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By using Mie resonance coupling effects, low-loss silicon particles as receiving or transmitting antennas can
strongly localize the electromagnetic field. Enhanced extraordinary optical transmission (EEOT) is
generated by placing two such silicon particles symmetrically on both sides of subwavelength hole
arrays in the terahertz (THz) region. When the hole radius r is 17 times smaller than the resonance
wavelength A (r/2 = 0.06), the enhancement factors of the resonator—hole and the resonator-resonator

coupling structures are 154- and 629-fold compared to that of the hole-only structure, respectively. The
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Introduction

The interest in enhanced transmission of electromagnetic
waves through subwavelength holes has been increasing
significantly for a long time.'*® According to Bethe's theory, the
transmission efficiency through a small hole scales with the
ratio of r/A.* If the hole radius r is much smaller than the
incident light wavelength A, the transmission efficiency is
close to zero.” How to enhance the transmission efficiency of
subwavelength holes was always a tough problem in the
process of modulating optical transmission until Ebbesen
et al. discovered the extraordinary optical transmission (EOT)
phenomenon in a two-dimensional metal hole array.® The
transmittance at a specific wavelength is much higher than
that predicted by Bethe's theory. The EOT phenomenon
provides a brand-new method to control the movement of
photons and improves the transmission of optical informa-
tion.”™ It attracted extensive research interest in the fields of
optical communication, spectral imaging, sensors, tunable
optical filters, absorbers, and near-field optics.**'*® A large
number of theoretical and experimental studies have verified
that EOT can be produced through metal holes or periodic
slits.””* In 2004, Tanaka and others simulated an I-shaped
aperture in a thick metallic screen and obtained a high near-
field intensity. Such a characteristic is also attributed to the
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generation and propagation of surface plasmon polaritons
(SPPs) in metal hole arrays.>® It is a common understanding
that in many optical systems, such as sensors and nano-
lithography, if a small hole is partially or completely covered
by an opaque metal, it will hinder the propagation of light.>*~>*
In recent years, some scholars have found that by designing
specific functional units in or on holes, the hole array can
instead produce greatly enhanced transmission, which is
mainly due to the antenna effect of the particles.*** Sugaya's
research group in 2017 reported a technique for tuning
a resonant frequency and enhancing the transmission of
a bull's eye plasmonic antenna by forming dielectric materials
on a subwavelength aperture.” They observed that the use of
the dielectric material shifted the peak frequency of THz
transmission through the aperture, and also increased the
transmission by 20%.

In fact, when the particles are placed in a metal hole, the
localized surface plasmon resonances (LSPRs) can be effectively
coupled with the SPPs, further enhancing the extraordinary
optical transmission.”* In 2020, Wang's research group
showed that a nanorod inside a nanohole acts as a nano-
antenna and the length of the nanorod determines the reso-
nance radiation wavelength.”® They demonstrated that the
proposed structure has a new EOT mode when the polarization
of incident light is along the long axis of the nanorod. This new
mode possesses high local E-fields and the transmission
intensity can reach 68% for a wavelength of 1.31 pm. Our recent
study shows that a THz enhanced extraordinary optical trans-
mission (EEOT) is generated when a gold hole array is
combined with a gold hemisphere particle in the middle.?® This
THz EEOT mode, caused by the coupling between the SPPs and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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LSPRs, improves the transmission intensity to 97%, and the
bandwidth is nine times wider than that in the case of no
particle in the hole. Different from the devices based on exci-
tation SPPs and LSPRs to realize EEOT, another method of
realizing EEOT is to place a particle antenna on a hole, which
can take advantage of particle resonance to concentrate and re-
radiate light energy.*® In 2009, Cakmak et al. reported an EEOT
through a single circular subwavelength aperture that is incor-
porated with a split ring resonator at the microwave regime.
Transmission enhancement factors as high as 530 were
observed in the experiments when the SRR was located in front
of the aperture in order to efficiently couple the electromagnetic
field.** However, due to the non-radiative ohmic loss in metal
resonators, light energy suffers serious loss during light trans-
mission, which further limits the application of such struc-
tures.**** Besides, EOT structures integrated with dielectric
resonators were also proposed. By using the Mie resonance
coupling between two low-loss ceramic antennas, Guo’s group
demonstrated that the broadband transmission is 300 times
higher than the transmission of an aperture-only structure in
the microwave band.** In the relatively underdeveloped but
technologically important terahertz regime, it is of great
significance to use Mie resonance of dielectric particles to
further enhance the transmission through subwavelength
holes.

