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Abstract: A compact structure is proposed to achieve electromagnetically induced trans-
parency (EIT) response, which consists of a side-coupled cavity and a ring resonator.
Novel structures and the transmission characteristics are studied in several different situ-
ations. The plasmonic device can be used as a high-sensitivity refractive sensor with a
sensitivity of 1200 nm/RIU. In addition, multi-EIT-like peaks appear in the original broad-
band spectrum by adding another side-coupled cavity or ring resonator, and the physical
mechanism is presented. The system paves a new way toward highly integrated optical
circuits and networks, particularly for nanosensor, spectral splitter, and nonlinear devices.

Index Terms: Surface plasmons, electromagnetically induced transparency (EIT), meatl-
insulator-metal (MIM) waveguide, nanosensor, spectral splitting.

1. Introduction

Surface plasmon polaritons (SPPs) are considered to have dramatically potential application in
realization of highly integrated optical circuits due to their capability to overcome the diffraction
limit of light [1]. To date, various types of plasmonic devices have been demonstrated experi-
mentally and simulated numerically [2], [3]. For example, Chai et al. experimentally realized
ultracompact chip-integrated electromagnetically induced transparency (EIT) in a single plas-
monic composite nanocavity [4]. Wang et al. proposed a graded non-linear plasmonic grating to
realize all-optical switch [5]. As an intriguing physical phenomenon, EIT occurs in atomic sys-
tems due to the quantum destructive interference between the excitation pathways to the atomic
upper level [6], [7]. Tremendous attention has been attracted to study EIT phenomenon and
they have been observed in various plasmonic structures, such as symmetry-reduced grating
structure [8], coupled resonant systems [9], [10], metamaterials [11]-[13] and metal-insulator-
metal (MIM) waveguides [14]-[17]. Among all the nanostructures, the MIM waveguide structures
have attracted many researchers' attention due to their deep-sub-wavelength confinement of
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Fig. 1. Schematic configuration and geometric parameters of the plasmonic waveguide system.

light [18]-[21]. These structures are more suitable for the highly integrated optical circuits. Thus,
the MIM waveguide has wide applications in deep subwavelength optical devices, such as filters
[22], [23], sensors [24], [25] and demultiplexers [26]-[28]. These results may open up a pathway
in photonics and offer prospects of smaller devices for the manipulation and transmission of
light. Therefore, combining the EIT-like response with MIM waveguide structures would create
the possibility of achieving ultracompact functional optical components for use in highly inte-
grated optics [11].

In this paper, a compact plasmonic waveguide coupled with a side-coupled cavity and a ring
resonator is proposed to generate EIT-like response. Simulation results show that the transpar-
ency windows can be easily tuned by changing the parameters of the structure and the material
imbedded in the ring resonator. The proposed structure can serve as an excellent plasmonic
sensor with a sensitivity of ~1200 nm/RIU. In addition, the spectrum can be effectively split by
expanding the original structure by means of adding another side-coupled cavity or ring resona-
tor. These results could be applied for developing ultra-compact plasmonic devices in highly all-
optical integration systems.

2. Theory and Model

The plasmonic nanostructure is shown in Fig. 1, which consists of a MIM waveguide with a
side-coupled cavity and a ring resonator. The width and length of the side-coupled cavity is w
and L, the outer and inner radius of the ring is R, and R;, respectively. The width of the bus
waveguide is w, and g denotes the coupling distance between the side-couple cavity and the
ring resonator. This system is a two-dimensional model, and the blue and white parts signify the
Ag (em) and air (eg = 1.0), respectively. The presence of the aperture, width d and height s, is
to ensure a strong coupling between the side-coupled cavity and the bus waveguide [29].
Herein, w, d, s and R, — R; are fixed to be 50 nm throughout this letter. When the SPPs waves
propagate forward along the bus waveguide, most of them will be coupled to the side-coupled
cavity through the aperture, then it could be partly coupled to the ring resonator. The transmit-
tance of the SPPs is defined as the quotient between the SPP power flows (obtained by inte-
grating the Poynting vector over the channel cross section) of the observing port with structures
(aperture, side-coupled cavity and ring resonator) and without structures [30], [31]. Since the
width of the bus guide is much smaller than the incident light, only a single propagation mode
TMp can exist in the structure, whose dispersion relation is determined by the equation [32]

cay/ Bop — =G + 2y B — 2ak tanh (w2, — =akG [2) =0 (1)

where ky = 27/ is the free-space wave vector, and sy, is the wave vector of SPPs in the MIM
waveguide. The permittivity of silver is characterized by the well-known Drude model [21]:

——r (2)
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Fig. 2. (a) Transmission spectra without (black line) and with (red line) the ring of the proposed
structure. (b), (c) H; field distributions without and with the ring at A = 1232 nm.

