Si) is considered as a material with a high refractive index in this paper,
n = 3.47. In this case, the height of the relief of the binary element corresponding to the
phase 7 radians is equal to:

e A
h = Kn=1) ~ 2i—1) 0.202429A ~ 0.2 A, 3)

where 7 is the refractive index, A is the wavelength of the laser radiation, and k = 27t/ is
the wave number.

The rounding of the relief height to 0.2 A was carried out due to optimization of the
used computing resources (to reduce the sampling step) and acceleration of research.

The size of the focal spot on the optical axis was estimated by the full width at half
maximum (FWHM) and the depth of focus (DOF). The size of the longitudinal light segment
was also estimated by half the intensity.

The subwavelength ring gratings with variable height (elements grating period 1.05 A)
and diffraction axicons were considered as elements.
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(a) The input beams

The height of the binary element relief & = 0.2 A (corresponding to the phase 7 radians)
will be the basis for comparison (Figure 2) according to the FWHM and DOF for the
corresponding laser beams.

(b)

027
. FWHM=0.88 A, DOF =1.66 A

s

121 A
S«
=
u
N
-

FWHM=0.6A, DOF=1.79 A

FWHM =0.57 A, DOF =2.63 A

Figure 2. The input beams’ propagation (a) through a diffraction axicon at 1 = 0.2 A (b), Gaussian
beams (c) p=2,0=4.3 (1), (d) p = 10, 0 = 8 (2); the Laguerre-Gaussian modes (1,0) (e) p=2,0 =35
3), () p=10,0 =8 (4).

The minimum focal spot (FWHM = 0.57 A) and the longest light needle (DOF = 2.63 A)
were obtained for the case of the Laguerre-Gaussian mode (1.0) at p = 10 for a given height.

The heights of individual relief rings varied with steps V equal to 0.1 A (0, = 0.7 A),
0.2 A (hyax = 1.2 A), 0.3 A (hyax = 1.7 A), and 0.4 A (hyax = 2.2 A). Thus, the heights of the
grating rings were considered from 0.2 A to 2.2 A (Figure 3).

Direct (relief height changes from maximum in the center to minimum at the edges)
and reverse (relief height changes from minimum in the center to maximum at the edges)
ring gratings are studied.

In addition to the standard axicon with a height h equal to 0.2 A, axicons with a relief
height corresponding to the maximum height of the gratings (0.7 A, 1.2 A, 1.7 A, and 2.2 A)
were also considered.

The thickness of the substrates in the studies was fixed and amounted to A.
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Figure 3. The types of subwavelength optical elements.

3. Results

This section will discuss in detail the studies on the focusing of Gaussian laser beams
and optical vortices by subwavelength silicon ring gratings of various types.

3.1. The Study of Gaussian Beams Diffraction on Silicon Ring Gratings

This section studies the diffraction of Gaussian beams at p = 2 and 10 on diffraction
axicons, with direct and reverse ring gratings with relief heights of 0.7 A, 1.2 A, 1.7 A, and
2.2 A. All subsequent figures show FWHM values at the maximum intensity on the optical
axis outside the element. The research results are shown in Figure 4 (for p = 2) and Figure 5
(for p = 10). It should be noted that the diffraction patterns are shown normalized to the
global maximum among all studies performed.
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Diffraction axicon Direct ring grating Reverse ring grating
(a) (b) (c)

hmax=0.7 A

FWHM =043 A, DOF=0.73A : FWHM =0.65 A, DOF =1.99 A

hmax=12 A

FWHM =089 A, DOF=3.927 ' FWHM1=0.86 A, DOF1=1.65A,
. FWHM2=0.97 A, DOF2=3.85 A

.............................................................................................

