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We numerically investigate the transmission properties of a subwavelength composite hole-pillar array. As the radius
of the pillar increases, the transmission properties experience a complex evolution. It is found that the magnetic dipole
resonance of the pillar suppresses the surface plasmon polariton resonance (SPPR) at the gold-air interface. There are two
strong transmission peaks associated with the magnetic dipole resonance of pillar and SPPR at the gold-silica interface. A
peak associated with magnetic quadrupole resonance of the pillar is observed. Moreover, there is a weak peak associated
with the coupling between the whispering-gallery plasmon (WGP) mode and magnetic dipole. Our work is helpful for

making a dual band optical filter.
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1. Introduction

In 1998, Ebbesen et al. first reported the extraordinary
optical transmission (EOT) through a silver film perforated by
a two-dimensional (2D) array of subwavelength holes in the
visible and infrared regions.!!) They found that the transmis-
sion through a metallic subwavelength hole array can signifi-
cantly exceed the value predicted by Beth’s theory. Although

(241 it is well known

some different interpretations still exist,
that surface plasmon polariton resonance (SPPR) is involved
in EOT.1!

It has been confirmed that there are three mechanisms in-
volved in EOT. Firstly, under the action of the electric field of
incident light, the free electrons in the metal surface collec-
tively oscillate. SPPR originates from the resonant coupling
between the incident light and collective oscillation of the free
electrons at the metal-dielectric interface.[®! SPPR leads to the
electric field enhancement in the hole, thus the enhanced trans-
mission. Secondly, localized surface plasmons (LSPs) are usu-
ally excited by the incident light for isolated subwavelength
conductive nanoparticles, which leads to field amplification
both inside and outside the particle in the near field zone.!”!
The LSP can also be excited in a penetrating hole, therefore,
LSP of the holes is involved in EOT.®% Thirdly, a penetrat-
ing hole in a metal film can be treated as a waveguide, so the
intrinsic electromagnetic modes from the holes can also lead
to EOT.I' It is worth noting that the first mechanism may
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interact with the other two.[11-12

1 In some situations, these in-
teractions may lead to a confusing of the essence of the EOT.

Actually, EOT has been demonstrated in the differ-
ent bands of the electromagnetic spectrum as long as there
are resonances, such as split ring resonance,!'>!*! or LC
resonance.!'31 Many efforts have been devoted to exploring
the physics behind EOT. Recently, the magnetic resonances
of dielectric particles with high permittivity have aroused con-
siderable interest in the visible and infrared regions.!'®-18] Tt
is natural to explore the effect of the magnetic resonances of
dielectric particles on the EOT.

In the present work, we numerically study how the mag-
netic resonances of silicon pillars affect EOT in the compos-
ite hole-pillar structure by considering only the first mecha-
nism. This is reasonable because the radius in our study is
small enough to avoid the waveguide effect. Moreover, the
LSP effect usually occurs in a sharp rectangle hole!3! or in an
anistropic three-dimensional (3D) hole.!) As is well known,
the optical transmission of some analogous composite struc-

19231 To the best of our knowl-

tures has been investigated. !
edge, the present study is the first report about the effect of the
magnetic resonances on the EOT. Remarkably, the magnetic
resonances of silicon pillars mediate the transmission proper-
ties of the studied structure. Moreover, our structure can be

utilized to make dual band optical filters.
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2. Structure and simulation model

As schematic is shown in Fig. 1(a), a patterned gold film
with a thickness of 200 nm is deposited on a silica substrate.
The gold film is perforated by a square array of cylindric air
holes. A cylindric silicon pillar is located in the center of each
hole. Figure 1(b) illustrates the parameters of the compos-
ite structure unit cell in the center section parallel to the x—z
plane. The radius of the hole is 100 nm and the periodicity of
the array is 400 nm. The radius of the silicon pillar is denoted
by r. The height of the silicon pillar is 200 nm. The incident
light normally irradiates the patterned film from the silica side
(along the z direction). The wavelength of the incident light is
chosen from 500 nm to 1100 nm. The incident light is linearly
polarized along the x direction.

