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Abstract: In this study, we present the simulations and experimental observations of photonic jet (P])
shaping by control of tangential electric field components at illuminating wavelengths of 405 nm,
532 nm, and 671 nm. The PJs are generated by a single dielectric 4-micrometer cube that was
fabricated from polydimethylsiloxane (PDMS). The dielectric cube is deposited on a silicon substrate
and placed on two aluminum masks with a width equal to the side length of the cube. Due to the
appearance of the metal masks, the focal length and decay length of the generated PJs decreased
almost twice, while the PJ resolution increased 1.2 times. Thus, PJ shaping can be controlled by the
presence of the metal mask along the lateral surface of the cube without changing the external shape
or internal structure of the cube. This effect is based on the control of the tangential components of
the electric field along the lateral surface of the cube. In the case of a one-sided metal mask, the effect
of optical deflection and bending is predicted to form a photonic hook. Due to the low cost of these
dielectric cubes, they have potential in far-field systems to better meet the requirements of modern
optical integration circuits and switches.

Keywords: photonic jet; dielectric cube; beam shaping

1. Introduction

To form a photonic jet (PJ) with the required properties, several parameters of a low-
loss dielectric particles can be changed, including the shape, size, material, and refractive
index contrast [1-4]. Moreover, Mie size parameter g of a dielectric particle must corre-
spond to g ~ (2 ... 40)mt, where g = 27tr /A, r is the radius of the particle and A is the incident
wavelength [2]. The problem of the PJ] beam shaping included several methods is consid-
ered in the literature. The influence of specific wavefront shaping illumination for SiO; and
BaTiOj3 spherical particles is presented in the geometrical optics approximation conditions,
i.e., with a diameter of the particles about g ~ 1007t [5,6]. It is shown that the bending of
axial field intensity distributions is similar to a classical lens with a decentered aperture due
to the relatively large spherical aberration [7]. Among others, the P] beam shaping methods
include light polarization manipulation [8,9], illuminating wavefront structure [10,11],
particle material compositions [12-15], sphere and cuboid particle apodization [16-18], and
the shadow surface of particle nanostructuring [19,20]. These PJ beam shaping methods
have a lot in common. The field intensity distributions of the P] shape depend significantly
on the optical properties and size of the generating particle materials as well as the shape
and polarization state of illuminating waves [21]. Additionally, the modulation of PJ
properties by dielectric spherical and cuboid particles surrounded with ideally conducting
thin masks has been theoretically investigated [22]. It is observed that the effect of a thin
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mask on the PJ properties depends on the mask position along with the dielectric parti-
cles. However, there are very limited and clearly insufficient investigations of the role of
tangential electric field components in the spatial and electromagnetic properties of the
PJ. It could be noted that, in recent years, the studies in the field of the PJ effect based
on the wavelength-scaled dielectric particles have gained more and more popularity and
have found numerous applications, including optical trapping [23], nano-fabrications, and
surface nano-patterning [24], quantum dot writing [25], microsphere-assisted microscopy
and interferometry [26,27], auxiliary optomechanical manipulation [28], surface-enhanced
Raman scattering [29], optical waveguides and switching [30,31], and biosensing [32], to
name a few.

In this work, we present the PJ] beam shaping generated by a particle of dielectric
micro-cube (DMC) in the presence of the metal masks with the mask width equal to the
side length of the DMC. The cubic particle shape with dimensions close to the incident
wavelength is selected because it makes it possible to manufacture particles with a small
number of defects and good quality [33]. Based on the experiments and finite-difference
time-domain (FDTD) simulations, it is shown that both the PJ] beam lateral width and length
decrease by placing two metal masks along the cubic particle side. For this reason, we study
the main parameters of the PJ such as full-width at half-maximum (FWHM), propagation
length, and maximal field intensity distribution for a mesoscale cuboid particle in both free
space and the presence of the metal masks. The designed DMC has been fabricated for
measuring its focusing properties. A scanning optical microscope estimates the focusing
performances in the visible light region at three wavelengths of 405 nm, 532 nm, and 671 nm.
The experimental results are in reasonable agreement with simulation predictions. The
suggested DMC with metal masks may open a new direction for both scientific researches
and future industrial applications.

