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Abstract
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insulator-metal

Plasmon-induced transparency is an efficient way to mimic electromagnetically induced transparency, which can
eliminate the opaque effect of medium to the propagating electromagnetic wave. We proposed an aperture-side-
coupled asymmetric bowtie structure to realize on-chip plasmon-induced transparency in optical communications
band. The plasmon-induced transparency results from the strong coupling between the detuned bowtie triangular
resonators. Either of the resonator works as a Fabry-Perot cavity with compact dimensions. The transparent peak
wavelength can be easily controlled due to its strong linear relation with the resonator height. The ratio of
absorption valley to the transparent peak can be more than 10 dB. Moreover, with excellent linearity of shifting
wavelength to sensing material index, the device has great sensing performance and immunity to the structure
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Background

Electromagnetically induced transparency (EIT) effect,
which results from quantum destructive interference be-
tween two pathways in three-level atomic systems [1, 2],
shows tremendous potential applications in slow light
propagation [3, 4], nonlinear optics [5], and optical storage
[6]. In an EIT system, quantum interference effect reduces
light absorption over a narrow spectral region, arising a
sharp resonance of nearly perfect transmission within a
broad absorption profile [7]. However, the EIT effect is
very sensitive to broadening due to atomic motion. The
realization of the EIT effect requires stable gas lasers and
rigorous environments, which hampers its practical appli-
cations. Recently, kinds of configurations have been pro-
posed to mimic EIT-like transmission without the
demand of rigorous experimental conditions, including
coupled micro-resonators [8—12], split-ring, and metama-
terials [13—16] composed of dielectric and metal materials.
Among them, metamaterial-based EIT with periodic unit
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patterns requires an excited signal light incident in the dir-
ection non-parallel to the chip surface. With the excited
signal light incident in the direction parallel to the chip
surface, coupled micro-resonators are remarkable to meet
the requirement of on-chip integration applications of
EIT-like transmission. To further reduce the footprint of
EIT devices, plasmon-induced transparency (PIT) has
been proposed as an analog to the classical EIT with
strong optical confinement beyond the diffraction limit
for electromagnetic waves [17-19]. Surface plasmons are
optically induced oscillations of the free electrons at the
interface of metal/dielectric exhibiting strong optical con-
finement and miniaturized photonic components [20, 21].
Recently, metal/insulator/metal (MIM) plasmonic wave-
guides with extremely high optical confinement and closer
spacing to adjacent waveguides is a very promising nano-
scale waveguide which is capable of overcoming the dif-
fraction limit and has diverse applications of plasmonic
sensors [22], couplers [23], and filters [24]. Thus, MIM-
based PIT transmission has huge potential in on-chip ap-
plications of optical communications, optical information
processing, and nonlinear optics.

Here, we propose a novel detuned resonators structure
to obtain PIT transmission in MIM waveguides. The de-
vice with a planar structure is comprised of two detuned
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triangular resonators and one bus waveguide, forming
asymmetric bowtie structure to enable PIT effect. Owing
to the sensitive and linear response of transparent peak
wavelength to structural parameters and medium inside
the waveguide, the proposed device enables PIT-based
refractive index sensing. With compact and easy-to-
make structure, the device could be of great significance
in on-chip photonic integrations.

Methods

The schematic of the asymmetric bowtie structure is
depicted in Fig. 1, where the background material in
blue is silver, whose permittivity is described by the
Drude model of & = én-w?/(0® +jyw), with £.=37,
w,=9.1eV and y=0.018 eV. The parameters adopted here
in the above equation fit the experimental data at the
optical communications frequencies [25]. All the MIM
waveguides are filled by air. The long strip in the center
of the structure is the bus waveguide for transmitting
light. On both sides of the bus, waveguides are the bow-
tie resonators. The bowtie resonators are asymmetric
with detuned structural parameters like altitude and
angle being denoted by H,, H,;, 0;, and 8,. The vortices
of the triangles in the bowtie are in the middle of the
bus waveguide. So, the bowtie resonators have small
connections to the bus waveguide enabling efficient
coupling between them. The width of the bus wave-
guides is fixed at 100 nm and the length of the bus wave-
guide has no effect on the PIT transmission spectrum
except for transmission loss. So, its length is fixed at
1 pm considering the compactness and integration. Two
gratings at both ends of the bus waveguide are to inject
wide-band or wavelength-sweeping light source and col-
lect transmission spectrum. Transmission spectrum was
numerically calculated using the finite element method
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with scatter boundary conditions. In the numerical
simulation, a plane wave was injected from the left grat-
ing of the bus waveguide by a port to excite fundamental
TM modes of SPs. The transmitted light was collected
from the right grating of the bus waveguide which is
defined as T = P,,/P;,, where P,, = [ PoavzdS; and P, =
J PoavzdSy; Poavz is the z component of time-average
power flow. The transmission spectra of the structure
are obtained by parametrically sweeping the input wave-
length. This asymmetric bowtie structure could be fabri-
cated by steps as followings: first, deposit an Ag film
with a thickness of 500 nm on a silica/silicon substrate;
then, deposit a silica film with a thickness of 500 nm;
last, fabricate the required pattern including gratings by
EBL and etching. The proposed aperture-coupled
scheme potentially has less stringent fabrication require-
ments than devices based on evanescent coupling and
can be used to achieve efficient coupling in other im-
portant MIM plasmonic structures.