We used commercial package FDTD solutions obtained

from Lumerical Inc. to simulate the transmission of the stud-
ied composite hole-pillar structure. In the optical simulations,
the refractivity of the silica was set to be 1.5. The permitiv-
ity of the gold was cited from the experimental data given
by Johnson and Christy.?* The data in Palik’s handbook was
used to fit the permittivity curve of the silicon.!*! Figure 1(c)
shows the schematic of the FDTD simulation model. In the
simulation model, perfectly matched layer boundary condi-
tions were used in the incident direction to prevent the inter-
ference effect, and periodic boundary conditions were used in
the lateral direction to simulate the composite hole-pillar struc-
tures. A light source was located in the silica substrate to sim-
ulate the incident light, and a transmission monitor was used
to collect the transmission light and calculate the transmission
spectrum.
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Fig. 1. (color online) (a) Schematic diagram of the studied composite hole-pillar structure. (b) Parameters of the composite structure
unit cell in the center section parallel to the x—z plane. The radius of the silicon pillar is denoted by r. (c) Schematic diagram of the
FDTD simulation model. PML: perfectly matched layer, PBC: periodic boundary condition.

The studied composite hole-pillar structure can be fabri-
cated through some micro-nano technologies. First, we de-
posited the gold film on a silica substrate, and we then wrote
the hole array in the gold film by the focused iron beam (FIB)
method. After fabricating the metallic hole array, we deposited
the silicon in the hole and onto the gold film. It is convenient
to fabricate a composite hole-pillar structure using the reactive
iron etching (RIE) method.

3. Results and discussion

Figures 2(a) and 2(b) show the transmission spectra of the
composite hole-pillar structure with different values of r. The
transmission of the simple hole array without pillar array is
also shown as a reference (solid lines). In each reference line,
there are two peaks at 570 nm and 684 nm. Since the inci-
dent light irradiates the simple hole array without pillar array,
the incident light excites the SPPR at the metal-dielectric in-
terface. The two peaks of reference line are associated with
two different SPPRs. According to Ref. [26], the peak with a
longer wavelength is associated with SPPR at the gold-silica
interface and the peak with shorter wavelength is related to
SPPR at gold-air interface.
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Fig. 2. Transmission spectra of the composite hole-pillar structure as r in-
creases from (a) 20 nm to 50 nm and from (b) 60 nm to 90 nm in steps of
10 nm. The transmission spectrum of the simple hole array without pillar
array is also plotted as a reference (solid lines in panels (a) and (b)).
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Both the values of the transmission peaks of the refer-
ence line are less than 0.1. As r increases from 20 nm to
50 nm, these two transmission peaks are enhanced and they
shift toward longer wavelengths. However, there is an excep-
tion as r increases from 40 nm to 50 nm, where the trans-
mission peak with the short wavelength is suppressed. The
details of this suppression are discussed below. The transmis-
sion properties of this composite structure are totally different
when r = 60 nm. Besides a bump near 670 nm, there are three
peaks at 536 nm, 600 nm, and 738 nm. It is suggested that the
bump is a peak which is covered up by the peak at 738 nm. As
r increases, all of these four peaks shift toward longer wave-
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lengths. It is worth noting that the ratio of the hole area to
the cell area is only 0.193. However, as r = 80 nm, the values
of transmission peaks at 763 nm and 892 nm are 0.694 and
0.578, respectively. The transmissions are enhanced by three
times compared with 0.193. This is an advantage to utilize this
property to make dual band optical filter.

