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The bull’s-eye structure in the terahertz (THz) frequency region has ample applications owing to its
ability to focus free-propagating waves into subwavelength apertures, resulting in enhanced transmission,
that is, extraordinary transmission. However, its coupling properties have been primarily discussed in
terms of the normal plane-wave incidence to the structure. In this study, we investigate the multiple res-
onances in extraordinary transmission with normal and oblique incident waves. The experiment using a
widely tunable and high-power THz wave source revealed two types of resonances. The main resonance
split depends on the incident angle, and the other corresponds to the side lobe of the main resonances. The
results are explained by a simple analytical model using a finite number of scattering media. The analysis
is supported by the full-wave simulation using the finite-element method, which agrees with the exper-
imental results. The coupling mechanisms will be applicable to design devices, such as THz biosensing
devices or THz antennas for rapid communication systems.
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I. INTRODUCTION

Surface plasmons (SPs) are collective oscillations of
free electrons near the surface of metal or semiconduc-
tor materials. SP shows a local enhancement of electric
fields at the subwavelength scale [1], which is applied
to superresolution imaging [2] or miniaturization of elec-
tric circuits [3] to overcome the diffraction limit of the
free propagating wave. Various experiments have demon-
strated these properties in the wide wavelength range of
electromagnetic waves from ultraviolet to microwave. In
these experiments, the free-propagating wave excites SP
with momentum matching using diffraction grating [4],
periodic subwavelength hole arrays [5], or knife-edge
structures [6].

The bull’s-eye structure with concentric grooves around
a single subwavelength aperture [7—16] is an attractive
device that compensates for momentum mismatch to
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couple the SP and free-propagating wave. The aperture
regenerates the SP as a tightly focused beam beyond the
diffraction limit. The bull’s-eye structure enhances the
transmission by a few orders of magnitude compared with
that from a single aperture without a structure. These prop-
erties are called extraordinary transmissions, which were
found in the optical wavelength region [7]. They have
also been verified in the millimeter wavelength and THz
frequency region [8—15].

THz bull’s-eye structure has garnered attention among
researchers because of the following reasons. First, it
has several applications, such as in THz superresolution
imaging [13—15], where nondestructiveness and high spa-
tial resolution are required simultaneously [17]. It is also
applied to the THz high-gain antenna [9,11] for rapid wire-
less communication. Second, the THz bull’s-eye device
can be designed to be more compact than that in a millime-
ter wave, because the scale of the wavelength and period
of the THz device is approximately a few hundred pum.
Third, the THz wave has less diffraction or multireflec-
tion compared to that of the millimeter wave, which also
makes the setup compact. Fourth, the propagation loss of
the SP in THz frequency is smaller than that of SP in opti-
cal wavelength, which makes SP in THz frequency suitable
for designing a device with a high Q factor. Fifth, a device
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with a scale of a few hundred um allows precise micro-
fabrication techniques, enabling precise comparison of the
experiment and calculation.

Researchers have proposed the implementation of the
normal incident THz wave in the bull’s-eye structure to
above applications. The THz-wave incidence with an arbi-
trary angle will provide further insights into the design of
functional THz devices. In the optical wave or microwave
bull’s-eye structure, the oblique incidence was investi-
gated experimentally [10,18] and numerically [19]. The
reports revealed the angular robust coupling or angular
sensitive spectral selectivity, which are useful in designing
small antenna or spectral dispersive devices. These mech-
anisms are also useful for designing an angular robust THz
antenna for rapid wireless communications or spectrally
selective THz sensors for biosensing. However, the mech-
anism of the THz bull’s-eye structure has not been investi-
gated well, because precise THz spectra dependent on the
incident angle were difficult to acquire due to the immature
THz-wave sources and detectors in comparison to that of
other frequency region. Thus, the applications were limited
to using the normal incident THz wave around the resonant
frequency, and the properties in the oblique incidence has
been unrecognized.

In this study, we investigate the incident-angle-
dependent extraordinary transmission of the THz bull’s-
eye structure experimentally, analytically, and numerically.
We apply a high-power and widely tunable THz-wave
source with a narrow linewidth to angle-dependent spec-
troscopy. The large dynamic range of the measurement
revealed the angle-dependent shift and split of the trans-
mission spectra along with the side lobes. By the simple
analytical model, we determine the apparently complicated
spectra are due to the interference of THz SP from periodic
objects. The numerical simulation using the finite-element
method reproduced the results, which supports analysis.