=17A

hmax

FWHM =091 A, DOF=1.19 A FWHM =0.74 A, DOF =132 A FWHM =0.58 A, DOF =2.19 A

.............................. e S

() § (k) g (1)

hmax =22 A

FWHM =0.62 A, DOF=127A ! The main maxima inside * FWHM=0.62A DOF=15A

Figure 4. The Gaussian beams diffraction (p = 2) on a diffraction axicon, direct and reverse ring gratings
with variable height at fqx = 0.7 A (a—), hyax = 1.2 A (A=), hypax = 1.7 A (g8), Hipax = 2.2 A (j-1).
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Diffraction axicon Direct ring grating Reverse ring grating
(a) : (b) : (c)

hmax =0.7 A

The main maxima inside, outside:f The main maxima inside, outsidc:f
FWHM=087A,DOF=11A : FWHM=0.86 A, DOF =0.67 A

FWHM =0.67 A, DOF =2.58 A

=12A

hmax

: © FWHM1 =0.92 A, DOF1 =149 A
FWHM=0.74 A, DOF=2.19A ' FWHM=0.79A, DOF=5.53A ’ /
: FWHM2=0.9 A, DOF2=5.79 A

=17A

hmax

FWHM =0.95 A, DOF =1.21 A FWHM =0.75 A, DOF =1.37 A FWHM =0.49 A, DOF =2.27 A

hmax=22 A

The main maxima inside, outside:

* FWHMi =071 A, DOF1 = 1.45 A,
FWHM =073\, DOF=121A © FWHM2=0.87 A, DOF2=1.92 A

The main maxima inside

Figure 5. The Gaussian beams diffraction (p = 10) on a diffraction axicon, direct and reverse ring
gratings with variable height at /15 = 0.7 A (a—<), Mgy = 1.2 A (), lypiare = 1.7 A (g), Fypax = 2.2 A (j-1).

Let us start the analysis with Figure 4. The main maxima for diffraction axicons with
heights h = 0.7 A (Figure 4a) and h = 2.2 A (Figure 4j) for Gaussian beams with p = 2, as
well as a straight annular grating with hy,,c = 1.7 A (Figure 4h) and hyac = 2.2 A (Figure 4k),
are formed inside the elements. Outside the elements, in these cases, there are only local
maxima, and for the case of Figure 4k, the intensity on the optical axis is so insignificant
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that the FWHM and DOF values are not indicated. In other cases, the main maxima are
formed outside the relief.

It should be noted that the result of the calculation using the FDTD method will differ
from the results obtained on the basis of geometric optics or in the model of a thin element
using the Kirchhoff formulas. In particular, in the model of a thin element, with a difference
in relief heights that is a multiple of 2 A, the phase shift will be the same [110]. However,
this is not true for a strict electromagnetic theory, which has been previously shown, in
particular, for a diffraction axicon [51,110-113], as well as in this study (compare the cases
h=02Aand i = 2.2 A) in Figure 4 and further.

The minimum focal spot among all cases considered in Figure 4 was recorded for a
direct ring grating (in the immediate vicinity of the element) at a relief height h;,, = 0.7 A
(FWHM = 0.43 A), which is 51.1% better for the same type of beam at axicon height 1 = 0.2 A
(FWHM = 0.88 A).

The longest light needle (DOF = 3.92 A) is also formed for the case of a direct ring
grating at M.y = 1.2 A, which is 2.36 times longer than the light needle formed by a
diffraction axicon with & = 0.2 A for the same type of input beam (DOF = 1.66 A).

It should also be noted that the formation of a nonuniform electric field distribution
on the optical axis (an optical trap) is observed for the case of an inverse ring grating
at Hyay = 1.2 A and hye = 2.2 A, In addition, the formation of extended light needles is
observed for the cases lyqy = 0.7 A and hy0x = 1.2 A. For the inverse ring grating, we can also
note the height of cases h,x = 1.7 A: in this case, a narrow (FWHM = 0.58 A) light segment
with DOF = 2.19 A is formed.

Let us change the input beam by increasing p to 10 (Figure 5) and evaluate the change
in this parameter on the diffraction patterns. The minimum focal spot among all cases
considered in Figure 5 was recorded for a reverse ring grating at a distance of 1.8 A from
the relief at a relief height of 15y = 1.7 A (FWHM = 0.49 A), which is 43.6% better for the
same type of beam at an axicon height of 1 = 0.2 A (FWHM = 0.87 A). Moreover, for this
case, the light needle turned out to be longer than for the case of p = 2 at a similar height.

The longest light needle (DOF = 5.79 A) was also obtained for the case of a reverse
ring grating at hy,,c = 1.2 A, which is 2.29 times longer than the light needle formed by
a diffraction axicon with i = 0.2 A for the same type of input beam (DOF = 2.53 A) and
1.47 times longer than the best case for p = 2.