There are four transmission peaks, respectively, at 570,
622, 712, and 793 nm when r = 70 nm. The peaks at 793
and 712 nm are strong and the peaks at 570 and 622 nm are
weak. In order to gain an insight into the composite hole-

pillar structure, the basic physical essence of the four peaks
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Fig. 3. (color online) The calculated magnitudes of the Poynting vector in the center section of the composite structure unit cell parallel
to the x—z plane for the incident light wavelengths of (a) 570 nm, (b) 622 nm, (c) 712 nm, and (d) 793 nm at » = 70 nm. The calculated
divergences of the electric field in the center section of the composite structure unit cell parallel to the x—z plane for incident light
wavelengths of (e) 570 nm, (f) 622 nm, (g) 712 nm, and (h) 793 nm at r = 70 nm.
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should be investigated. We plot the color maps of the mag-
nitude of the poynting vectors at 570, 622, 712, and 793 nm
in the center section parallel to the x—z plane when r = 70 nm
as shown in Figs. 3(a)-3(d), respectively. Furthermore, ac-
cording to Gauss’s law, in which the divergence of the electric
field is proportional to the polarization charge density, we il-
lustrate the divergences of the electric field at 570, 622, 712,
and 793 nm in the center section parallel to the x—z plane when
r =70 nm in Figs. 3(e)-3(h), respectively. Figure 3(a) indi-
cates the existence of a magnetic quadrupole resonance of the
silicon pillar. Figure 3(e) shows that magnetic quadrupole is
composed of two loop polarization currents. The polarization
current originates from the aggregation of polarization charge
with opposite signs at the boundary of the silicon pillar, as
shown in Fig. 3(e). The direction of the polarization current
is set to be from the negative charge to the positive charge.
The loop polarization current is composed of two polariza-
tion currents with opposite directions. As a result, the weak
peak at 570 nm is associated with the magnetic quadrupole
resonance of the silicon pillar. Figure 3(b) shows that, when
the incident light with a wavelength of 622 nm irradiates the
composite hole-pillar structure, some energy of the incident
light is trapped in the gap between the silicon pillar and the in-
wall of the hole. This is a clue to whispering gallery plasmon
(WGP) mode.*”l When radius of the hole is subwavelength,
the WGP mode cannot be excited. However, it is suggested
that inserting a dielectric with high permittivity (such as sili-
con) increases the optical radius of the hole, thus exciting the
WGP mode. Once the WGP is excited, the energy of the inci-
dent light is trapped in the hole. This is why the transmission
peak at 622 nm is weak. Additionally, figure 3(b) exhibits the
characteristics of a magnetic dipole. Figure 3(f) also shows a
magnetic dipole, which is composed of a loop polarization cur-
rent. Consequently, the peak at 622 nm is associated with the
coupling between the magnetic dipole and WGP mode. The
profile of the magnitude of poynting vector in Fig. 3(c) obvi-
ously indicates the existence of a magnetic dipole resonance.
Figure 3(g) shows that the incident light with a wavelength of
712 nm excites a magnetic dipole resonance, which is com-
posed of a loop polarization current. As a result, the strong
peak at 712 nm is associated with the magnetic dipole reso-
nance of the silicon pillar. Figure 3(d) shows that the electro-
magnetic energy propagates along the gap between the pillar
and inwall of the hole. The incident light with a wavelength
of 793 nm barely interacts with the silicon pillar. Figure 3(h)
shows the conventional distribution of the polarization charge
under the action of an external electric field. It is suggested
that the peak at 793 nm is associated with SPPR at the gold-
silica interface.