II. EXPERIMENTAL SETUP

To investigate the extraordinary transmission, we use
the THz bull’s-eye structure designed for the resonant fre-
quency of the THz wave. Figure 1(a) shows a schematic
of the bull’s-eye structure positioned at the center of the
stainless substrate. A circular aperture is at the center
of the structure surrounded by a concentric grating on
both surfaces of the substrate. The diameter of the aper-
ture is smaller than the wavelength of the resonant THz
wave. The period of the grating and the wavelength of the
free-propagating wave are similar, which enables the free-
propagating wave to couple the surface wave. Figure 1(b)
depicts a side view of the cross-section structure along the
dotted line in Fig. 1(a). The shape of the grating is rect-
angular, and the aspect ratio of the height and period is
1:10. The surface of the structure is coated with gold with
a thickness of 1 um, which is sufficiently thicker than the

(a) yoo(b) v, ¥ 4um
X é_.z s
7 X 1 um
= “ 20 um S
2
— 3 100 um g+ 200 um 41 MM
. 20 um 20 pm
v,
(c) L xa 2
Polarization o
THz wave 0
0.37-4.7 THz
Av~3 GHz w»
~10
4 mm Lens  Sibolometer
Bull's-eye device f=50 mm
FIG. 1. Schematic of the bull’s-eye structure (a) from top view

and (b) side view at the cross section along the dotted line in (a).
The structure is located on a center of a stainless substrate with
16 x 16 mm?. Diameter of aperture size is 100 pum, the period
of the concentric grating is 200 um and the number of peri-
ods is 10. The height of grating is 20 um and the thickness of
the substrate is 60 um at the maximum and 20 um at the min-
imum. The inset shows the expanded structure, which shows a
stainless substrate coated by a gold with a thickness of 1 pum.
(c) Experimental setup to measure the transmission spectra as
a function of incident angle. The THz wave is generated from
the is-TPG source, which is tunable from 0.37-4.7 THz. 6 is an
angle of the bull’s-eye rotation in y-z plane measured from the
beam axis. Polarization is aligned vertical to the x axis. Polymer
lens with focal length of 50 mm (PAX, Inc.) is used for collecting
and focusing the transmitted beam to the Si bolometer (Infrared
Laboratories, Inc.). The signal is acquired by the data-acquisition
system (National instruments, Inc.) and personal computer (PC).
Frequency of THz wave and angle of the device are controlled
by the PC.

skin depth of the gold (approximately 0.1 wm). Thus, we
regard this structure as the bulk of gold.

Figure 1(c) demonstrates the experimental setup used
to measure the transmission spectra. To precisely measure
the angle-dependent extraordinary transmission, the input
wave must have a narrow linewidth and wide tunability.
We apply an injection-seeded THz-wave parametric gen-
erator (is-TPG) [20] as a THz-wave source. The source
has a high peak power of approximately 10 kW in the
subnanosecond pulse, which allows the measurement of
the signal with a large dynamic range. The linewidth is
approximately 3 GHz with wide tunability [21], which is
sufficient to measure the extraordinary transmission with
a linewidth of approximately 100 GHz at 1.5 THz in the
reported value of the same structure [13]. In the present
experiment, we use the frequency range of 1.2-2.1 THz.
To measure the angle-dependent spectra, the angle diver-
gence of the beam must be eliminated. The beam is colli-
mated with an M square of 1.1 [20]; the beam diameter is
approximately 10 mm around the sample position, which
corresponds to a Rayleigh length of 40 cm. Thus, the beam
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has a sufficiently uniform wave vector around the struc-
ture. The incident angle is rotated setting the y-z plane as
a plane of incidence. To change the angle, the sample is
rotated by the rotational stage. The linear polarization par-
allel to the y-z plane is incident on the sample. We define
p(s) polarization as the polarization parallel (normal) to
the y-z plane. The polymer lens collects and focuses the
beam transmitted into a detector. The 4.2-K composite Si
bolometer is used for the detector. To avoid the THz-wave
absorption signature in the spectra, the water vapor in the
experimental setup is purged with dry N, gas.