It should also be noted that with an increase in p, the previously observed optical
traps for the inverse ring grating at /i, = 1.2 A and e = 2.2 A became more pronounced.
The light segments closer to the relief became shorter, and the light segments after the
minimum on the optical axis became longer (compare the cases shown in Figures 4f and 41
and Figures 5f and 51, respectively).

An increase in p to 10 for a height hysc = 1.2 A led to the movement of the maxima
into the optical elements. Also worth special mention is the case of a direct ring grating at
hmax = 1.2 A: an increase in p led to the formation of a narrower and more extended light
needle (FWHM = 0.79 A, DOF = 5.53 A) than for a similar case at p = 2 (FWHM = 0.89 A,
DOF = 3.92 ).

Let us change the input beam. We will consider the Laguerre-Gaussian modes (1, 0) at
p =2and p = 10 on similar optical elements.

3.2. The Study of Optical Vortex Diffraction on Silicon Ring Gratings

It was previously shown that energy redistribution between the components of
the electromagnetic field for optical vortices is possible with uniform polarization of
laser radiation [49,80,114-116]. In this way, a powerful longitudinal component can be
formed [46,106,107], which has also been shown experimentally [117].

The diffraction of Laguerre-Gaussian modes (1, 0) at p = 2 (Figure 6) and p = 10
(Figure 7) on direct and reverse ring gratings and diffraction axicons with a similar pre-
viously considered relief height (0.7 A, 1.2 A, 1.7 A and 2.2 A) has been carried out in this
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section. The figures show the FWHM values at the maximum intensity on the optical axis
outside the element.

Diffraction axicon Direct ring grating
(a) (b)

Reverse ring grating
(c)

hmax=0.7 A

hmax=12 A

hmax=1.7 A

hmax =22 A

FWHM =051 A, DOF=12A The main maxima inside ' FWHM = 0.74 A, DOF=3.15A

Figure 6. The Laguerre-Gaussian modes (1, 0) diffraction (p = 2) on a diffraction axicon, direct and
reverse ring gratings with variable height at f5¢ = 0.7 A (a—c), gy = 1.2 A (d—f), hyyax = 1.7 A (g-),
hmax =22A (j_l)-
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Diffraction axicon Direct ring grating Reverse ring grating
(a) : (b)

(©)

hmax=0.7 A

FWHM =0.49 A, DOF =2.94 A FWHM =0.36 A, DOF =2.55 A

e SR S o SO

hmax=12 A

hmax=1.7 A

 FWHMi = 0.64 A, DOF1=1.14 A,
. FWHM2=0.78 A, DOF2=22 A

............................................................................................

hmax=2.2 A

FWHM =0.44 A, DOF=0.72 A ' The main maxima inside ' FWHM =0.79 A, DOF =3.16 A

Figure 7. The Laguerre-Gaussian modes (1, 0) diffraction (p = 10) on a diffraction axicon, direct and
reverse ring gratings with variable height at e = 0.7 A (a—c), gy = 1.2 A (d—f), hypax = 1.7 A (g-),
Biax = 2.2 A (j-1).

At p =2, basically all maxima are formed outside the elements, except for the cases of
a direct ring grating at heights . = 1.2 A and 2.2 A (Figure 6e k). The smallest focal spot
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for the Laguerre—Gaussian modes (1, 0) at p = 2 was obtained for a direct ring grating at a
distance of 0.24 A with a relief height l;,5¢ = 0.7 A (FWHM = 0.36 A), which is less than the
focal spot obtained for the same beam type at axicon height i = 0.2 A (FWHM = 0.6 A) by
40%. It should be noted that a focal spot of comparable size was obtained for a diffraction
axicon at h = 1.2 A (FWHM = 0.37 A) at a distance of 0.25 A.

The longest light needle (DOF = 3.15 A) is formed for the inverse ring grating at the
relief height hy,c = 2.2 A. This is 1.76 times longer than the light needle formed by a
diffraction axicon with & = 0.2 A for the same type of input beam (DOF = 1.79 A).

Thus, the use of the Laguerre-Gaussian mode (1, 0) at p = 2 leads to a reduction in
the maximum size of the light needle and a decrease in the minimum size of the focal spot
(compared to the Gaussian beam).

Also worth special mention is the case of an inverse ring grating at /., = 1.7 A: the
formation of an optical trap is observed (Figure 6i).

