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Abstract: When light is incident on the interface of different media, refraction and reflection occur. Also, while light
propagates through a medium, scattering by particles constituting the medium is a well-known basic property. Recently, the
non-classical phenomenon is expected to be the core of many technologies such as resonantly transfer energy, nanosized
quantum optical energy amplifiers, and nano-sensing technique. This technique uses a surface plasmon induced by the
reconfiguration of the distribution of electrons in a metallic material by stimulation of an external field. This is because, in the
nanoscale structure of the medium, the light intensity distribution in the medium is changed by the interaction of the fields in the
medium including the surface plasmon. In this study, the light transmission characteristics of the metal material array medium
with a size smaller than the skin-depth were investigated by 3D simulation of the FDTD method. The light intensity distribution
and light transmittance of the light passing through the medium of the metal (Au) cylinder and sphere array structure were
analyzed. The synergistic effect of light transmittance appeared as the light spread was reduced due to the interaction between
metal materials. In addition, when light is incident on the interface in an oblique direction, the beam peak is split into several

parts.
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1. Introduction

Light control technology is the key to the possibility of using
light. In terms of nano-optics, understanding the interaction of
light with nano-sized materials is the basis for light control.
When light reaches a material, it is scattered, and in a medium
composed of a combination of materials, the distribution of
light in space is changed by the overlap of each scattered light.
At the metal-dielectric interface, the field distribution changes
in space according to the relocation of free electrons on the
metal surface by the external field at the interface, resulting
in surface plasmon. The field by the surface plasmon affects
the field distribution in the adjacent space or on the nearby
metal surface. Due to this interaction, the beaming effect
of the propagating light occurs and transmittance increases.
[1, 2, 3, 4, 5, 6, 7, 8 9] In addition, in a metal structure
with periodicity, focusing and negative refraction occur in the
light propagation process due to multiple interactions between
them. [10, 11, 12]

In this study, the optical properties generated in a medium
composed of a sub-skin-depth metal array were investigated
through 3D simulation. In a metal plate lined up in the
propagation direction, light interacts between adjacent plates
in the transverse direction. As a result, the direction of the
beam changes in the transverse direction, and the negative
refraction phenomenon appears clearly.

In a periodic metal cylinder or metal sphere arranged
perpendicular to the direction of light, the lateral interaction is
relatively weak compared to that of the metal plate. However,
multiple interactions in the longitudinal or diagonal directions
occur simultaneously. As a result, the negative refraction
caused by the lateral action is weakened. On the other hand,
phenomena due to multiple interactions in the longitudinal or
oblique direction may occur. [13, 14, 15] Therefore, in this
study, the characteristics of transmitted light by metal cylinder
array and sphere array were analyzed. The material of the
metal cylinder and sphere analyzed in this study is Au. The
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skin depth of Au is ~25 nm and the relative permittivity is
€ = —16.5 4+ 1.06¢. And for metal properties, Lorentz-Drude
model was applied. Incident light had a Gaussian distribution
with a central wavelength of 632.8 nm and a half width of 265
nm, and was polarized along the x—axis.

2. Interaction Between Nano-size
Cylinders

In order to confirm the optical interaction between nano-
sized metal materials, the optical properties of a small number
of metal array structures were investigated. For this purpose,
the light intensity distribution of a single material, a lateral
single column array structure, and a multi-column array
structure was comparatively analyzed.

Figure 1 shows the distribution of the pointing vector and
electric field on the x — z plane when light polarized in the
x—direction is perpendicularly incident on the interface. The
simulation space is 0.5 ym x 0.5 ygm x 0.5 pum, and the
diameter and length of the cylinder are 20 nm and 500 nm,
respectively. In Figure 1 (a) ~ (c) is the result of cylinder
array for 1 x 1, (d) ~ (f)is 5 x 1, and (g) ~ (i) is 5 x 5. The
real component of the electric field appears relatively clearly
in the x—direction, but rapidly weakens in the z—direction
of (h). This is because the incident light is polarized in the
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Figure 2. Pointing vector distribution versus transverse (a) and longitudinal direction (b).

Figure 2 shows the distribution of real components of
the pointing vector, Sy, measured in the lateral direction
(x—direction) and longitudinal direction (z—direction) in the
z — z plane (Figure 1). The strength of the pointing vector
at the cylinder position is almost zero. In the space between
the cylinders, there is a curvature, and it is the peak value on
the left and right surfaces of the cylinder. Figure 2(a) shows a
lateral distribution, and since the incident light is polarized in
the +z direction, the peak value in the +x direction is slightly
high. There is no difference in the magnitude of the peak value
inthe 5 x 1 and 5 X 5 structures.