In this work, we propose a gold subwavelength hole structure
with two low-loss silicon particles symmetrically placed on both
sides of the hole. In the 1° Mie resonance mode, the silicon
particles can be regarded as magnetic dipole antennas, which
can effectively guide the incoming electromagnetic waves to the
subwavelength aperture, and then transmit them to the free-
space through Mie resonance coupling. The basic idea of this
THz EEOT phenomenon can be understood as the process of
first coupling the electromagnetic energy through the left
silicon antenna, resonating with the SPPs excited at the metal
hole array, and then re-radiating the energy through the right
silicon antenna. Even though the size of the hole is much
smaller than the incident wavelength (/2 = 0.06), a 629-fold
enhancement is obtained by using the magnetic coupling of the
two silicon particles (resonator-resonator coupling) in the
proximity of the aperture. The structure preferably enhances
transmission compared to the structures with only one particle
on the left side of the hole (resonator-hole coupling), or with
one particle on the right side (hole-resonator coupling), or with
no particle (hole-only). Furthermore, we discuss the physical
mechanism of EEOT by simulating transmission, reflection,
magnetic field, and current distribution. This mechanism could
also be referred to other light bands, such as microwaves,
infrared, etc. The proposed structure realizes EEOT by using Mie
resonance of low-loss silicon particles, which not only solves the
problem of metal ohmic loss when using metal resonators, but
also further reduces the device size in the THz band. Mean-
while, it shows excellent advantages such as high transmission
efficiency, strong localization of the electromagnetic field, and
considerable compatibility with existing semiconductor
processes.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion

The diagram of a subwavelength hole with radius r in a gold film
is shown in the inset of Fig. 1(a). The Au film thickness is 1 um,
which is much larger than the skin depth and opaque to the
incident plane wave.** The optical constants of Au are quoted
from the Drude model.** For the Mie resonance coupled THz
transmission, two silicon particles with a side length w of 12 um
are symmetrically placed on both sides of the small hole, as
shown in Fig. 1(b). The low loss silicon permittivity is described
by the Palik model. The square period p of the unit is fixed at 50
pum. Fig. 1(c) shows the cross-section of one-unit cell in the xz
plane. The height of two identical particles # is equal to 4 um.
Three-dimensional finite-difference time-domain (FDTD) solu-
tions are performed to calculate the transmission spectra and
electromagnetic field distribution. Perfectly matched layer
boundary condition is used on the x direction and periodic
boundary conditions are placed on the y and z directions. A
spatial step discretization of 0.8 x 0.8 x 0.1 um?®, a running
time of 800 ps and an auto-shutoff minimum of 1 x 10~° in the
simulations are adopted to trade between accuracy, RAM
capacity, and running time. A plane wave source propagates
along the x direction with an electric field polarized along the y
direction.

As shown in Fig. 2, the transmission spectra of hole-only,
resonator-hole coupling, hole-resonator coupling and reso-
nator-resonator coupling arrays are numerically simulated
when the r and # are fixed at 4.5 and 4 um, respectively. For the
hole-only structure, it is obvious that the maximum trans-
mission at 5.98 THz is about 0.002 (as shown by the black line in
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Fig.1 Schematic diagrams of a periodic subwavelength hole array and
silicon particles in a gold plate. The inset of (a) shows a unit cell of the
hole array with a small hole radius of r and metal plate thickness t =1
um. (b) Perspective view and (c) cross-section (xz-plane) of the two
silicon particles symmetrically placed on both sides of the aperture.
The unit cell’s periodicity p = 50 pm, silicon particles’ length and width
w = 12 pm and the two particles’ height h = 4 um. The electromag-
netic wave propagates along the x direction with an electric field
polarized along the y direction.
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Fig. 2 Transmission spectra of hole-only (black line), resonator—hole
coupling (red line), hole—resonator (green dotted line) and resonator—
resonator coupling (blue line) structures. The hole radius is fixed at 4.5
pum and the particle height h is equal to 4 um.