Let us increase the size of p to 10 (Figure 7). Just as before, for the cases of a direct
ring grating at a height of /4y = 1.2 A and 2.2 A, the main maxima are formed inside. The
formation of the remaining maxima occurs outside the optical elements.

The minimum focal spot for the Laguerre-Gaussian modes (1.0) at p = 10 was also
obtained for a direct ring grating near to the relief (0.12 A) at the relief height hy,;, = 0.7 A
(FWHM = 0.36 A). This is 36.8% smaller than the focal spot obtained for the same type of
beam at an axicon height & = 0.2 A (FWHM = 0.57 A). Moreover, an increase in p led to an
increase in the light needle for this type of element to 2.55 A (it was DOF = 0.8 A for p = 2).

The longest light needle (DOF = 3.16 A) is formed for the inverse ring grating at the
relief height hy,x = 2.2 A, as for the case p = 2. This is 1.2 times longer than the light
needle formed by the diffraction axicon with # = 0.2 A with the same type of input beam
(DOF =2.63 A).

The formation of an optical trap is also observed for an inverse ring grating at
hmax = 1.7 A, and the trap is more pronounced.

Thus, it is worth noting an interesting result obtained using an inverse ring grating:
the formation of optical traps was observed for both optical vortices and Gaussian beams.
In fact, we can say that the central part of the ring grating focuses, and the neighboring
zones defocus the laser beam. Let us consider these cases in more detail.

3.3. Formation of Optical Traps Using Inverse Ring Gratings

It was previously shown that for inverse ring gratings, both for Gaussian beams (at
Bmax = 1.2 X and hyex = 2.2 A) and for Laguerre-Gaussian (1, 0) modes (at fyqx = 1.7 A), the
formation of an optical trap along the optical axis is observed. An optical trap (optical
tweezers) is required to solve the problem of manipulating microscopic objects using
laser light [43,46,118,119]. The invention of optical tweezers made it possible to make a
qualitative leap in biological and biophysical research [14], and for a number of applied
problems in optical capture, three-dimensional optical traps are used, which are a region
uniformly surrounded by intensity maxima with a minimum light intensity (“optical
bottle”) [42].

Let us consider the cases of the optical traps” formation by inverse ring gratings (cases
Figures 5f,1 and 7i) in more detail. We will vary the degree p of the beams, considering the
casesp =4, 6, 8.

The formation of optical traps by Gaussian beams using inverse annular gratings at
hmax = 1.2 A and 2.2 A and the input beams are shown in Figure 8.
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Input beam hmax=1.2 A é hmax=2.2 A
(a) (b) : (c)

FWHM1=0.91 A, DOF1=1.57 A, FWHMI1 =0.64 A, DOF1=1.45 A,
FWHM2=0.94 A, DOF2=4.92A : FWHM2=0.98 A, DOF2=1.96 A

FWHMi =0.87 A, DOF1=155A, ; FWHMi =0.63 A, DOF1 =138 A,
FWHM2=0.92 A, DOF2=4.88 A : FWHM:2=0.87 A, DOF2=1.88 A

FWHMi =09 A, DOF1=157A, : FWHMi=0.69 A, DOF1 =145 A,
FWHM2=0.93 A, DOF2=5.33A | FWHM2=0.85 A, DOF2=1.94 A

FWHMi =0.92 A, DOF1 =149 A, : FWHMi =0.71 A, DOF1 = 1.45 A,
FWHM2=09 A, DOF2=5.79 A FWHM2=0.87 A, DOF2=1.92 A

Figure 8. The Gaussian beams diffraction, p varies from 4 to 10, input beams (a,d,g,j), reverse ring
gratings, hyuax = 1.2 A (b,e,h k), and by = 2.2 A (¢ f,i1).
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The minimum FWHM value at maximum was obtained in the case of p = 6, but with
similar diffraction patterns, improvement of the optical trap with increasing p is visually
noticeable. Let us evaluate this on the graphs.

Graphs of longitudinal and transverse sections for the extreme cases p = 4 and 10 are
shown in Figure 9.

