1350

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 34, NO. 4, FEBRUARY 15, 2016

Broad Band-Pass and Band-Stop Transmissions
Through the Hybrid Gratings of Rectangle
and Triangle
Xiaojun Tian, Yongkai Wang, Liang Cao, and Zhongyue Zhang

Abstract—Silver gratings of hybrid structures are proposed,
and their optical transmission properties are simulated by finite
element method. The proposed structure is found to facilitate a
broadband-enhanced transmission in the infrared region and exerts a band-stop effect in the visible region. The effects of structural
parameters on transmission characteristics are also studied. Results reveal promising applications in broadband light harvesting
and filtering devices.
Index Terms—Extraordinary optical transmission, finite element method, localized surface plasmon, surface plasmon polaritons.

I. INTRODUCTION
HE extraordinary optical transmission (EOT) phenomenon
was first demonstrated in 1998 in an opaque metallic film
perforated by a periodic array of sub-wavelength holes [1]. The
transmittances at specific wavelengths were several orders of
magnitudes larger than the percentage of the overall area covered
with holes. In addition to the efficient power funneling of the
electromagnetic fields, EOT also offers strong field confinement
and enhancement with potential applications in sub-wavelength
integrated optics [2] and sensors [3], [4].
Extensive investigations have conducted to explore the underlying physical mechanisms of the EOT phenomenon and to
tune the structural features of sub-wavelength hole structures
for higher transmission [5]–[24]. One theory called Wood’s
anomaly or Rayleigh anomaly has been demonstrated, which
is based on an expansion of the scattered electromagnetic field;
it only occurs at specific wavelengths where a new diffracted
order emerges from the grating at the grazing angle [5], [6].
In addition, researchers have found that the coupling between
incident light and metal surface plasmon polaritons (SPPs) also
plays an important role in EOT [7]. When the reciprocal lattice
vector of the hole array period matches the SPP momentum, the
electric field around the hole aperture is highly enhanced and
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Fig. 1.

The proposed hybrid gratings and their structural parameters.

contributes to the funneling of light through the structure. The
localized surface plasmon (LSP) resonance in the hole apertures is also important in EOT [8]–[11]. For example, an array
of holes with acute angles indicates a strong EOT effect caused
by LSP [11]. Ruan et al. also found that the localized waveguide
resonance in holes results in EOT, and the hole can be regarded
as a section of metallic waveguide with both ends open to free
space [12].
The said mechanisms result in the resonant EOT phenomenon
with a narrow spectral bandwidth [13]–[15]. Furthermore, the
broadband transparency is also valuable and can be realized
using a non-resonant approach, such as oblique incidence TM
polarization [16], [17], connection between larger rectangular
apertures and smaller apertures [18], or metallic gratings with
tapered slits [19].
Hybrid structures may produce interesting transmission properties [25], [26]. This study indicates that the hybrid gratings
of rectangle and triangle can generate broadband transparency
under normal incidence for TM polarized light. The finite element method is used to analyze numerically the transmission
characteristics of the gratings. Results reveal that the proposed
structure achieves broad band-pass and band-stop transmissions
in the infrared and visible region, respectively. The effects of
structural parameters on the transmission properties have also
been investigated. These results can help in near-field light harvesting and filtering applications.
II. STRUCTURE AND COMPUTATIONAL METHODS
Fig. 1 shows two unit cells of the silver-hybrid gratings that
comprise rectangle and triangle gratings. The rectangle grating
is characterized by length Lr , thickness hr , and separation Sr .
The corresponding parameters of the triangle grating are Lt ,
ht , and St , respectively. The values of hr and ht are fixed
at 20 and 60 nm, respectively, in our calculation. The entire
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Fig. 3. Distribution of the electric fields and energy flows at different wavelengths: (a) λ = 0.44 μm; (b) λ = 2.00 μm.