Here, .. = 3.7, wp =9.1 eV, and v =0.018 eV, which fits the experiment optical constant of
silver [33] for the range of 800~2000 nm quite well.

Based on the standing wave theory [34], the resonant wavelength is determined by the reso-
nance condition:

5\ 2Neft L os _ 3)
m

Here, Lo is the effective length of the resonator; ng is the effective refraction index of SPPs,
which can be written as nes = [spp/ko; and m is a positive integer, which represents the order of
resonance. Based on (3), we can obtain that the dependence of the variation of the resonant
wavelength on the resonator length L. is

ax _2ne,ef
dler m

(4)

3. Simulations and Results

The properties of the proposed structure are investigated using the finite element method (FEM)
with Comsol Multiphysics. In the simulations, the parameters are set to be L =200 nm,
g=10nm, R, =115 nm, and R, = 165 nm. Fig. 2(a) shows the transmission spectra without
and with the ring resonator. It is found that the transmission spectrum exhibits a broad dip at
A = 1232 nm, when the ring resonator is removed. While when the ring resonator is added up
the side-coupled cavity, a narrow transmission peak emerges in the original broad dip. This is a
typical EIT-like spectral response [6], [15], [21], which originates from the interaction between the
broad continuous spectrum and the narrow discrete resonance caused by the side-coupled cav-
ity and the ring resonator, respectively. At the resonant wavelength A = 1232 nm, calculations
show that the effective refractive index and the propagation length of the SPPs in this MIM wave-
guide are ngr = 1.38 — 0.003 i and Lgpp = 32.7 um, respectively (by solving the eigenfunction
[Eqg. (1)] of the SPP wave vector in the MIM waveguide). In the simulations, the proposed struc-
ture (see Fig. 1) is very compact (total length about 2 m), which is much smaller than the propa-
gation length (about 32.7 um) of SPPs, so the Ohmic loss in the metal can be neglected. The
corresponding field H, distributions at the transparency window without and with the ring resona-
tor are displayed in Fig. 2(b) and (c), respectively. It can be seen from Fig. 2(b) that the energy of
the incident wave is stored in the side-coupled cavity. However, the energy in the side-coupled
cavity transfers to the ring resonator due to the destructive interference between the two resona-
tors, as shown in Fig. 2(c). Therefore, we can know that the main behavior of the transparency
window is determined by the ring resonator.

As we know, the transmission characteristics of the plasmonic waveguide systems can be
affected by the structure parameters. First, we calculated the transmission spectra for different
radius R, with L =200 nm, as shown in Fig. 3(a). It is found that the resonance peak has a red
shift with a slope of AA\/AR, ~ 8.667, as shown in the black dashed line in Fig. 3(a). In this
case, the effective length of the resonator is Ly = 27(R, + Ri)/2 = (R, + Ri), thus based on
(4), it is easy to get that d\/dR, = 2nes x m7(1+ Ri/Ro)/m =2 x 1.38 x 7(1 + R;j/Ry)/2 ~ 8.671.
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Fig. 3. (a) Transmission spectra for different radius of the ring resonator with L =200 nm. (b) Trans-
mission spectra for different length of the side-coupled cavity with R, = 165 nm.
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Fig. 4. Transmission spectra for different refractive index with L =200 nm and R, = 165 nm.

These results agree well with the slope of the black dashed line in Fig. 3(a). According to the
simulation results, the EIT-like peaks can be easily manipulated by adjusting the radius of the
ring resonator.

Successively, we investigated the influence of the length of the side-coupled cavity L on the
transparency windows when R, = 165 nm, and as shown in Fig. 3(b). It is clearly that the trans-
parency windows keep almost unchanged (AM/AL =~ 0) with L increasing or a fixed R,, as
shown the green dashed line in Fig. 3(b). Because the resonant wavelength of the EIT-like is
determined by the ring resonator [see Fig. 2(c)].

4. Sensing Applications Based on EIT

Compact and light-weight diagnostic devices hold significant promise for early detection and
monitoring of diseases in field settings. Plasmonic nanosensors are one of the key components
[25], [31], [35]. Therefore, the influence of the material embedded in the ring resonator on the
transparency windows is studied, as shown in Fig. 4. It is obvious that the transparency win-
dows redshift with a slope AM/An= 1200. According to (4), we can get d\/dn = 2ngsx
m(Ro + Ri)/m=2x1.38 x 7(165 4+ 115) /2 ~ 1214, agreeing well with the slope of the blue
dashed line in Fig. 4. This feature provides an excellent scheme for the applications toward
nanoscale sensing [36]. The sensitivity of a sensor (nm/RIU) is usually defined as the shift in
the resonance wavelength per unit variations of the refractive index [37]. Thus, the sensitivity of

Vol. 7, No. 6, December 2015 4801408



IEEE Photonics Journal EIT in Plasmonic System and Its Application

(b) 0.8

2
o

Transmittance
o
F -9

=1
[

d

0.0t ! /
800 1000 1200 1400 1600 1800

Wavelength (nm)

© ) 1

po L
Q ,
]

——
i |

Fig. 5. (a) Schematic configuration and geometric parameters of double side-coupled cavities and
one ring resonator. (b) Transmission spectrum of the system with R, = 165 nm, L =200 nm, and
L' =125 nm.

the proposed structure is 1200 nm/RIU. These results are higher than that (588 nm/RIU) in the
reference [36] due to the strongly resonance in the ring resonator.

