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A plasmonic waveguide coupled system that is composed of a square ring cavity and a metal–insulator–metal (MIM)
waveguide with two silver baffles is proposed. The transmission and reflection properties of the proposed plasmonic system
are investigated numerically using the finite element method. The normalized Hz field distributions are calculated to analyze
the transmission mode in the plasmonic system. The extreme destructive interference between light mode and dark mode
causes plasmonically induced reflection (PIR) window in the transmission spectrum. The PIR window is fitted using the
coupled mode theory. The analytical result agrees with the simulation result approximately. In addition, the PIR window
can be controlled by adjusting structural parameters and filling different dielectric into the MIM waveguide and the square
ring cavity. The results provide a new approach to designing plasmonic devices.
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1. Introduction
Surface plasmon polaritons (SPPs) are transverse electro-

magnetic waves that propagate along the metal–dielectric in-
terface and decay away from the metal–dielectric interface.[1]

Thus, SPPs can overcome the classical diffraction limit and
enable the manipulation of light on a nano-scale.[2] Many
photonic devices based on SPP have been demonstrated
and realized, such as biological and chemical sensors,[3–5]

filters,[6,7] and all-optical switches.[8] Recently, some novel
plasmonic phenomena have been found in SPP waveguide
coupled resonator systems, for example, electromagneti-
cally induced transparency-like (EIT-like), coupled-resonator-
induced transparency (CRIT),[9] and phase-coupled plasmon-
induced transparency.[10,11]

As a quantum interference phenomenon, EIT occurs in
atomic system due to the destructive quantum interference be-
tween two excitation pathways.[12] The EIT response window
has a potential application in optical data storage. However,
the harsh conditions required for EIT implementation, such as

low-temperature environments and stable gas lasers, restrict its
development. The plasmonic-induced transparency (PIT) ef-
fect, which is analogous to EIT, can be easily achieved in plas-
monic waveguide coupled systems,[13–16] and can be used in
many fields, such as molecular-scale coherent light source,[17]

multiple resonators,[18] multimode stub resonator,[19] plas-
monic circuits,[20] and one-terminal-closed resonator.[21] Like
the EIT effect, PIT and CRIT have also slow light effect.[22,23]

By contrast, plasmonically induced reflection (PIR) has impor-
tant potential applications in photonic device and plasmonic
sensing.[24] Li et al. designed an MIM waveguide coupled res-
onator system, which can realize the PIR effect and can also
control the number of the transmission dips.[25] Asgari and
Granpayeh obtained the PIR window in the midinfrared (MIR)
region by the graphene-coupled side resonators, which is ben-
eficial to the MIR optical communication[26] because the nar-
row line width can avoid signal jamming in the optical com-
munication. Therefore, it is the key issue for designing optical
device with narrower line width.
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In this paper, therefore, a plasmonic waveguide system
that consists of an MIM waveguide with two silver baffles
and a square ring cavity is proposed and investigated numer-
ically. The transmission spectra, reflection spectra, and mag-
netic Hz field distributions are calculated using finite element
method (FEM). We achieve a distinct PIR window by chang-
ing the coupling distance, the size of square ring, and the re-
fractive index of the filling dielectric. The coupled mode the-
ory (CMT)[27,28] is employed to explain the physics mecha-
nism of PIR effect.

2. Structure and analysis method
The basic scheme of the proposed plasmonic waveguide

coupled resonator system is shown in Fig. 1, which is com-
posed of a square ring cavity and MIM waveguide with two sil-
ver baffles. The white areas and green areas represent air (εd)

and silver (εm), respectively. This two-dimensional model is
symmetrical with respect to the reference line (red dash-line).
The MIM waveguide is separated by two silver baffles with
width d = 20 nm, which result in the formation of a Fabry–
Perot (FP) cavity. The length of the FP cavity is L = 500 nm.
The coupled distance is h= 60 nm between the square ring and
the FP cavity. The width of the MIM waveguide and square
ring are fixed at 50 nm. Therefore, only the fundamental trans-
verse magnetic (TM) mode is supported in the present model.
The SPPs are excited at the left end of the MIM waveguide
and propagate into the MIM waveguide.

Ag
air

Fig. 1. (color online) Scheme of the proposed structure. The structure
is composed of an MIM waveguide with two silver baffles and a square
ring cavity.

The permittivity of Ag is described by the Debye–Drude
model[29]

εm (ω) = ε∞ +(εs − ε∞)/(1+ iωτ)+σ/iωε0, (1)

where ε∞ = 3.8344 is the permittivity of infinite angular fre-
quency; εs = −9530.5 is the static permittivity; τ = 7.35×
10−15 s is the relaxation time; σ = 1.1486× 107 S/m is the
conductivity; ε = 8.854×10−12 F/m is the permittivity of vac-
uum. The resonance conditions of FP cavity determined by the
standing wave theory are described as[30]

λ =
2neffL

m−φ/π
, m = 1,2,3, . . . , (2)

where L is the length of the cavity, φ is the phase shift due
to reflection, and m is an integer. The Re(neff) is the real
part of the effective refractive index, which is obtained from

Re(neff) =

√
(εm +(k/k0)

2), where k0 = 2π/λ0 is the free-
space wave vector. k can be solved from the dispersion func-
tion:

tanh(kw)=
−2k

εd

εm

√
k2

0 (εd − εm)+ k2

k2 +
εd

εm

2
(k2

0 (εd − εm)+ k2)

, (3)

where w is the width of the insulator in the MIM waveguide,
k is the wave vector. εd and εm are the dielectric constants of
the insulator and the metal, respectively.