Fig. 2. Transmission spectra of the hybrid grating, the rectangle grating, and
triangle grating.

structure is periodic in the horizontal direction and satisfies Lr +
Sr = Lt + St . The transmission coefficients and electric field
distributions are simulated using a commercial finite element
method software (COMSOL Multiphysics). The transmission
coefficient is defined as the rate of output power Pout to input
power Pin , namely, T = Pout /Pin . The frequency-dependent
complex relative permittivities of silver are referred to in [27].
The incident light propagates along the vertical direction with
the polarization in the horizontal direction in all calculations.
III. RESULTS AND DISCUSSION
Fig. 2 shows the transmission spectra of the hybrid and rectangle gratings for the wavelength that ranges from 0.3 to 2.5 μm.
The structural parameter values are Lr = 80 nm, Lt = 120 nm,
Sr = 60 nm, and St = 20 nm. Fig. 2 shows that a broad bandstop appears in the visible region (0.4 to 0.5 μm), and a broad
band-pass (At λ = 2.5 μm, the transmittance is 0.88. It can be
even larger if the wavelength is longer than 2.5 μm, and reaches
0.96 at λ = 5.00 μm.) appears in the infrared region in the
transmission spectrum of the hybrid gratings. At the same time,
the reflection spectrum (not shown in this paper) reveals high
reflectance in the visible region. We also calculated the transmission spectrum of the rectangle grating with the same structural
parameters as those in the hybrid gratings, as the red line shows
in Fig. 2. A single valley appears at λ = 0.42 μm, which is due
to the LSP resonance on the rectangle. In the transmission spectrum (blue line) of the triangle grating, two valleys of appear at
λ = 390 nm and λ = 490 nm, which are due to LSPR of triangle
gratings, respectively. When the triangle gratings is designed
under the rectangle gratings, the valley around λ = 0.42 μm
forms a broad band-stop region. In Fig. 1, the band-stop width
of the hybrid grating increases to 260 nm comparing with 200 nm
of rectangle grating and 140 nm of triangle grating. The electric field and energy flow distributions at both regions were
calculated to understand the mechanisms in Fig. 2. When the

Fig. 4. Transmission spectra of the hybrid gratings with different separations:
(a) different S r ; (b) different St .

excitation wavelength is 0.44 μm (i.e., a representative wavelength in the band-stop region) as shown in Fig. 3(a), a strong
electric field is mainly distributed around the rectangle and most
of the energy is scattered. This band-stop region is mainly due
to the LSP of the rectangle, which is affected by the triangle
in the hybrid gratings. The oblique plane of the triangle causes
continuously different coupling distances between the rectangle
and triangle, which results in a broad band-stop region in the
transmission spectrum. At the wavelength of 2.00 μm (i.e., a
representative wavelength in the band-pass region), the electric
fields are mainly distributed at the ends of the rectangle and
bottom tips of the triangle, as shown in Fig. 3(b). The energy
flows along the hypotenuses of the triangle. Adjacent triangles
form tapered slits, and the energy flows from the entrance at the
top to the exit at the bottom. The energy is coupled from the
rectangle to the tapered slits at the entrance, and then propagates
to the narrow exit of the tapered grating, which has a similar
mechanism as that in [19]. When the wavelength of the incident
light is much larger than the grating structure period, electrons
in the metal congregate to the exit of the tapered grating. The
formed strong electron oscillation field between the two sides
of the narrow exit slit promotes enhanced optical transmission
in the infrared region.
The dimensions of the hybrid gratings are varied systematically to investigate how the structural parameters affect the
transmission spectra of the hybrid gratings. Fig. 4 shows the
effect of different separation Sr and St values on the transmission spectra. The period is fixed at 140 nm. First, Sr is noted at
50, 60, and 70 nm (i.e., the corresponding values of Lr are 90,
80, and 70 nm, respectively) with fixed Lt = 120 nm and St =
20 nm. Fig. 4 (a) shows that the transmittances of the band-stop
region do not vary clearly. The transmittances at the band-pass
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Fig. 6. Transmission spectra of the hybrid gratings with different vertical and
horizontal relative displacements: (a) different vertical relative displacements;
(b) different horizontal relative displacements.
Fig. 5. Transmission spectra of the hybrid gratings with different L r and L t
which are varied synchronously with fixed S r = 60 nm and S t = 20 nm.