III. EXPERIMENTAL RESULTS

Figure 2 shows the transmission spectra of the bull’s-eye
structure at normal incidence. The main peak is measured
at a frequency of 1.5 THz, and the absolute transmission
is approximately 0.3%. The peak frequency is the same
as the period of the grooves, and the spectrum shape is
similar to that in previous reports [13]; thus, the mea-
sured peak is an extraordinary transmission. The FWHM
of the peak is 50 GHz, which is narrower than 100 GHz
in a previous report [13]. The bandwidth is determined by
the parameters of the structures, including the geometry,
period and number of grooves, thickness of the substrate,
materials, or linewidth of the wave source. In the present
experiment, the values of these parameters are equal to
those in previous reports, except for the linewidth of the
THz-wave source, which is approximately 3 GHz in the
present experiment and approximately 50 GHz in a previ-
ous experiment [13]. The linewidth of the present setup is
sufficiently narrower than the bandwidth of the resonance;
thus, the result resolves the bandwidth of resonance in the
extraordinary transmission. The geometrical parameters,
such as aperture diameter, groove width and depth, and
number of grooves, are interlinked to control the transmis-
sion properties [22]. The parameters in the device achieve
the acceptable transmission and spectral width for the THz
measurement.

Figure 3(a) shows the intensity of the transmission spec-
tra based on the frequency and incident angle with a step
of 0.1°. The color shows the intensity of the transmis-
sion on a log scale. The maximum signal-to-noise ratio
of the measurement is over 22 dB. The main feature of
the spectra is that the resonant frequency at 1.5 THz split
and shift depending on the incident angle. The extraordi-
nary transmission is sensitive to the incident angle, and its
tolerance is 1.5°, which is defined by half width at half
maximum. Another feature is the side lobes of the main
resonances around 1.6—1.9 THz, whose peak intensities
are approximately 10 dB lower than main resonances. The
large dynamic range of the system using the is-TPG source
enabled the measurement of the angle-dependent split of
the resonance and side lobes in the spectra. The angle dis-
persion of the resonant frequency is only measured when
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FIG. 2. Normalized transmission spectra of the bull’s-eye
structure with normal incidence. Red line shows experimental
result and black dashed line shows the calculated result from
FEM simulation.

the input wave is polarized parallel to the y-z plane and no
dispersion is measured when the wave is polarized normal
to the y-z plane. The SP is excited by both polarizations
due to axially symmetric structure of the bull’s-eye device.
However, the SP principally distributes along the direc-
tion of input polarization, as the SP exists in TM modes.
Thus, the angle dispersion is measured only when the
SP distributes in the plane of incidence, where the input
wave is p polarized. This anisotropic dispersion prop-
erty is evidence of coupling between input wave and SP
(see Appendix).

IV. ANALYTICAL MODEL

To analyze the angle dependence of the extraordinary
transmission, we discuss the coupling of the SP and free-
propagating THz waves by their dispersion relation. The
wave-vector dispersion of SP on a flat metal material with
a negative dielectric constant can be expressed as

_ e(w)
ksp(w) = Ve @) (1)

Here, kgp , w, ¢, and € are the wave number of the SP,
optical angular frequency, speed of light, and dielectric
constant of the material, respectively. To couple the SP
to the free-propagating wave with a dispersion of ky(w) =
w/c, a structure to modulate the wave vectors, such as a
grating structure, is required in the present experiment. The
coupling condition in the modulated wave vector by the
grating structure is expressed as

2
ksp (@) = ko(w) sinf + m% ?)

where 6, A, and m denote the incident angle of the beam,
period of the structure, and diffraction order, respectively.
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Normalized transmission spectra of the bull’s-eye structure mapped as a function of the angle and frequencies. (a) shows the

experimental results. (b) shows the calculated results from the analytical model described by Eq. (3). (c) shows the results of the FEM
simulation. The intensities are plotted in log scale. In the experiment, spectra are measured with an angle step of 0.1° from 0 to 8° and
frequency interval of 5 GHz from 1.2 to 2.1 THz. In the analytical and numerical simulation, the angle step is 0.1° and frequency step
is 12 GHz. The dotted lines are resonant frequencies calculated from Eq. (2).