In order to illustrate the generation of the PIR window
of this MIM waveguide coupled resonator, the CMT is intro-
duced in this paper. The FP cavity and square ring cavity
are denoted as A and B, respectively. Therefore, the time-
evolution normalized amplitude A of the FP cavity and B of
the square ring cavity are expressed as[31]

dA
dt

=
(

jωA−k2
1 − k2

2
)

A+k2S1++ k1B, (4)

dB
dt

=
(

jωB − k2
1
)

B+ k1A, (5)

where k1 is the coupling coefficient between the FP cavity and
the square ring resonator k2 is the coupling coefficient between
the MIM waveguide and FP cavity, k3 and k4 are the decay
rates of internal loss in the FP cavity and the square ring res-
onator, respectively and can be neglected, the amplitudes of
SPPs are normalized to the incident power and denoted by Si+

and Si− (i = 1 or 2), ωA and ωB are the resonance frequencies
of the FP cavity and the square ring, respectively. Given en-
ergy conservation, the amplitudes of the input and output SPP
waves can be described as:

S1− = S1++ k2A, (6)

S2− = S2++ k2A. (7)

The SPPs are launched into the system only from the input
port of the MIM waveguide, i.e. S2+ = 0. The transmittance
can be expressed as

T =

∣∣∣∣S2−
S1+

∣∣∣∣2
=

∣∣∣∣∣ k2
2
[
j (ω−ωB)+k2

1
][

j (ω−ωA)+k2
1+k2

2

][
j (ω−ωB)+k2

1
]
−k2

1

∣∣∣∣∣
2

. (8)

The SPPs of the FP cavity are excited directly by the incident
light, and they are in the bright mode, whereas the SPPs of the
square ring resonator are excited by the coupled FP cavity, and
they are regarded as dark mode.
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3. Results and discussion
To better understand the transmission and reflection prop-

erties of the proposed structure, the transmission spectrum and
reflection spectrum of the MIM waveguide with two silver baf-
fles are calculated and shown in Fig. 2(a). Each dip of the
reflection spectrum is corresponding to a peak of the trans-
mission spectrum. The corresponding structures are shown in
the two insets and the structural parameters are L = 500 nm,
L1 = 194 nm, L2 = 194 nm, d = 20 nm, and h = 60 nm. For
the MIM waveguide with two silver baffles, three transmis-
sion peaks and reflection dip are observed in the transmis-
sion spectrum and the reflection spectrum. These peaks ex-
hibit distinct band-pass characteristics. The normalized Hz

field distributions at different resonance wavelengths (λ =

0.424 µm, λ = 0.526 µm, and λ = 0.757 µm) are shown
in Fig. 2(b). For λ = 0.526 µm and λ = 0.424 µm, 2 and

1.5-order standing-wave resonance modes are formed, respec-
tively. For λ = 0.757 µm, 1order standing-wave resonance
mode is formed in the FP cavity. For the MIM waveguide side-
coupled square ring cavity, figure 2(c) shows the transmission
spectrum and reflection spectrum of the MIM waveguide side-
coupled square ring cavity. The normalized Hz field distribu-
tions of the MIM waveguide side-coupled square ring cavity
are displayed in Fig. 2(d). The one- and two-order mode dis-
tributions are formed at λ = 0.757 µm and λ = 0.473 µm,
respectively. In addition, we find that the resonance peak
is red-shifted linearly with increasing L1, which is in accor-
dance with Eq. (2). The MIM waveguide with two silver baf-
fles owns a band pass characteristics, but the MIM waveguide
side-coupled square ring cavity has a band stop characteristics
at λ = 0.757 µm. Therefore, we combine the FP cavity and
square ring cavity to generate PIR window when L1 = 194 nm.
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Fig. 2. (color online) (a) Transmission spectrum and reflection spectrum of the MIM waveguide with only two silver baffles. (b)
Normalized Hz field distributions that correspond to the transmission peaks of the MIM waveguide with two silver baffles. (c)
Transmission spectrum and reflection spectrum of the MIM waveguide side-coupled square ring cavity. (d) Normalized Hz field
distributions of the transmission dip of the MIM waveguide side-coupled square ring cavity.