Results and Discussion

Unlike the normal rectangular resonators, the triangular
resonators in the bowtie are determined by not only the
side length, but also angles. So, we first investigate the
impact of the angle connected to the bus waveguide on
the transmission and resonant properties of the pro-
posed structure with a single triangular resonator. The
transmission spectra of single triangular resonator are
shown in Fig. 2. All the heights of the resonator are fixed
at 0.8 um. The top angle of the triangular resonator is
connected to the bus waveguide allowing electromag-
netic energy side-coupled from the bus waveguide into
the triangular resonator. Thus, deep transmission valleys
appear on the spectra in Fig. 2. Those quantity, band-
width, and valley wavelengths are determined by the
structural parameters of the resonator. For the angle of
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Fig. 1 Schematic diagram of the asymmetric bowtie structure
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Fig. 2 Transmission spectra of the single triangular resonator for angles of 20° (a), 40° (b), 60° (c), and 80° (d). Insets are magnetic field H,
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20°, there are two deep transmission valleys on the
spectrum. The resonant valley at the longer wave-
length is Oth order and Oth order in longitudinal and
horizontal directions, respectively. With decreasing
wavelength, the resonator height allows one more
standing wave node, which is 1st order in the longitu-
dinal direction. The situation for the angle of 40° is
similar to that of 20°. As the angle increases, one
more resonant valley emerges in the spectrum. The
larger angle makes modal distribution split in a hori-
zontal direction forming a high-order mode of 1st
order in a horizontal direction. For a larger angle of
80°, the mode of L: Oth order splits in a horizontal
direction forming L: 1st; H: 1st mode. Thus, the in-
creasing angle results in both the shift of wavelength
and the splitting of modal distribution in a horizontal
direction forming high-order modes. The shift wave-
length has no direct relations with the angle, because
the variation of angle also alters the side length. So,

to maintain the steady resonant properties, small an-
gles are preferred.

The height of the resonator is the key parameter to
the resonant properties. The transmission spectra of the
device with a single triangular resonator for resonator
height varying from 0.8 to 1.1 um are shown in Fig. 3a.
A cavity angle of 40° was selected during the simulation.
Within the wavelength range from 1.2 to 1.8 um, each of
the spectra has a single dip, meaning the resonant valley.
All the valley transmissivities are around 0.1. As the
electromagnetic distribution of H, at the resonant and
non-resonant wavelengths shows in the insets of Fig. 3a,
majority of the electromagnetic energy couples into the
triangular resonator at the resonant wavelength, while
most other wavelengths of the injected wideband light
are transmitted through the bus waveguide. With the in-
cremental height, the valley wavelength exhibits red shift
behavior. As shown in Fig. 3b, the shifting wavelength is
proportional to the height with excellent linearity. The
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Fig. 3 Transmission properties of the single triangular resonator. a
Transmission spectra of the single triangular resonator for varying
height. b Dependence of resonant wavelength on height for angles
of 40°, 60°, and 80°. Insets are magnetic field H, corresponding to
the resonant and non-resonant wavelengths

shift of the resonant wavelength can be explained via the
standing wave condition NAy =2#n,L, N=(1,2,3...). For
a specific N, the larger height of the triangular resonator
causes the red shift of the resonant wavelength, while the
shorter height causes the blue shift of resonant wave-
length. For different angles, the relation between the res-
onant wavelength and height stays similar, which makes
fabrication feasible without stringent requirements.