Figure 2(b) shows a vertical distribution, and peaks occur on
the front and rear surfaces of the cylinder. The peak values are
different in the 5 x 1 and 5 x 5 structures. This is different from
the characteristic in the lateral distribution. This clearly seems
to be because the interaction pattern in the array structure is
different. That is, in the metal plate, only the lateral interaction
contributes to the spatial field distribution. However, in
the case of [10, 11, 12], cylinder, multiple interactions not
only in the lateral and longitudinal directions but also in the
oblique direction contribute to the field distribution. In the
5 x 1 structure, only lateral interactions occur as in the plate
structure, but in the 5 x 5 structure, multiple interactions occur.
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3. Layer Effect

In this section, we intend to analyze the optical properties of
the structure in which nano-size cylinders are distributed in a
wider space. The simulation analysis area and cell size directly
affect the computation time. If the analysis area is large, the
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computation time of the computer increases proportionally. On
the other hand, as the cell size increases, the calculation time
decreases. However, if the cell size is set to be larger than
the appropriate size, the nano effect may be omitted from the
calculation result. Therefore, it is very important in nano-
optical research to determine the analysis area and cell size
at an appropriate level.
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Figure 3. Nano-size cylinder layer effect simulation model.

In this study, in order to analyze the optical effect of an array
of nano-sized metal materials, we set the simulation space to
2.0 pm x 0.5 pm x 2.2pum was set as shown in Figure 3.
In addition, the FDTD simulation cell size was set to 4 nm
so that the nano-effect was not omitted. In a previous study,
it was investigated that a cell size of 5 nm gave sufficiently
accurate results[11]. We set the boundary conditions so that all
electric and magnetic fields reaching the simulation boundary
are absorbed. This is to prevent the field reaching the interface
from being reflected back and affecting the optical properties.
Incident light is emitted at z = 0 and travels in the +z
direction, and the first column of the metal array starts at 0.25
pm.

In the case of subwavelength-thick metal plate array
structures, a strong and continuous lateral interaction occurs
between adjacent plates while light passes through them.
Therefore, focusing and negative refraction phenomena clearly
occur. [11] On the other hand, in the case of a periodic
metal array with a subwavelength diameter in the shape of
a cylinder and a sphere, the lateral interaction is weakened
and multi-interaction occurs. This is because there is no
continuity of material in the longitudinal direction in structure.
Accordingly, focusing and negative refraction are somewhat
weakened, and diffraction occurs due to the grating structure.
As a result, beam splitting occurs depending on the condition
of the incident light.

Figure 4 shows the light transmittance for the metal cylinder
array. The light intensity was measured by two detectors
installed on the x — y plane in Figure 3. One is a movable
detector installed at a certain distance (0.18 pm) from the end
of the metal array, and the other is a detector installed at a fixed
location (z = 2.19 pym).
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Figure 4. Light transmittance for light normal incident.

The blue solid circle in Figure 4 is the result measured by
the movable detector. As the number of layers increases, the
transmittance decreases. This is due to the attenuation by
the spread of light and absorption by the metal as the light
propagates through the medium space. A distinctive feature
is the periodicity of transmittance as the number of layers
increases. Transmittance periodicity was shown throughout
the graph. Moreover, it oscillated up to about 20 layers, but the
transmittance did not decrease. After the 20th layer, although
the oscillation of transmittance appeared weakly, it decreased
sharply. This result is considered to be because the beam
propagation tendency is strong in the front part of the metal
array, but the beam spread is strengthened as the scattering
effect by each cylinder becomes stronger toward the back.

The intensity of the result (open rectangle) measured by
the fixed detector increases as the number of layers increases.
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The direct reason is that as the number of layers increases,
the distance between the fixed detector and the end of the
metal array becomes closer. When light propagates through an
empty space, the intensity decreases as it diverges. Although
the intensity is weak even when light passes through the space
of the metal array, the degree of decrease is relatively small
compared to the degree of attenuation in the empty space.
This seems to be due to the redistribution of light intensity
in space by the interaction between metal materials. This
phenomenon shows the possibility of using nanomaterials as
energy transfer[16].

Figure 5(a) is the magnetic field, Hy distribution in the z — z
plane (y = 0) for the 45-layer array of cylinder metal. The
intensity change appears periodically in the direction of travel,
and the spread is weakened rather than proceeding through the
empty space. Figure 5(b) is the electric field, Ex distribution
in the z — y plane (fixed detector z = 2.19 um). In the case
of a monolayer, the x— and y—axis are symmetric similar to
the characteristics of incident light. However, if the number of
layers increases, the symmetry is broken by the influence of the
polarization of the incident light (z—axis direction). However,
beam splitting due to multiple gratings is not observed.

Figure 5. Field distribution (a) Hy at x — z plane (y=0) for 45 layers (b) Ex at x — y plane (z=2.19 pm) for layer of 1, 20, and 45.
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Figure 6. Transmittance for air and metal cylinder array.