— hmax=12A,p=4 hmax=12 A, p=10 —= hmax=22Ap=4 - hmax=22 A, p=10
(a) Plane xz : (b) Plane xy
10! ~ .04 ! .
i ' :
0.8 il B s
] di i . R
0.6 . TN NN :
IR /2N L 02
ki ) Y . .
0.4 " 7 f. \1& J ‘.‘\\ .
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0z | f 4 Y N co0a
iy ‘ |/ NN A :
0.0 ~ N ot e , 0.0
6 -4 -2 0 2 4 6 7A -6 -4 -2 0 2 a4 g XA

Figure 9. Section graphs (Figure 8) for cases p = 4 and 10, and for /1,5y = 1.2 A and 2.2 A: (a) longitudinal,
(b) transverse.

It is clearly visible that for p = 10, the minimum on the optical axis is less than for p = 4
for both types of elements. However, the intensity values in the transverse plane are very
different from the intensity values on the optical axis, and the traps are inhomogeneous.

The formation of optical traps by Laguerre-Gaussian modes (1, 0) using inverse
ring gratings at . = 1.7 A is shown in Figure 10, which also shows graphs of the
longitudinal section.

The case of p = 6 (line 2) stands out, where peaks of almost equal intensity are observed
on the optical axis. A further increase in p leads to a redistribution of energy further from
the optical element. Let us consider the case of p = 6 in more detail (Figure 11).

In this case, the height of the maxima on the optical axis (points 1 and 3, Figure 10a)
in the longitudinal plane is 85.7% and 84.9% of the maximum intensity, respectively. The
length of the region of reduced intensity is Ly, = 1.12 A.

For the cross section in the minimum region (point 2), the formation of a ring is also
observed with a peak equal to 96% of the maximum intensity (off the optical axis). The
width of the shadow focal spot is Lyy = 0.27 A. The width of the ring is FWHM = 0.38 A.

It should be noted that, for this case, it was possible to obtain a compact optical trap
with a minimum range of fluctuations in the intensity values of the trap walls: from 0.8%
to 11.1%.

It was previously shown that two forces act when a particle is captured by a laser
beam [12,61,120]. One of them is the longitudinal component of the Poynting vector (scatter-
ing), due to which the particle moves forward along the direction of beam propagation [61].
Another force is the radiation intensity gradient (gradient), which is responsible for moving
the particle to the region of maximum intensity [61]. For the calculation, we will need the
field near the particle, the particle parameters, and the environment, and we will need to
calculate the Poynting vector and intensity gradient. However, it should be noted that
formulas [12,61] with sufficient complexity would not clearly show the effect of the trap, as
well as the influence on the destruction of the rest of the field.

Let us carry out a numerical simulation where the particles will be spheres with
different refractive index n (from 1.45 to 3.47). The simulation results when changing the
radius of the spheres are shown in Figure 12. The spheres are shown in blue for a refractive
index n = 1.45, in green for n = 2.7, and in yellow for n = 3.47.

It should be noted that when the particle size is greater than 0.5 A, destruction of the
optical trap is observed, which was, in general, expected given its size. It is also clearly
noticeable that as the radius increases, the intensity maximum shifts inside the sphere. It
should be noted that inside the particles, an increase in the refractive index from n = 1.45 to
3.47 led to a redistribution of intensity, and the main maximum for #n = 3.47 is observed on
the optical axis, in contrast to the case of n = 1.45.
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Input beam hmax=1.7 A Section graph in xz plane
(a) (c)

FWHM1 =0.64 A, DOF1=1.14 A, -6 -4 -2 0 2 4 6 ° A
FWHM2=0.78 A, DOF2=2.2 A

Figure 10. The Laguerre-Gaussian modes (1, 0) diffraction, p varies from 4 to 10, input beams (a,d,g,j),
inverse ring grating, hyu.x = 1.7 A (b,e,h k), and corresponding longitudinal graphs (c,£,i,1).

(a) Case of fig. 10e, p=6,0=7
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Figure 11. The Laguerre-Gaussian modes (1, 0) diffraction on an inverse ring grating with /1,5, = 1.7 A
(Figure 10e), graph of the longitudinal section (a), sections in extremes 1, 2, 3 in the xy plane (b),
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and corresponding to extremes 1, 2, 3 (1 and 3 are the maximum points on the optical axis, 2 is the
minimum point there) cross-sectional graphs (c).

n=145 n=2.7 n =347
(a) E (b) '

r=02A

r=03A

r=05A

...........................................................................................

r=0.7A

Figure 12. The Laguerre-Gaussian modes (1, 0) diffraction (case Figure 10e) with a particle in an
optical trap, n = 1.45 (a,d,g,j), n = 2.7 (b,e,h k), n = 3.47 (¢ £,i]).