Fig. 2, amplified 10 times). The same result was also obtained
from HFSS simulation. It can be seen that there is no obvious
sharp resonance in the transmission spectrum of the hole-only
structure. The weak transmission peak is due to the much
smaller ohmic loss and hole radius than the period and inci-
dent wavelength, so electromagnetic waves cannot be effectively
transmitted. When a single silicon particle is placed on the left
side of the hole (namely, the resonator-hole coupling structure,
red line in Fig. 2), the peak red-shifts to 5.36 THz and the
transmission intensity increases significantly to 0.24, implying
an enhancement factor of 120. Interestingly, with the same hole
parameters, the transmission spectrum of the resonator-hole
coupling structure (red line in Fig. 2) is almost the same as that
of the hole-resonator coupling structure (green dotted line in
Fig. 2). However, as will be discussed below, the detailed
coupling process, current distribution and reflection intensity
are quite different between these two structures. When two
silicon particles are placed symmetrically on both sides of
a subwavelength hole, the transmission intensity is as large as
0.68 in the 4.66 THz region (blue line in Fig. 2), and the
enhancement factor can reach up to 336, revealing a greatly
enhanced THz EOT effect.

When the plane wave is incident to a single isolated dielec-
tric object, the scattered field can be decomposed into
a multiple series. Based on the exact Mie solution of the
diffraction problem, the scattered electric field and magnetic
field by a small spherical particle are proportional to the scat-
tering coefficients a,, and by, respectively,*

1Y (1), (%) — Y ()Y (1)

am = : ; (1)
Y (nx)€, (x) — € ()Y, (nX)

o Ym0V (3) = iy ()04, () 2
ll/m(nx)gm(x) - n‘fm (X)‘//m(”x)

where n is the relative refractive index of the dielectric, ¥, and
&m are the Riccati-Bessel functions and x = kqr, where k, is the
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free-space wave number and r is the radius of the sphere. At the
first Mie resonance mode (related to the magnetic coefficient,
b,), the silicon particle is equivalent to a magnetic dipole, which
can highly localize the external field inside the particle. It can be
confirmed from the simulated current distribution with direc-
tions and the strength of the magnetic field on the entrance side
of the silicon cuboid. Illuminated by an incident THz beam
polarized along the y-axis, it can be clearly seen from Fig. 3(a)
that the polarization current is also along the y direction. The
polarized charge on the surface excites the magnetic dipole
resonance (as shown in Fig. 3(b) and (c)). In fact, the energy is
first coupled in the form of polarization current at the center,
and then it transmits oscillating electromagnetic waves to the
subwavelength gold hole array. It can be seen from Fig. 3(b) that
the magnetic induction lines excited by the polarization current
flow from one magnetic hotspot to another hotspot and then
flow into the silicon particle. The current distribution reveals
that the silicon particle acts as a Hertz-type magnetic dipole
antenna effectively coupling the incident electromagnetic wave
to the hole. It is worth mentioning that at the exit interface, the
energy is also radiated from the center of the particle to the
periphery of the free space in the magnetic dipole mode. This
process clearly reveals how the electromagnetic wave couples
into the particle and radiates to the far field.*” Therefore, silicon
particles can be used as strong magnetic dipole resonators to
enhance transmission.

It is well known that two resonating particles with the same
resonance frequency tend to effectively couple and converge
field energy, where the transfer is mediated by the overlap of the
near magnetic fields of the two dielectric resonators. The two
resonantly coupled particles can be expressed by the coupled-
mode theory. The physical system is described using the
following equations,®®

a(t) = (iwy — I'y)ay(0) + ikjpax(t) + Fi(f) (3)
ax(t) = (iwy — I'y)ax(t) + ikyjai(t) + Fy(1) (4)

Here, the indices 1 and 2 denote the two resonant particles.
lai()]> and |a,(£))> are the localized energy stored at the two
magnetic dipole resonators, w; and w, are the individual reso-
nant angular frequencies, I'; and I', are the intrinsic decay rates
(due to absorption and radiated losses), F;(¢) and F,(t) are
driving terms, and k,, = k,; are coupling coefficients between
the two resonant objects indicated by the subscripts. When two
silicon particles resonate together, the coupling efficiency is,*®

I'ylas|

C Dila + (T + Ty)|aa)

(5)

where I, is the load decay through the load connected to the
resonant particle 2. The transmission coefficient is denoted by
the coupling efficiency of the two resonators. Maximizing the
efficiency 7 of the transfer with respect to the loading I, is
equivalent to solving an impedance-matching problem. In the
resonator-resonator structure, the two identical silicon parti-
cles are placed symmetrically on both sides of a subwavelength
gold hole, which fully meets the impedance matching

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) The yz-cross polarization current distribution, (b) the magnetic induction lines excited by the polarization current and (c) the magnetic

field of the left silicon particle. The blue cuboids in (a) and (b) are the silicon particles above the gold plate. The red dotted line in (c) represents the

silicon particle area.