2. Methods and Results

The schematic of the studied system and the parameter definitions for the PJ with
metal masks are shown in Figure 1. We exhibit the artistic representation of the DMC
with two metal masks for generating PJ. The width, height (h), and length of the DMC
are about 4 pm x 4 um X 4 pm, which corresponds to the condition of 4 < 107. Because
an illuminated Gaussian beam with a breadth of 1 mm is much bigger than the DMC
dimensions, the laser beam can be regarded as a quasi-plane wavefront. The DMC was
placed on a silicon substrate with a refractive index of 4.15 + 0.05i, and the DMC material
was polydimethylsiloxane (PDMS) with a refractive index of 1.43. We study numerically
and experimentally the production capability of the PJ using the DMC illuminated by a
laser beam without and with the metallic masks. The two equal aluminum masks with a
width equal to the side length of the cube are positioned close to the DMC side surface.
The wave vector of illuminating laser beam is in the positive x-direction. The spatial field
intensity distributions are examined in the x-z plane near the shadow surface of the DMC.

The main parameters of the P] include focal length, FWHM, decay length, and max-
imum peak intensity (MPI). The focal length f is defined as the distance from the DMC
shadow surface to the point of MPI along the z-axis, and the decay length is defined as
the distance from the MPI to the point at which the field intensity decays to 1/e time
along the z-axis. We used the FDTD method with a mesh size of A/20 to simulate the
spatial field intensity distribution near the shadow surface of the DMC with and without
metal masks [34,35]. The perfectly matched layers boundary conditions were implemented
in the rigorous 2D FDTD simulation area. The insert in Figure 1 shows the microscopy
photograph of the fabricated dielectric structure on a substrate. The selection of the PDMS
material is an example of the DMC because it can be easily fabricated by replica molding
technology and lithography [36]. The hole-type micro-pattern was created on a bare sub-
strate by using a mask aligner and exposure apparatus. The hole-type pattern was operated
for casting PDMS cube as a pattern transfer agent. We injected a liquid PDMS mixture
into the hole-type pattern and then put another bare substrate upon it. After baking at



Photonics 2021, 8, 317

30f12

85 °C for 20 min, the solidified PDMS cube was obtained from the hole-type pattern. Some
details of the technological process may be found in References [21,37]. A scanning optical
microscope system was used to measure the focusing performances of the DMC with and
without metal masks. The laser beam source was a diode-pumped solid-state linearly
polarized laser with wavelengths of 405 nm, 532 nm, and 671 nm. A CMOS camera with
high resolution is used to capture the direct images of field intensity distributions from
the top view of the DMC. The DMC was placed on a two-axis piezo-assist stage (Sigma
Koki, Tokyo, Japan, TADC-402WSPA) with 20 nm resolution. The technical details of the
scanning optical microscope system can be found in Reference [38].

Metallic mask

Laser beam

Dielectric cube
- lum

Focusing spot

Photonic jet

Piezo assist stage

Figure 1. Geometrical description of the photonic jet generation by the dielectric cube with metal
masks. The insert indicates the microphotograph of the single dielectric cube on a substrate.

Figure 2 shows the experimental raw images and corresponding FDTD simulations
(made in free space without dielectric support) for the DMC without metal masks at
three incident wavelengths. The simulations and experimental results are in reasonable
agreement. The discrepancies between the simulations and the experiments in Figure 2 are
due to the influence of the substrate in the experiments, which the DMC is placed on [37].
As seen from the figures, the presence of a dielectric substrate imposes oscillating behavior
to the field intensity distributions in experiments due to multiple field reflections from the
silicone substrate and non-constructive interference [39,40]. In both the experiments and
the simulations, it is clearly seen that an increase in the wavelength of the illuminating
radiation from 405 nm to 671 nm leads to a decrease in the propagation length and the focal
length. This is due to the fact that the effective size of the DMC decreases with increasing
incident wavelength [41].