5. Spectral Splitting Based on EIT

The proposed EIT structure is flexible and can be easily extended to a double EIT system by
adding a side-coupled cavity, as shown in Fig. 5(a). Fig. 5(b) shows the transmission spectrum
of the new structure. It is obvious that a new transmission peak emerges, revealing double
EIT-like optical response. The corresponding field distributions of H, at the two peaks are dis-
played in Fig. 5(c) and (d). From Fig. 5(c) (A = 1127 nm), we know that the energy is almost con-
fined in the two side-coupled cavities, which has different length. The SPPs reflected back and
forth between the upper and lower cavities, constructing a Fabry—Pérot resonator [2], indicating
that the new emerging peak is mainly due to the interaction between the two side-coupled cav-
ities. Comparing with Figs. 2(c) and 5(d), we know that they have similar field distribution.
Therefore, the low energy EIT peak or A = 1265 nm is caused by the coupling between the
side-coupled cavity and the ring resonator.

In addition, another plasmonic structure is also proposed to achieve double EIT-like transmis-
sion spectrum, as shown in Fig. 6. The structure system consists of one side-coupled cavities
and two ring resonator. The coupling distance between the two ring resonators is also denoted
as g (g =10 nm). Numerical simulation shows that only the radius of the two ring resonators
are equivalent (R, = R,, Ri = Rj) that the two peaks can reach the highest. The FEM is used to
calculate the transmission properties with different materials imbedded in the ring resonators,
which are displayed in Fig. 7(a)—(e). Obviously, two EIT peaks emerge in the wide transmission
spectra. The corresponding field distributions H, at these two EIT peaks are displayed in
Fig. 7(f) and (g). This phenomenon is similar to the mode splitting according to the plasmon
hybridization theory, which is used in the coupled metal nanoparticle systems [38]. From
Fig. 7(f) and (g), we can see that the side-coupled cavity resonates weakly while the two
ring resonators resonate strongly, which is similar to the single EIT system shown in Fig. 1.
The difference between the two EIT peaks is that the phase of H; in the adjacent of the two
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Fig. 6. Schematic configuration and geometric parameters of one side-coupled cavities and two ring
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Fig. 7. (a)—(e) Transmission spectra for different refractive index. Field distributions H, at
() A=1188 nm and (g) A = 1300 nm when n = 1.00. Parameters are set as L =200 nm, R, =
R, =165 nm,and R; = R; = 115 nm.
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Fig. 8. Transmission spectrum of the system with three ring resonators and one side-coupled
cavity.

ring resonators are inphase and antiphase for the high energy EIT peak (A = 1188 nm) and low
energy EIT peak (A = 1300 nm), respectively. According to the above results, the resonance
spectra are split because of the phase-coupled effects. Moreover, the two EIT-like peaks are
both varies linearly with the refractive index, as shown the blue and green dashed lines in
Fig. 7. These characteristics also offer flexibility to design a plasmonic nanosensor. This nano-
sensor yields a sensitivity of ~1200 nm/RIU. Although the sensitivity of nanosensor does not
improve, this structure can be served as a better spectral splitter.

Based on above analysis, the structure (not shown here) with third ring resonator, which
placed above the second ring resonator, is investigated to achieve three spectral splitting. Fig. 8
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shows the transmission spectrum of the system. Herein, the three ring resonators have the
same radius (R, = 165 nm, R; = 115 nm). It is obvious that three narrower EIT-like peaks occur
in the broadband transmission spectrum. The multi-resonator-coupled system with multi-EIT-like
optical responses may have complex functional applications, such as channel selection, channel
add-drop, multichannel switches, and wavelength-division multiplexing.

6. Conclusion

In conclusion, a novel plasmonic structure, which is composed of a side-coupled cavity and a
ring resonator, is proposed and its transmission properties are investigated by FEM. Simulation
results show that a typical EIT-like response emerges in the original broad dip, and the it can be
easily tuned by changing the parameters of the structure and the material imbedded in the ring
resonator. Based on above analysis, a nanosensor with a sensitivity 1200 nm/RIU and spectral
splitter are achieved. Our structures may have important potential applications in highly inte-
grated optical circuits and networks, especially for the nanosensor, spectral splitter, and non-
linear devices.
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