requirements.**** The left silicon particle acts as a receiving
antenna and highly localizes the incident electromagnetic
energy, which further couples to the other transmitting antenna
on the right side through an exchange of field energy at the
subwavelength holes. It is the extremely localized electromag-
netic fields of the two magnetic dipole resonators that produce
the THz EEOT. Therefore, Mie resonance coupling between the
two silicon particles provides an efficient pathway to re-emit
THz waves in the subwavelength hole. However, when there is
only one resonator at the entrance or exit of the subwavelength
aperture, the asymmetric structure is unable to couple all the
localized electromagnetic fields to the hole.

This process can be further understood with the aid of the
corresponding reflection spectra. Fig. 4(a)-(c) show the

(a) (b)

transmission and reflection curves of the resonator-hole
coupling, hole-resonator coupling and resonator-resonator
coupling structures when r is 4.5 um. The magnetic field and
Poynting vector distribution of the three corresponding struc-
tures are shown in Fig. 4(d)—(f). As shown in Fig. 4(a) and (b),
when one silicon particle is placed at the left or right side of
a small hole, the transmission spectra are similar but the
reflection curves are obviously different. If there is one reso-
nator on the left side, the reflection is relatively low, about 0.31
at 5.36 THz (blue dashed line in Fig. 4(a)), and the transmission
intensity is 0.24 (blue line in Fig. 4(a)). The xz-plane distribution
of the magnetic field and Poynting vector at the transmission
peak of the resonator-hole structure are depicted in Fig. 4(d). As
discussed above, the particle acts as a receiving antenna to
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Fig.4 Transmission and reflection curves of the resonator—hole coupling (a), hole—-resonator coupling (b) and resonator—-resonator coupling (c)
structures. The dotted and solid lines represent reflection and transmission spectra, respectively. The insets show the structural samples. (d—f)
The xz-cross magnetic field distributions and the corresponding Poynting vector for the resonator—hole coupling, hole—resonator coupling and

resonator—resonator coupling structures at the transmission peak.
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Fig. 5 Transmission map of the resonator—hole coupling structure
with different silicon particle heights h.

efficiently capture the incident energy, generating a strong
magnetic field in the center of the silicon particle. Due to the
lack of a magnetic dipole resonator on the other side, the
asymmetric structure cannot couple all the localized electro-
magnetic fields, so the energy transmitted through the sub-
wavelength aperture is relatively weak. A part of the energy that
is localized in the particle is absorbed, reflected or lost during
the propagation between the particle and the hole. When
placing the resonator on the right side of the subwavelength
hole, as shown in Fig. 4(b), the reflection intensity is up to 0.72.
The rest of the electromagnetic wave will also be effectively
captured by the magnetic dipole resonator on the right side
through the subwavelength aperture, thereby enhancing the
energy radiation into free-space, which could be -clearly
observed in Fig. 4(e). Obviously, a part of the field energy flows
into the hole from the left area, and then the right silicon
particle acts as a transmitting antenna to greatly trap the energy
passing through the small hole into the magnetic dipole
resonator.

The reflection and transmission of the resonator-resonator
coupling structure are shown in Fig. 4(c). The reflection

View Article Online
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intensity is very low at the peak position of 4.66 THz, about 0.03.
Almost all energy is coupled to the small hole through the
forward magnetic dipole resonator. The transmission peak
amplitude is as high as 0.68, which means that the magnetic
dipole resonator effectively couples the electromagnetic wave
through the subwavelength hole and then enhances the trans-
mission. Only a small part of the energy is absorbed during the
transmission process. Fig. 4(f) shows the magnetic field and
Poynting vector distribution at 4.66 THz of the resonator-
resonator coupling structure. Since the silicon particles are
symmetrically placed on both sides of the small aperture, the
particles act as receiving and transmitting antennas that can
uninterruptedly couple and transmit incident energy. The
magnetic field in Fig. 4(f) is symmetrically distributed on both
sides of the subwavelength metal hole. Now, two magnetic
resonators with the same geometric size have the same reso-
nance frequency, and the composed system is in a critical
coupling state at this frequency, so the energy transmission
efficiency reaches the maximum. Hence, THz EEOT based on
the Mie resonance coupling of silicon particles is successfully
realized in subwavelength metal holes.