region increase as Sr increases. Given that the band-stop region is due to the electric field coupling between the rectangle
and triangle hypotenuses, Sr does not largely affect the electric
field coupling and the transmission properties in the band-stop
region is insensitive to the Sr variation. Moreover, the larger
separation Sr indicates a larger entrance, which allows more
energy to enter the tapered slits and pass through. This reason
leads to the increasing transmission coefficient in the infrared
region as Sr increases. At the transmission peak of 0.58 μm for
Sr = 50 nm, maximum electric fields distribute around the tips
of the rectangle and bottom tips of the triangle. The tapered slits
work as a Fabry–Perot resonator. A smaller Sr indicates larger
reflectance at the entrance of the tapered slits, which results in
stronger transmittance at the exit of the tapered slits.
Similarly, the effect of triangle separation St is also investigated by taking its values at 10, 20, and 30 nm (i.e., the corresponding values of Lt are 130, 120, and 110 nm, respectively)
with fixed Lr = 80 nm and Sr = 60 nm, as shown in Fig. 4(b).
The broad band-stop and band-pass regions occur in the transmission spectra for different St values. The band-stop width
of the hybrid grating decreases from 320 to 220 nm and the
transmittances in the infrared region increase as St increases.
The shorter length of the triangle Lt results in a longer electric field coupling distance between the triangle and rectangle.
The LSP wavelength also blue shifts. The increasing separation
between two adjacent triangles leads to smaller impedance for
SPPs that propagate through the tapered slits, which produces
larger transmittance in the infrared region.
Furthermore, the effects of synchronous change of Lr and
Lt on the transmission properties of the hybrid gratings are
investigated by taking their Lr values at 70, 80, and 90 nm, as
well as the corresponding Lt values of 110, 120, and 130 nm,
respectively (see Fig. 5). In Fig. 5, the band-stop width of the
hybrid grating increases from 240 to 280 nm with the increase
of Lr . The separations of the rectangle and triangle gratings
are fixed at Sr = 60 nm and St = 20 nm, respectively. Given
that a longer Lr results in a longer electron oscillation distance,
the bandwidth of the band-stop region increases to the longer
wavelength. Moreover, the transmittances decrease in the bandpass region with the increase in Lr and Lt , which is due to the
larger impedance for SPPs that propagate through the tapered
slits.

In addition, the transmission spectra of the hybrid gratings
with different vertical and horizontal relative displacements are
calculated with a fixed Lr = 80 nm, Lt = 120 nm, Sr = 60 nm,
and St = 20 nm to demonstrate the effect of relative positions
of the two gratings on the said spectra. Fig. 6(a) shows the
transmission spectra of the hybrid gratings with different vertical relative displacements (noted with d, which represents the
distance between rectangle and triangle gratings). The larger d
yields a higher transmission coefficient in the infrared region,
because the larger entrance of the tapered slits allows more energy to enter the tapered slits. The transmittances and bandwidth
of the band-stop region do not vary clearly. The effect of the relative horizontal displacements (noted with a, which represents
the value of the triangles that deviate from the middle of adjacent
rectangles) on the transmission spectra is presented in Fig. 6(b).
The transmittances at the broad band-stop and band-pass regions
do not clearly change. Broad band-stop is due to bonding coupling between rectangles and triangles. In Fig. 6(a), the slight
red shift of broad band-stop is due to the increase of coupling
distance in vertical direction with the increase of d. In Fig. 6(b),
the broad band-stop region does not shift obviously, which is
due to total coupling distance to left and right adjacent triangles
is not change with the increase of a. The results in Fig. 6(a)
and (b) reveal the transmittance robustness of the hybrid gratings to relative displacements between rectangles and triangles.
This scenario offers much convenience to the fabrication of the
hybrid gratings.
IV. CONCLUSION
This paper presents hybrid gratings made up of rectangle
and triangle gratings. The transmission coefficients and electric
field distributions of the hybrid gratings were analyzed numerically using the finite element method. Broadband-enhanced
transmission in the infrared region and a broad band-stop effect
in the visible region are observed in the transmittance spectra.
The broad band-stop region is a result of the LSP in the hybrid gratings. The hybrid grating at the broad band-pass region
works as tapered slits, and SPPs propagate along the triangle
hypotenuses. Although the transmission spectra of the hybrid
gratings are strongly dependent on the structural parameters of
rectangles and triangles, the transmission spectra are robust to
relative displacements between rectangles and triangles, which
offers much convenience to the fabrication of the hybrid grat-
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ings. These results can help in broadband light harvesting and
filtering applications.
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