Figure 6 shows the transmittance of light propagating
through an air (solid-rectangle) space and a metal cylinder
array (solid-circle) medium. The intensity of light propagating
through empty space is rapidly weakened due to the spread.
The intensity of light passing through the metal cylinder
array is also weakened due to diffusion and absorption of the
metal. However, as the number of layers of the metal cylinder
increases, the subwavelength-sized metal fills the empty space,
and as the light intensity is redistributed by the interaction
between the metals, the diffusion becomes weaker. As a result,
the light transmittance is increased when the metal is filled

rather than when passing through an empty space.

4. Tilted Effect of Inciddent Beam

In the previous section, the characteristics of transmitted
light were analyzed when light was incident perpendicularly to
the interface. In this section, the characteristics of transmitted
light were analyzed when incident light was incident on the
interface in an oblique direction (45°).
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Figure 7. Light transmittance for 45° incident.

Figure 7 shows the light transmittance measured by the
movable detector and the fixed detector. The overall trend



American Journal of Modern Physics 2022; 11(1): 7-12 11

of oscillation and increase/decrease is similar to Figure 4,
which is the case of normal incidence of light. The movable
detector result is similar in that the oscillation phenomenon is
weakened more rapidly (about 20 layers), but rapidly decreases
thereafter. The result of the fixed detector shows a distribution

with an inflection point of the increasing curve. On the
other hand, the result of the fixed detector in Figure 4 is
quite different from that showing an almost linearly increasing
distribution except for the initial oscillation.

Figure 8. Field distribution (a) Hy at x — z plane (y=0) for 45 layers (b) Ex at x — y plane (z = 2.19) for layer 1, 20, and 45.

Figure 8 (a) and (b) are the magnetic (Hy) and electric (Ex)
field distributions, respectively. A marked difference from
Figure 5, which is the result when the incident light is incident
perpendicular to the interface, is observed. The splitting of the
beam in the x-direction can be seen in Figure 8(a), which is the
result in the z — z plane. Figure 8(b) is the result in the x — y
plane according to the number of layers of the metal array.
Here, too, as the number of layers increases, light splitting
can be observed. As the number of metal layers increases,
the beam splits in two. If the number of layers is further
increased, the beam is divided into three branches. And the
peak position of the intensity distribution moves in the —z
direction. The reason that the beam splitting phenomenon
cannot be explained simply by diffraction is that the beam
splitting does not appear when light is vertically incident.
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Figure 9. Light intensity distribution of at x — y plane(z = 2.19um) for cylinder and
sphere for 45 layers.

Figure 9 is the distribution of the pointing vector in the
r—direction in the z — y plane (2 = 2.19 pm) for the
45th layer. Moreover, not only the cylinder metal array

analyzed previously, but also the sphere (both diameter and
spacing 20 nm) metal array results are shown. Cylinders
are arranged in y—direction, so it is an array structure in
x— and z—directions. However, a sphere is a 3D array
structure of x—,y—, and z—directions. Therefore, there
are similarities between the two structures in the z— and
z—direction directions, but the structures are different in the
y—direction direction. Accordingly, the similarity of the two
structures is shown in the z—direction intensity distribution in
Figure 9. In both structures, three peaks appear in the intensity
distribution of the 45-layer metal array.
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Figure 10. Light intensity peak position.

Figure 10 shows the intensity peak positions of light passing
through a metal cylinder and a sphere array. The shaded area in
the graph represents the 45-layer metal array section. Light is
incident on the metal array area at 45° to the 4+ direction from
the starting point (z = 0.0 pum, x = —0.5um). In the case of
cylinder, the beam proceeds in one line up to the 25th floor,
and then splits into three lines. Between them, the beam splits
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into two and ultimately into three. In the case of the sphere,
it splits after the 20th layer. These results are respectively
related to the solid-circle distribution in Figure 7. In the case of
cylinder, the transmittance oscillates, and it decreases rapidly
after passing the 25th layer. Therefore, it seems that the sharp
decrease in the intensity of the transmittance in Figure 7 causes
the intensity to decrease in the propagation direction as the
beam splits and spreads in the array structure.

5. Summary

In this study, the optical properties of subwavelength-sized
metal array structures were analyzed. For this purpose,
light distribution and light transmittance in the cylinder array
structure were investigated. Multiple interactions between
metal materials occurring in the array structure affect the
spatial field distribution. This caused a difference in the
distribution of the longitudinal pointing vector in the 5 x 1
structure and the 5 x 5 structure. The light transmittance
was higher when passing through the nano-size metal layer
than through the empty space. This is a result that cannot be
explained simply by diffraction in a regular array structure. In
addition, when the number of array layers increased when light
was incident on the interface in an oblique direction, the beam
was split into several strands. This phenomenon occurred
after about 20 layers, and showed almost similar results in
the cylinder array and sphere array structures. Combining the
results of this study, it is expected that various applications
such as energy transfer can be confirmed through a more
detailed analysis of multiple interactions occurring in the
subwavelength size metal array structure.
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