Figure 3 shows the experimental raw images for the DMC with two metal masks at
the same three incident wavelengths in comparison to FDTD simulations. In the case of
the DMC with metal masks, both the propagation length and the focal length decrease
with an increase in the wavelength of the illuminating radiation from 405 nm to 671 nm.
Comparing Figures 2 and 3 indicates that the presence of the metal masks influences
the focusing properties of the DMC. As shown in Figure 3, the range of field intensity
distributions is reduced when the metal masks are placed on the side surface of the DMC.
Meanwhile, the PJ length increases as the incident wavelength decreases, but the P] width
decreases as the incident wavelength decreases. As the engineered DMC with metal masks
exhibits a high-concentration PJ, the field intensity distributions in Figure 3 support the
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conclusion regarding the contribution of the metal mask to the P]. The proposed DMC with
metal masks can work at several adjacent wavelengths.

(mW/m?)

4.04 Simulation at 405-nm wavelength without mask (a)

Simulation at 532-nm wavelength without mask (b)

L

Simulation at 671-nm wavelength without mask )
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Experiment at 405-nm wavelength without mask (d)

-

Experiment at 532-nm wavelength without mask )

. @ e
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Figure 2. Simulation results of the power flow patterns for the dielectric cube without mask at
incident wavelengths of (a) 405 nm, (b) 532 nm, and (c) 671 nm. Experimental raw images of the
dielectric cube without mask at incident wavelengths of (d) 405 nm, (e) 532 nm, and (f) 671 nm.

Figure 4 shows the normalized intensity profiles of the PJs in the propagation direction
and transverse direction for the DMC without and with metal masks at wavelengths of
405 nm, 532 nm, and 671 nm. The intensities for all DMCs with and without metal masks
are normalized to the maximum intensity from the DMC at an incident wavelength of
405 nm. It can be clearly seen that when the DMC is placed with metal masks, the peak
of the field intensity in the propagation direction shifts to the left towards the shadow
surface of the DMC, and the width of the field intensity distributions at the focus plane
also decreases by about 20%. In the simulations and experiments, the length, width, and
MPI of the PJ depend on the presence of metal masks. More importantly, the focusing
parameters of the PJ are tuned in both the z- and y-directions by placing the masks near
the side faces of the DMC. The nature of considered effects is described by tangential
field components during the formation of the PJ [22]. In the presence of the metal masks
alongside the DMC faces, a reflected wave appears because the field component disappears
at the contact area. As a result of reflection, the amplitude of the tangential electric field
component increases in the direction opposite to that of wave propagation and weakens
in the direction of wave propagation. These effects lead to the displacement of the power
flow density concentration area across and in the direction of wave propagation. The PJ
moves from the far side to the near surface of the DMC by placing two metal masks.
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Figure 3. Simulation results of the power flow patterns for the dielectric cube with metal masks at
incident wavelengths of (a) 405 nm, (b) 532 nm, and (c) 671 nm. Experimental raw images of the
dielectric cube with metal masks at incident wavelengths of (d) 405 nm, (e) 532 nm, and (f) 671 nm.
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Figure 4. Normalized intensity profiles of the photonic jets in the propagation direction for the
dielectric cube (a) without and (b) with metal masks. The origin of the propagation direction is
located at the cube surface. Normalized intensity profiles of the photonic jets in the transverse
direction for the dielectric cube (¢) without and (d) with metal masks. The insert indicates the
locations of the propagation direction and the transverse direction.