In order to realize PIT transmission, strong coupling
between double resonators with slightly detuned cavity
length is required. The proposed asymmetric bowtie
structure composed of triangular resonators with slightly
detuned heights enables strong coupling between the
resonators. By finely tuning the heights of the double tri-
angular resonators, a transparent transmission peak will
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appear in the forbidden band of the single resonator. As
shown in Fig. 4a, the angle of 20° was selected to main-
tain only one valley within the wavelength range and the
heights were finely selected to make the PIT transmission
band locate around 1.55um for applications in optical
communications. The transmission spectrum of the single
resonator with a height of 0.93 um is depicted as the
dashed red line. Its valley locates at 1.47 pum. To introduce
structural difference along with valley difference, the sin-
gle resonator with a height of 1.02 um is employed to pair
the previous resonator. The spectrum is depicted as the
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blue dashed line and its valley locates at 1.61 pm. Then,
the electromagnetic energy inside the paired resonators
strongly couples, forming a transmission spectrum with
two deep valleys and one transparent peak, which is
depicted as the black solid line. The transparent peak lo-
cates in the center between the two deep valleys, which
was a forbidden band for single resonators. As the insets
show, at the first valley, major electromagnetic energy
couples into the resonator under the bus waveguide rather
than the upper resonator. At the second valley, major
electromagnetic energy couples into the upper resonator
instead. These are very similar to those of single resona-
tors. At the transparent peak, around 75% electromagnetic
energy transmits through the bus waveguide, and only a
small part of energy couples into the asymmetric bowtie
resonators, forming a transparent band for the propagat-
ing electromagnetic energy. It is to be noted that PIT can
be also obtained in asymmetric bowtie structure with dif-
ferent angles. However, the valley wavelength along with
peak wavelength does not monotonically vary with the
angle, leading to very difficult control of the transparent
peak. Moreover, as mentioned in the above section, the
resonator with larger angles gives rise to multi-mode res-
onance, which is detrimental to the control of the PIT
effect. So, only the height difference-induced PIT is elabo-
rated in this paper. The PIT effect in the proposed asym-
metric bowtie structure is sensitive to the height. To keep
the transparent peak at the optical communications wave-
length, several sets of height values with height difference
from 30 to 190 nm are selected to investigate the impact
of height difference on the PIT effect. As shown in Fig. 4b,
by finely selecting sets of resonator height values, the
transparent peak can be kept at 1.55 um. The maximum
ratio of transparent peak to absorption valley can be more
than 10 dB. The width and transmittivity both have a posi-
tive relation with height difference. In Fig. 4c, the full
width at half maximum (FWHM) of the transparent band
is proportional to the height difference with an approxi-
mately linear behavior, which is consistent with the behav-
ior in Fig. 3b. Due to the existence of metallic dissipation,
the totally transparent transmission of PIT effect is un-
practical. The peak transmittivity first increases fast with
the increasing height difference and then tends to be
stable above 0.8.

As elaborated in the above sections, the valley and
transparent peak are determined by the structural parame-
ters and medium material inside the resonator and bus
waveguide. So, the PIT-based sensing in the proposed
asymmetric bowtie structure is feasible. Previously, the
bus waveguide and resonators are filled by air, which
means empty and can be employed as a container for li-
quid. In the simulation, the bus waveguide and resonators
are filled by liquid. Its refractive index varies from 1.30 to
1.40, covering diverse common liquid of water, acetone,
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Fig. 5 PIT-based sensing properties. a Transmission spectra of 90-nm
height difference for refractive index varying from 80 to 120 nm. b
Dependence of peak wavelength on refractive index for different
height differences

methyl alcohol, ethyl alcohol, propyl alcohol, glucose solu-
tion, etc. [26]. As shown in Fig. 5a, the transparent peak
behaves red shift with the increasing refractive index of
the liquid. Each peak can be obviously distinguished and
the peak transmittivity nearly keeps stable. In Fig. 5b, the
functions of peak wavelength as the refractive index for
height differences of 50 nm, 70 nm, 90 nm, 120 nm, and
150 nm are directly proportional. The wavelength shift has
excellent linearity. The calculated sensitivities for the
height differences are all approximately equal to 1140 nm/
RIU, and the corresponding sensing resolution is 8.8 x
107° RIU. So, the asymmetric bowtie PIT-based sensor has
very high sensitivity and excellent immunity to fabrication
deviation.

Conclusions

We proposed an asymmetric bowtie structure to realize
the PIT effect. Transmission properties of resonators
with different structural parameters were numerically
calculated using the finite element method. Through the
strong coupling between the detuned triangular
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resonators, transparent transmission band can be ob-
tained in the forbidden band of single resonators. With
all three dimensions smaller than the free-space wave-
length, the device has a simple and ultra-compact struc-
ture. The device also has excellent immunity to
fabrication deviation making it easy to make without
stringent requirements. Furthermore, PIT-based sensing
property was demonstrated using the proposed asym-
metric bowtie structure. The device can achieve a max-
imum sensitivity of 1140 nm/RIU; the corresponding
sensing resolution is 8.8 x 107> RIU. The sensitivity has
excellent linearity and consistency for varying height dif-
ference. Thus, our proposed asymmetric bowtie struc-
ture provides a new platform for on-chip EIT-like
devices and refractive index sensors.
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EIT: Electromagnetically induced transparency; FWHM: Full width at half
maximum; MIM: Metal-insulator-metal; PIT: Plasmon-induced transparency
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