The diffraction is expressed by the zone folding of the dis-
persion curve in the wave vector of —m/A < ksp < /A.
The coupling frequency is tuned by the dispersion curve
of the free-propagating wave, which is modulated by the
incident angle 6. The dotted curves in Fig. 3(a) indicate the
resonant frequencies calculated from Egs. (1) and (2) with
m = +1 and —1. The refractive index of Au in Ref. [23] is
used to calculate ksp(w). The curves agree with the exper-
imental results, which explains the split of resonances,
where the first-order diffracted waves couple to the propa-
gating SP modes that propagate in the +x direction and —x
direction along the metal surface. The resonances degener-
ated at ksp = 0, [0 = 0 in Eq. (2)] and exhibited different
frequencies at different wave numbers (6 # 0). The angu-

lar dependence of the resonance is v = ¢/A+/1/1 £ sin6,
derived from Eq. (2), where the positive or negative sign
corresponds to the lower or upper branch of the resonances.
Figure 3(a) shows side-lobe resonances at around 1.6 to
1.9 THz as light blue spots ranging from 0° to 8°. The
side lobes do not match the resonances described by Eq.
(2). This indicates that the model oversimplifies the exper-
iment assuming one-dimensional and infinite periods of
grating.

To exclude infinite approximations from the model, we
propose a simple analytical model using finite scatter-
ing media. Figure 4 presents a schematic of the model.
The black dots denote the periodically arranged scatter-
ing media in one dimension, which represent the convex
parts of the concentric grating along the cross section. The
period of the media is d = 200 pum, which is similar to that
of the experiment. A plane wave is incident on the scatter-
ing media with an incident angle 6 with p polarization.
The incident wave arrives at each medium with a differ-
ent optical path length. The wave scatters at the medium
and propagates to the center position with path length Nd,

corresponding to the distance from the Nth medium to
the center position. The scattered waves from all media
interfere at the center position and transmit the aperture as
an extraordinary transmission. The combined wave at the
center position can be expressed as

D1 + tan )]

E = Z |:exp 2m

+ exp[Zni@(l — tan 9)]] , 3)

where A is the wavelength, and the first and second term
represents the sum of the scattered waves propagating
from the left and right side to the center. Ndtané corre-
sponds to the difference in the optical path length of the
oblique plane wave at the Nth medium. ¢, is the offset
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FIG. 4. Schematic of the analytical model using finite scatter-
ing media. Red lines show the wave front of the incident plane
wave with p polarization. Black dots show the finite number of
scattering media representing the convex part of the concentric
gratings at the cross section. d is the period of the grating and 6
is incident angle of the plane wave.
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distance of the first scattering medium from the center
position. The summation adds all scattered waves at the
center position. The scattered waves have different initial
phases and are enhanced in a constructive interference con-
dition, resulting in extraordinary transmission. When the
input wave is s polarized, the SP distributes perpendicular
to the plane of incidence, then each medium acquires the
same phase from the input wave irrespective to the inci-
dent angle, which results the angle independent resonance.
The model includes the following assumptions for sim-
plification. The model ignores the multiple scattering and
concentric shapes of the grating. The scattering coefficient
is constant, without wavelength dispersion.

Figure 3(b) demonstrates the intensity calculated from
Eq. (3). The intensity is proportional to the square of the
absolute value of the electric field. The results agree with
the experimental results and the results obtained from Eq.
(2) in the main resonant branches from 1.5 THz. The model
also reproduced the side lobes of the resonances, which is
not described by Eq. (2). Thus, the constructive interfer-
ence condition in Eq. (3) explains the angle and frequency
dependence of the side-lobe resonances. Furthermore, the
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FIG. 5. (a) Av values as a function of the number of peri-
ods in normal incidence. Av is defined as a difference frequency
between frequency at maximum intensity and that at next peak
intensity. (b) Calculated transmission spectra of the bull’s-eye
structure with a period of 4, 6, 8, and 10 in normal incidence by
FEM simulation.

model indicates that the constructive interference condi-
tion depends on the number of gratings N. To analyze
the relationship between side-lobe frequencies and N, the
transmission spectra are calculated with different numbers
of periods using Eq. (3) for a normal incidence. We define
the Av value as the difference frequency between the main
peak (1.5 THz) and side lobe. The blue dots in Fig. 5(a)
indicate that Av values are inversely proportional to the
number of scattering media. The increase in the number
of gratings will decrease Av, which will converge to zero
frequency that corresponds to the resonance of the infinite
grating described by Eq. (2). These results show that a sim-
ple analytical model can facilitate a qualitative analysis of
the experiment without significant numerical calculations.