It is especially necessary to illustrate the spatial position, length, and width of the PJ.
Figure 5 summarizes the PJ characteristics without and with the presence of metal masks
at different wavelengths. At a fixed wavelength, all main parameters (focal length, FWHM,
decay length) of the PJ are reduced in the presence of the metal mask. For example, the
focal length decreases 1.8 times (from 7.5 pm to 4.2 um), decay length decreases 1.7 times,
and the resolution (FWHM) increases 1.2 times at an incident wavelength of 671 nm. It
can be observed in Figure 5a that the focal length is a nearly linear enlargement with the
decrease in incident wavelength. As a result, the focal length of the PJ can be adjusted by
the metal masks, which could be a great benefit for practical applications. The DMC with
metal masks is appropriate for detecting nano-scale targets away from the DMC surface.
In Figure 5b, the FWHM decreases as incident wavelength decreases. The smallest FWHM
is obtained for the DMC with metal masks for size parameter g4 = 9.87m at an incident
wavelength of 405 nm. In this work, the height (i = 4 um) of the DMC is chosen as an
example. By properly selecting the DMC dimension, the considered DMC can be employed
to overcome the diffraction limit at the beam focusing [26]. The PJ characteristics (focal
length and location) can be drastically modulated by controlling the size parameter g of
the DMC. For example, we may employ a PDMS cube to detect the existence of slight
nano-targets (particles or films) inside or outside the PDMS cube. The DMC with metal
masks generates the PJ with high intensity and spatial concentration. The nanoparticle
inspections in the visible light region can be realized by the backscattering enhancement of
the PJ.
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Figure 5. Main parameters as a function of incident wavelength for photonic jets: (a) focal length,
(b) FWHM, and (c) decay length.

Optical wavelength-scaled focusing elements occupy a key role in photonic applica-
tions. One of the most fundamental functions of such optical devices is light switching. The
development of the P] generation with chip-scale controllability of the beam steering and
deflecting is important for a wide range of modern applications including optical commu-
nication [42], switch [43], and laser printers [44]. A composite photonic crystal composed
of square and rectangular lattices is used to construct an artificial lasing band edge, which
determines the direction of an optical beam. The laser devices based on such composite
photonic crystal constructions may emit optical beams over a range of orientations, which
can be dynamically and continuously controlled by the on-chip photonic integrated circuit.
However, the shape of such composite photonic crystal structure is complex, making it
very difficult to manufacture for practical applications. Therefore, we offer a novel concept
to realize the possibility of the PJ steering using controllability of tangential electric field
components.

In order to demonstrate PJ] beam steering by control of the tangential electric field
component, Figure 6 shows the simulation results of the DMC with only a one-side metal
mask at incident wavelength of 532 nm. The start and inflection points are located at
MPI/e on the left and right sides of MPI along the propagation direction (z or z; axes). The
effects of a shift in the focal length and the PJ deflection on the presence of the one-sided
metal mask are clearly noticeable. In the case of placing the mask on only one side of the
DMC, the curved PJ not only deflects by an angle of about 5° (angle between the z and z;
axes) but also acquires a slight curvature. The original type of such curved PJ is known
as a photonic hook (PH) [45]. Figure 6c shows the intensity profiles from the energy flux
density distributions in the z and z; directions. In the intensity profile along the z-axis, it
can be seen that the inflection point (point A) is observed corresponding to the beginning
of the PJ curvature at a distance of about 13 pm from the DMC surface. Compared with the
intensity profile along the changed direction (z1-axis), the inflection point (point B) shifts at
the distance of about 15 pm (about 28A), which indicates the appearance of the curvature
of the formed PJ. The asymmetric interference structure of the localized field distributions
along the radiation propagation axis is also clearly visible, which manifests the effect on
the presence of a one-sided mask.
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Figure 6. Simulation results of the power flow patterns for a cube with masks on (a) two sides and
(b) one side. (c) Intensity profiles of the photonic jets in the propagation direction for the dielectric
cube with two and one metallic masks. The origin of the propagation direction is located at the
cube surface.