To find the suppression of the transmission peak with
shorter wavelength when the radius of the pillar increases from

40 nm to 50 nm, the calculated magnitudes of the poynting
vectors in the center section of the unit cell parallel to the x—
z plane are plotted in Figs. 4(a) and 4(b). When r= 40 nm,
the electromagnetic energy propagates along the gap between
the pillar and inner wall of the hole as the wavelength of the
incident light is 582 nm (see Fig. 4(a)). At r = 50 nm, fig-
ure 4(b) shows that the poynting vector in the silicon pillar is
significant at 582 nm, which is represented by the magnetic
dipole resonance of the silicon pillar. The Poynting vector in
the gap of Fig. 4(b) is reduced compared with that of Fig. 4(a),
especially that near the top surface of the gold film. Thus, it
is suggested that the magnetic dipole resonance of the silicon
pillar suppresses the SPPR at the gold-air interface. Conse-
quently, the transmission is reduced compared with the sce-
nario at r = 40 nm (shown in Fig. 2(a)). It is suggested that
the case for » = 50 nm is a critical change point because when
r = 50 nm, the magnetic resonances of silicon pillars start to
mediate the transmission properties of the composite structure.
Furthermore, the peak at 582 nm for » = 50 nm is composed of
two peaks associated with SPPR at the gold-air interface and
the magnetic dipole resonance of the silicon pillars.
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Fig. 4. (color online) Calculated magnitudes of Poynting vector in the
center section of the unit cell parallel to the x—z plane as r = 40 nm (a)
and 50 nm (b) at 582 nm.

When r = 70 nm, figures 5(a) and 5(b) show the mag-
nitudes of the electric fields, respectively, on the gold-air and
gold-silica interfaces in the cross section of the unit cell as the
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wavelength of the incident light is 712 nm. Obviously, the
electric field is enhanced in the gap between the pillar and in
the wall of the hole. The enhanced field indicates the coupling
between the magnetic dipole resonance and SPPR, which is
similar to the coupling between the electric dipole resonance
and the SPPR.[!#!
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Fig. 5. (color online) Calculated magnitudes of the electric field on the
(a) gold-air and (b) gold-silica interface in the cross section of the unit
cell when r =70 nm at 712 nm.
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Fig. 6. (color online) Variations of the peak position of the magnetic
dipole resonance of composite hole-pillar structure (solid square) and
single silicon pillar (solid circle) deposited on a silica substrate with
radius of the silicon pillar in a range from 64 nm to 90 nm.

Actually, a single silicon pillar deposited on a silica sub-
strate also exhibits magnetic dipole resonance.*8! We calcu-
late the position of the magnetic dipole resonance peak of a

single silicon pillar deposited on a silica substrate. In the cal-
culation, the incident light normally irradiates the silicon pil-
lar from the silica side. As shown in Fig. 6, the energy of the
magnetic dipole resonance peak of the composite hole-pillar
structure is lower than that of same single pillar deposited on
a silica substrate. It is suggested that the red shift between
the peaks associated with magnetic dipole resonances of com-
posite hole-pillar structure and single pillar deposited on silica
substrate is due to the coupling between the magnetic dipole
resonance and SPPR.

It is found that both the SPPR at the gold-silica interface
and the magnetic dipole resonance show red-shift with the in-
crease of r. As r increases, because of the introduction of the
silicon pillar, the effective refractive index of the silica sub-
strate increases, leading to the red shift of the SPPR peak. Ad-
ditionally, as r increases, the energy of the magnetic dipole
resonance is suppressed, leading to the red shift of the mag-
netic dipole peak.?®!

4. Summary

In this paper, we numerically investigate the transmis-
sion of a composite structure of a periodic hole-pillar array.
As r increases, the transmission properties of the composite
structure experience an evolution from simple to complex. As
r < 40 nm, two peaks associated with two SPPRs at the gold-
air and gold-silica interfaces are enhanced, they also shift to-
wards longer wavelengths. When » > 50 nm, the magnetic
dipole resonance of the silicon pillar suppresses the SPPR at
the gold-air interface. As » > 60 nm, the magnetic quadrupole
resonance of the silicon pillar is observed. Additionally, there
is a weak peak associated with the coupling between the WGP
mode and magnetic dipole. It is found the electric resonances
of the silicon pillars do not make contributions to the trans-
mission of the composite structure. Our work not only reveals
the effects of the magnetic resonance on the EOT but is also
helpful to the design of tunable dual band optical filters.
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