V. NUMERICAL CALCULATION USING
FINITE-ELEMENT METHOD (FEM)

To confirm the above discussion, we exclude one-
dimensional approximations from the model and conduct
a numerical calculation using a three-dimensional FEM
simulation by employing a commercial software high-
frequency structure simulator (HFSS, Ansys Inc.). In the
simulation, the material of the bull’s-eye structure is
assumed to be a bulk of gold without frequency dispersion
of the optical properties, because its dispersion is small
in the THz frequency region. Figure 1(b) depicts the geo-
metrical parameters used for the structures. The material
parameter of gold is a conductive material with a con-
ductivity of 4.1 x 107 S/m. A plane wave is incident with
linear polarization simulated with a frequency interval of
12 GHz. The dashed curve in Fig. 2 indicates the trans-
mission spectrum at a normal incidence. The results match
with those of the experiment in terms of the frequency,
spectrum width, and structure of the side lobe. The error
of frequency is less than 1%, and the bandwidth matched
within an error of 10%. The results accurately simulate the
extraordinary transmission of the THz bull’s-eye structure.

Similarly, the transmission spectra in the oblique inci-
dent wave are simulated. The parameters used in the
simulation are the same as those used for the normal inci-
dence [Fig. 1(b)]. The incident angle of the plane wave
is varied from 0° to 8° by 0.1°. Figure 3(c) shows that
the main resonance around 1.5 THz split and shift with
increasing incident angle, which complies with the exper-
imental results and analytical curves obtained by Eq. (2),
as indicated by the dotted curves. In addition, the simula-
tion results show the side lobes at around 1.6 THz to 1.9
THz whose frequencies and angle dependence are similar
to the experimental results and analytical model from Eq.
(3). No significant resonances, other than the main reso-
nances, are calculated in the lower-frequency region. This
nature also matches the experimental results, which are not
reproduced by the analytical model. This low transmission
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is owing to the cutoff frequency of the aperture, which is
neglected by the analytical model.

To investigate the origin of the side lobes in the angle-
dependent spectra, we investigate the relationship between
the side-lobe frequencies and total number of gratings.
Spectra are calculated in the normal incidence for sim-
plicity. Figure 5(b) illustrates the transmission spectra
from the FEM simulation with four different numbers of
periods N (N = 4,6,8, and 10). The intensities are nor-
malized to the maximum intensity of the structure with
N = 10. The main resonant peaks have similar frequencies
around 1.5 THz, but with different side-lobe frequencies:
vy=4 = 1.91 THz, vy—¢ = 1.81 THz, vy_g = 1.71 THz,
and vy—jo = 1.68 THz. The red dots in Fig. 5(a) depict
the frequency difference Av between the main peak and
subpeak as a function of N. The results have a similar
dependence to that of the analytical model, represented
by the blue dots in Fig. 5(a), which indicates the con-
structive interference of scattered waves in one dimension,
explaining the side-lobe resonances. The validity of the
simple analytical model also reveals that multiple scatter-
ing, including the cavity effect, is negligible in the THz
bull’s-eye structure because of the small coupling of SP
in the THz frequency region compared to that of the opti-
cal region. The analytical model includes the normal and
oblique incidence, which implies that the above principles
hold in oblique incidence.

The spectra in Fig. 5(b) show that the peak intensities
at 1.5 THz increase with an increase in number of periods.
The intensities for N =4, 6, 8, and 10 are 0.15, 0.39, 0.72,
and 1.0, respectively. This enhancement indicates that an
increasing number of scattering media increases the quan-
tity of surface waves that contribute to the transmission.
The results also exhibit bandwidth narrowing of the res-
onances. The values of Q factors, defined by év/v, are
10, 16, 20, and 26 for N=4, 6, 8, and 10. Here, v is the
center frequency, and dv is the FWHM of the resonance.
The increase in the Q factor is similar in nature to the
improvement of spectral resolution in the linear diffraction

—
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FIG. 6.

grating, where the resolution increases with the number of
gratings. Based on these results, to increase the Q factor
in the bull’s-eye structure, a larger number of periods are
required, and the input beam size must be optimized to
cover the entire grating.