Figure 3(a) presents the transmission spectra in
0.720.8 µm of the MIM waveguide with two silver baffles and
of the MIM waveguide with two-silver-baffle side-coupled
square ring cavity system. Compared with the transmission
spectrum of the MIM waveguide with two silver baffles, two
transmission peaks and one dip are observed in that of the
MIM waveguide with two silver-baffle side-coupled square
ring cavity system. The blue solid curve is obtained by solv-
ing Eq. (8) with k1 = 0.033 and k2 = 0.24, which are approxi-
mately agree with the simulated results. Figure 3(b) shows the
transmission spectrum and corresponding reflection spectrum

of the MIM waveguide with two-silver-baffle side-coupled
square ring cavity system. The dip and peaks of the transmis-
sion spectrum are corresponding to the peak and dips of the
reflection spectrum, respectively. So the dip of the transmis-
sion spectrum can be regarded as PIR window. To explain the
origin of PIR, the normalized Hz field distributions at differ-
ent resonance wavelengths are calculated. The normalized Hz

field distributions of the MIM waveguide with λ = 0.757 µm
(marked as A) are shown in Fig. 3(c). For the MIM waveg-
uide with two-silver-baffle side-coupled square ring cavity, the
normalized Hz field distributions at λ = 0.752 µm (marked as
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B) show that there is in-phase between the square ring cavity
and FP cavity. At λ = 0.757 µm, the SPPs are mainly re-
stricted in the square ring cavity. Hardly any SPPs propagate
into the right waveguide from the FP cavity (marked as C).
At λ = 0.765 µm (marked as D), the strong normalized Hz

field mainly appears in the FP cavity and weak normalized Hz

field occurs in the square ring cavity. The normalized Hz field

distributions show that there is anti-phase between the square
ring cavity and FP cavity. The mode (bright mode) of the FP
cavity is excited directly by incident light, but the square ring
cavity mode (dark mode) is excited indirectly by the mode
of the FP cavity. Therefore, PIR window is caused by the
extreme destructive interference between the bright mode and
dark mode.
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Fig. 3. (color online) (a) Transmission spectra of the coupled waveguide system with and without square ring cavity and theoretical
analysis. (b) Transmission spectrum and reflection spectrum of the coupled waveguide system with square ring cavity. (c) The
magnetic Hz field distributions of transmission peaks and dip marked as A, B, C, and D.
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Fig. 4. (color online) (a) Transmission spectra of different values of coupling distance h, (b) different values of L2 of the square ring
cavity and (c) different values of refractive index n. (d) Relationship between resonance peak wavelength λ and refractive index n.

The influences of the geometrical parameters on the trans-

mission spectra are investigated. Figure 4(a) shows the trans-

mission spectra as h increases from 60 nm to 120 nm in steps

of 20 nm with L1 = L2 = 194 nm and n = 1.0. The transmit-

tance increases and the PIR window gradually disappears as h

increases. When h = 120 nm, the profile of the transmission
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spectrum is similar to that of the MIM waveguide with two
silver baffles. Figure 4(b) shows that the transmission spectra
for L2 increasing from 192 nm to 198 nm when h is fixed at
60 nm. The transmittance of the in-phase mode peak increases
but the transmittance of the anti-phase mode peak decreases as
L2 increases. To investigate the sensitivity of PIR window to
the refractive index, the transmission spectrum of the air is cal-
culated after replacing the different dielectrics with h = 60 nm
and L2 = 194 nm. The transmission spectra of dielectric re-
fractive index n = 1.0, 1.1, 1.2, 1.3 are displayed in Fig. 4(c).
As n increases, the in-phase mode peak and the anti-phase
mode peak are red-shifted. In addition, the effective refractive
index neff increases as n increases. Therefore, the SPP reso-
nance peaks are red-shifted with increasing L2 and n accord-
ing to Eq. (2), which agrees approximately with the simulation
result (as shown in Figs. 4(b) and 4(c)). In addition, the sensi-
tivity of the proposed structure is S = δλ/δn = 700 nm/RIU
and FOM = S/FWHM = 87.5 and 100 correspond to left and
right peaks in Fig. 4(c), respectively. Its FOM is larger than the
previous result (FOM = 63).[32] Figure 4(d) shows the wave-
length of the resonance peak as a function of the refractive in-
dex. The in-phase mode peak and the out-of-phase mode peak
change linearly with the refractive index n, and their slopes are
equal.

4. Conclusions and perspectives
In this work a plasmonic waveguide coupled resonator

system that consists of a square ring cavity and MIM waveg-
uide with two silver baffles is proposed and investigated using
FEM in this paper. The extreme destructive interference be-
tween the bright mode in the FP cavity and dark mode in the
square ring cavity leads to the generation of the PIR window.
The line width of PIR window is narrower than that of previous
structure in our proposed plasmonic system. The normalized
Hz field distributions are employed to analyze the transmis-
sion mode in the plasmonic system. Moreover, CMT is em-
ployed to explain the result, which agrees with the simulations
approximately. In addition, the PIR window can be flexibly
controlled by adjusting structural parameters and changing di-

electric. The proposed structure has potential applications in
optical communication devices.
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