Fig. 5 illustrates the transmission map of the resonator-hole
structure when # varies from 3.5 to 6.5 um. The transmission
peak frequency can be shifted from 5.8 THz to around 4.95 THz
and it shows that in such a small hole structure, transmission
enhancement in different frequency bands can be achieved by
tuning the size of the dielectric particles. When the height of the
particle increases, it can be equivalently described as increasing
capacitance. This enhanced capacitance can store energy in the
form of electromagnetic fields. The process described above
leads to an effective increase in the net capacitance of the
structure, which shifts the resonance peak progressively to the
lower side of the frequency spectrum.?”**** It is clearly shown
that the Mie resonance structure can be dynamically and
continuously modulated using the parameters of dielectric
particles.

Furthermore, the transmission peak intensity of the reso-
nator-resonator coupling and the hole-only structures (the left
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(@) The black star line shows the peak intensity of the resonator—resonator coupling structure as a function of hole radius. The black

square line shows a 30 x magnification of the transmitted intensity of the hole array structure. The blue circle line shows the variation of r/ (right
axis) with hole radius r. (b) Enhancement factor as a function of hole radius obtained from resonator—hole coupling (red line) and resonator—

resonator coupling (black line) structures.
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axis) and the 7/ of the resonator-resonator coupling (the right
axis) with different hole radii are shown in Fig. 6(a). As the hole
radius r changes from 4.0 to 5.5 um, the peak intensity of the
resonator-resonator coupling structure (black star line)
increases from 0.63 to 0.76, and the variation range of r/A fluc-
tuates between 0.06 and 0.08 (blue line), indicating that this
structure can achieve THz EEOT in a wide range of sub-
wavelength hole radii. Importantly, enhanced THz trans-
mission based on the plasmon coupling effects of surface
plasmon polaritons and localized surface plasmon resonance is
difficult to realize in tiny holes (see ref. 29). Meanwhile, to better
verify and reveal the advantages of the proposed resonator-
resonator coupling structure, the comparison of its trans-
mission enhancement factor with that of the resonator-hole
coupling structure is presented in Fig. 6(b). It can be clearly seen
that at a subwavelength hole radius of 4 pm, the two-particle
structure can achieve 629-fold enhancement compared to the
hole-only structure, and the resonator-hole coupling structure
shows 154-fold enhancement. When the hole radius increases
from 4.0 to 5.5 um, the enhancement effect gradually weakens,
but it still remains higher than 19. The transmission enhance-
ment factor is the ratio of the transmission of the resonator-
resonator coupling structure to that of the hole-only structure.
The transmission intensity (black square line, amplified 30
times) of the hole-only structure as a function of hole radius is
shown in Fig. 6(a). With the hole radius r changing from 4.0 to
5.5 um, the transmission intensity of the hole-only structure is
significantly increased. Although the transmission intensity of
the resonator-resonator coupling structure increases, the
magnitude of the increase is smaller than that of the hole-only
structure transmission, so the transmission enhancement
factor is decreasing. More importantly, the use of resonator-
resonator coupling to enhance subwavelength hole trans-
mission leads to more than twice the enhancement factor of
only one resonator coupling structure. Therefore, the Mie
resonance coupling of two silicon particles is more suitable for
subwavelength hole EEOT in the THz region.

Conclusions

By placing two low-loss silicon particles symmetrically on either
side of subwavelength holes, greatly enhanced THz EOT has
been obtained. The Mie resonance coupling between a pair of
magnetic dipole resonators can effectively localize electromag-
netic fields. The internal current between the silicon particles
and the subwavelength holes depicts the excitation of the
circulating current throughout the structure, which ultimately
suggests that the magnetic dipole resonance generated in the
silicon particles and the excited SPPs near the hole array
together contribute to the EEOT. Compared with the hole-only
structure, the resonator-hole and resonator-resonator
coupling achieved 154- and 629-fold transmission enhance-
ments, respectively. When the hole radius varies from 4.0 to 5.5
pum, which is much smaller than the resonance wavelength, the
transmission increases and the enhancement factor decreases
accordingly. We numerically simulated the reflection, magnetic
field and current distribution of the proposed structure in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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detail. Also, the THz EEOT can be achieved in different
frequency bands by changing the size of particles. Different
from the traditional structure of EEOT realized by metal surface
plasmon resonance, the proposed structure reduces ohmic loss
and realizes high transmission efficiency and strong magnetic
field coupling. All in all, these results extend our basic under-
standing of the EOT phenomenon and provide a reference for
many potential THz optoelectronic devices.
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