To visualize the distribution of surface waves along the
structure, the amplitude of the electric field (£ field) in
four structures (N =4,6,8,10) are shown in Fig. 6 at
the peak resonant frequencies in the normal incidence.
The amplitude is plotted in the x-y plane near the input
surface of the bull’s-eye structure, and in the y-z plane
across the aperture. The E field in x-y plane localizes
within the concentric grating, whose area depends on
the number of gratings. The localization reveals that the
grating structure mediates the coupling between the inci-
dent wave and the SP. This coupling behavior originates
the scattered waves, which are assumed in our analyt-
ical model described by Eq. (3). Thus, the area of the
concentric grating determines the effective input beam
size for the bull’s-eye structure. The localized field dis-
tributes as a bowtie shape along the input polarization
direction shown as a white arrow. The anisotropic pro-
files of the field distribution is evidence of the coupling
between incident wave with linear polarization and SP,
which exists in the TM mode. The results are contrast-
ing to the coupling of the acoustic wave [16], which
shows the axially symmetric coupling profile, because of
the longitudinal wave property of the acoustic wave. The
E field in y-z plane shows that the SP propagates and
concentrates to the aperture along the input polarization
direction, which contributes the extraordinary transmis-
sion from the aperture. In the structures with N = 8 and
10, the distribution of the E field has branches originating
from the imperfection of boundaries in the FEM calcula-
tion. The imperfect boundary induces a reflecting wave
with a rectangular-shaped wave front interfering with sur-
face waves with a concentric wave front, resulting in these
branch patterns, which is regarded as the artifact of the
calculation.
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Amplitude of electric field with a grating period of (a) 4, (b) 6, (c) 8, and (d) 10. The fields are calculated in a plane parallel

to x-y plane located at 40 um from the input surface of the bull’s-eye structure (left), and in y-z plane across the aperture (right). The

white arrow shows the polarization direction of the input wave.
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The numerical simulation reproduces the experimen-
tal results and analytical calculation. The results reveal
that the grating structure mediates the coupling between
incident THz wave and SP. Finite number of gratings deter-
mines the coupling region and frequency of side lobes,
which confirms the validity of the analytical model. The
number of gratings increases the Q factor and makes the
main and subresonances closer, and enhance the extraor-
dinary transmission, whose mechanisms shed light on
increasing the transmission of the THz bull’s-eye structure.

VI. CONCLUSION

In this study, we investigate the angle-dependent trans-
mission spectrum of the THz bull’s-eye structure using
an is-TPG in the frequency region of 1.2-2.1 THz with
a 5-GHz step. The large dynamic range of the measure-
ment revealed the angle-dependent split and shift of the
resonant peak in the THz bull’s-eye structure. The model
based on diffraction theory explains the split and shift of
resonances through coupling between the incident and sur-
face waves. The proposed analytical model using finite
scattering media revealed that the side lobes on the spec-
tra is attributed to the interference of scattered waves,
which are determined by the number of concentric grat-
ings. This discussion is confirmed by three-dimensional
FEM simulation. The simple model reveals the mecha-
nism of directional coupling, which can be applied not
only to design the THz superresolution imaging but also to
design the intensity-enhanced THz antennas for beyond the
5G communication system, where an individual disregards
the input beam divergence of monochromatic THz waves.
The results will also be applied to design the spectrally
selective THz biosensors or ranging applications to utilize
directional coupling of THz waves.
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APPENDIX: INCIDENT ANGLE-DEPENDENT
SPECTRA BY S- AND P-POLARIZED INCIDENT
WAVE

Figure 7 shows the transmission spectra of the bull’s-
eye structure by three different incident angles 8 with the
polarization (a) normal and (b) parallel to the y-z plane.
In our setup, the structure is rotated around the x axis to
change the incident angle, then the spectra in (a) corre-
spond to s-polarization input and that in (b) correspond
to p-polarization input. The measurements are conducted
using the experimental setup shown in Fig. 1. In the normal
incidence, the results show the identical spectra in (a) and
(b) due to the axial symmetry of the bull’s-eye structure.
In the oblique incidence, the resonant frequencies show
no angle dispersion in (a) and show dispersion in (b). As
the SP exists as TM mode, the SP principally distributes
along the direction of input polarization. By the oblique
incident wave, each grating structure acquires the same
(different) phase when the SP distributes normally (paral-
lel) to the plane of incidence. Thus, the resonant frequency
has incident angle dispersion when the incident wave is
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FIG. 7. The incident angle-dependent transmission spectra
of the bull’s-eye structure with (a) s-polarization and (b) p-
polarization incidence. The red, blue, and black line shows the
results with incident angle (9) of 0, 3, and 5 degree. The spectra
in (b) are extracted from Fig. 3(a).
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p polarized. This anisotropic polarization dependence of
spectra is evidence of the SP resonance.
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