The control of the tangential electric field component is carried out by using a metal
mask placed along the dielectric side surfaces of a cubic particle, which has a thickness
greater than the thickness of the skin layer [22]. For ease of experimental demonstration
of this effect, we employ a thick mask with a width equal to the cubic size in this study.
In contrast, the effect of a thin mask has been demonstrated in Reference [22]. The two
components of the Poynting vectors for the DMC without and with masks are considered
to clarify the effect of the thick mask on the PJ shaping. Figure 7 shows the simulation
results of Poynting y- and x-components of the power flow patterns for the DMC without
and with metal masks. The reflected waves appear in the presence of thick masks alongside
the particle faces because the field component disappears at the contact zone. As shown
in Figure 7c,d, the amplitude of the tangential electric field component declines in the
propagation direction and increases in the opposite direction of the wave propagation.
The details of the displacement of the power flow density concentration region across and
in the propagation direction have been described in Reference [22]. It can be seen from
Figure 7a,b that the PJ intensity distribution varies from the sword type to the dagger type.
The PJ location moves near the DMC surface by placing two metal masks. To illustrate the
effect of the mask width on the PJ shaping, Figure 8 shows the simulation results of the
power flow patterns for the DMC with metal masks of zero, half-width, and full width
at 671 nm incident wavelength. It was observed that by increasing the mask width from



Photonics 2021, 8, 317

9of12

zero to the cubic length, the focal length reduces from 6.51 um to 4.36 pm and the FWHM
of the PJ is nearly constant. In the future, we may use an integrated electronic circuit to
manipulate the position of the metal masks, enabling advanced focusing beam control. For
example, any desired angled focusing beams and their on-demand modulation could be
realized by the DMC with metal masks.

Poynting y-component a) | e oyntingx-component (c)

Poynting y-component (b) Poynting x-component  (d)

min.

Figure 7. Poynting y-component of the power flow patterns for the dielectric cube (a) without and
(b) with metal masks. Poynting x-component of the power flow patterns for the dielectric cube
(c) without and (d) with metal masks.

Length (pum)

A\

L\
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zE
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Simulation with full mask  (¢)

min. 0 0.5 1
Mask width (k)

Figure 8. Simulation results of the power flow patterns for the dielectric cube with metal masks of
(a) zero, (b) half width, and (c) full width at incident wavelength of 671 nm. (d) Focal length and
FWHM as a function of the screen width for the PJ.

3. Conclusions

In conclusion, we directly observed experimental effects of the PJ shaping and steering
in the multispectral visible light at the wavelengths of 405 nm, 532 nm, and 671 nm for
the DMC with size parameters of g = 9.877, 7.527, and 5.96m in the presence of the metal
masks along both 1- and 2-lateral surfaces of the DMC. It was demonstrated experimentally
and numerically that a number of main parameters of the generated P] can be controlled
by the presence of the metal mask along the DMC lateral surface without changing the
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external shape or internal structure of the DMC. The modulation effect is based on the
control of the tangential electric field components along the DMC surface. It is shown that
the length and lateral width of the PJ shape decrease upon placing two metal masks along
DMC side surfaces. In the case of a one-sided metal mask, the deflection and bending of
the formed PJ (PH) are observed from the power flow patterns. The deflection angle can be
tuned almost linearly by tuning the position of a metal mask along one side of the DMC.
The PJ beam deflection and steering may play a key role in laser micromachining [46],
imaging applications [47-49] including optical microscopy based on cantilever combined
with microparticle [50] and nano-manipulation [51]. Finally, we believe that the described
method of the PJ parameters control should be inherent to other types of beams and
frequency bands, including surface waves and microwaves. This study will have a wide-
reaching influence on a range of practical applications, including chip-to-chip optical
communication and laser scalpels embedded in capsules for medical treatments.
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