4. Discussion

Currently, there are a number of methods for the manufacture of optical elements,
including diffractive optical elements [121-125]. Well-known methods include direct
laser recording methods, both classical and its modifications using thermochemical and
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thermophysical processes [122]; lithography methods [123,125], including half-tone pho-
tolithography [123]; laser ablation [126]; and 3D printing technologies [124].

To manufacture the ring gratings considered in this paper, it is necessary to conduct
experimental studies, test various methods and approaches, and vary the parameters
and properties of various technological processes. It should be noted that a number of
works previously demonstrated the possibility of producing a relief with an aspect ratio
of more than 100 [127,128], so the production of the ring gratings studied in this article
seems possible.

Initial experiments to create a ring grating with variable heights of individual relief
rings were carried out with a material with a lower refractive index, namely titanium
dioxide with n = 2.5, which was deposited on a quartz optical glass substrate. Preparations
for the creation of the future element began with the stage of washing and cleaning the
substrate. Next, a titanium film was deposited. The film thickness was controlled over
time, based on the stability of the sputtering process at given parameters.

Research has shown that due to the high resolution of the structure, the method of
direct laser writing with focused laser radiation is not applicable, since the resolution of
the method is higher than the required structure resolution. Therefore, at this stage of
recording, electron lithography was used. First, an electronic resist was applied to the
surface of the titanium dioxide film in order to carry out the lithography stage. Next,
using a lithography attachment, a latent image of the future structure was recorded. Next,
the plasma-chemical etching was used to form rings with variable height in the titanium
film. Next, the formed structure in a titanium film on a quartz substrate was subjected to
annealing in a muffle furnace at the experimentally established optimal temperature and
time parameters.

In the future, it is logical to continue experiments on the formation of a subwavelength
micro-relief with variable height in silicon [129-132], and there is a technology for creating
subwavelength cylindrical lenses [130] and subwavelength axicons [131] using the method
of plasma-chemical etching (Bosch process) of the substrate surface from high-resistivity
silicon [132].

5. Conclusions

The FDTD method was used in this paper to study the features of focusing Gaussian
beams and optical vortices of various widths on diffraction axicons and direct and reverse
ring gratings with variable height. It was shown that it is possible to select the parameters
of the illuminating beam and subwavelength element in such a way that it is possible to
reduce the size of the focal spot down to 0.36 A, form an extended light needle up to 5.79 A,
and form optical traps.

Analysis of the electric field intensity patterns showed that the minimum size of the
focal spot at the maximum on the optical axis for Gaussian beams was obtained for a direct
ring grating (in the immediate vicinity of the element) with a relief height of h;,, = 0.7 A
(FWHM = 0.43 A, p = 2). This result is 51.1% less for the same type of beam at the axicon
height i = 0.2 A. The minimum focal spot for the Laguerre-Gaussian modes (1, 0) was also
obtained for a direct ring grating at a distance of 0.24 A with a relief height of /1,5, = 0.7 A
(FWHM = 0.36 A, at p = 2). The resulting focal spot is 40% smaller than the focal spot
obtained for the same type of beam at an axicon height of 1 = 0.2 A (FWHM = 0.6 A).

The longest light needle for Gaussian beams (DOF = 5.79 A, p = 10) was obtained for
the case of an inverse ring grating at /1,5y = 1.2 A. This result is 2.29 times longer than the
light needle formed by a diffraction axicon with / = 0.2 A for the same type of input beam
(DOF =2.53 A) and 1.83 times longer than the best case for Laguerre-Gaussian modes (1, 0)
(DOF =3.16 A, p = 10).

The paper also shows the possibility of forming single optical traps using inverse
subwavelength ring gratings, both for Gaussian beams and for optical vortices, and the
best result was obtained for the Laguerre-Gaussian mode (1, 0) at p = 6. In this case the
formation of a narrow (FWHM = 0.27 A) and extended (Lx, = 1.12 A) region of reduced
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intensity on the optical axis is observed for the maximum relief height & = 1.7 A. The
minimum range of fluctuations in the intensity values of the trap walls was obtained (from
0.8% to 11.1%) for this optical trap.
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