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Abstract: In this paper, tunable plasmon-induced transparency (PIT) is achieved in a
novel and compact plasmonic system which consists of dual hexagonal resonators with
rotatable rectangular bar embedded in resonators and a metal-insulator-metal (MIM) wave-
guide. The proposed structure is numerically investigated by finite-difference time-domain
(FDTD) method. The numerical simulation results reveal that by rotating the embedded bar
to different angles, PIT can realize in different wavelengths. Tunability in transparency peak
wavelength, transmission, and optical delay are also obtained when the angle of embedded
bars are changed. In addition, the influences of other structural parameters on transmission
and optical delay are analyzed in detail. This proposed structure may provide a novel ma-
nipulation for tunable PIT and potentially be applied in highly integrated optical storage and
switch devices.

Index Terms: Plasmon-induced transparency (PIT), rotatable bar, slow light, surface plas-
mon polaritons (SPPs).

1. Introduction
Plasmon-induced transparency (PIT), a kind of analogues electromagnetically induced trans-
parency (EIT) in atomic systems, can generate a narrow transparency window within the absorption
or transmission spectrum [1], [2]. Compared with the atomic EIT, PIT gets rid of the extreme re-
quirement for experimental conditions and still has the corresponding characteristics, such as the
abnormal dispersion which can remarkably slow down the group velocity of optical pulses [3]–
[5]. Furthermore, PIT can be realized within the small footprint thanks to the capabilities provided
by the surface plasmon polaritons (SPPs) to overcome classical diffraction limit and manipulate
light in the nanoscale domain [6], [7]. So PIT has attracted a great deal of attention and various
palsmonic structures have been proposed to achieve it such as metamaterials [8], graphene nanos-
trips [9], metal gratings [10], and metal-insulator-metal (MIM) waveguides [11]–[13]. Among these
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Fig. 1. The two dimensional schematic diagram of the proposed MIM waveguide PIT device.

different structures, MIM waveguides system is very suitable due to its advantages like strong light
confinement, acceptable propagation length, and low bend loss [14], [15]. Additionally, plasmonic
structure based on MIM waveguides is easily fabricated [16]. Therefore, a lot of PIT devices based
on MIM waveguide have been introduced to realize momentous applications in sensors [17], logic
gates [18], fillers [19], slow light devices [20], [21], and so on.

Nevertheless, MIM waveguide PIT devices still suffer from some unavoidable defects which limit
the range of application. One of them is the fixed spectral response and operating frequency [22].
With the increase of integration requirements, many highly integrated photonic devices have to work
at different frequencies. However, for most MIM waveguide PIT devices, the transparency windows
are almost achieved at fixed wavelengths and they are barely modulated to different working
frequencies [23]. Furthermore, in order to find more extensive and flexible applications of PIT
device, other optical characteristics besides central wavelength such as transmission, bandwidth,
and group index also should be able to be tuned [24]. In order to realize the tunability of PIT effect,
the traditional scheme is to adjust the geometric dimensions of the structures directly [25]–[27]. It
is widely agreed that the structural dimensions have important influence on device performance,
but once the device is fabricated, it is difficult to change the structural dimensions [28], [29].
Consequently, it is imperative to find out other physical parameters except the geometric dimensions
to be adjusted to obtain the tunable PIT phenomenon.

Motivated by the above fundamental studies, in this paper, the tunable PIT effect is obtained in a
novel plasmonic structure which consists of dual side-coupled hexagonal resonators with rotatable
embedded rectangular bar and a MIM straight waveguide. When the embedded bar rotates to
different angle, the structural symmetry of hexagonal resonator is broken and the coupled situation
between waveguide and resonator also changes. The finite-difference time-domain (FDTD) method
with a perfectly matched layer (PML) absorbing boundary condition is used to numerically simulate
the characteristics of proposed structure. Moreover, the effects of structural parameters on optical
characteristics are also investigated in detail. This proposed compact chip-integrated PIT device
will find many potential applications in the sensors, tunable switches, and slow light devices. This
work also could offer a new concept to design the plasmonic devices.

2. Structure Model and Theoretical Analysis
The two dimensional schematic diagram of the proposed plasmonic structure in this paper is
sketched in Fig. 1. Since hexagonal resonator has better resonant transmission contrast ratio and
stronger coupling effect [30], two hexagonal resonators with a certain separation L are side coupled
to a MIM straight waveguide whose width is constantly fixed to be w = 50 nm throughout this
paper. Because the waveguide width is far smaller than the incident wavelength, there is only
the fundamental transverse magnetic (TM) mode in the waveguide which can excite the SPPs
waves. The side length of hexagonal resonators is R. d = 20 nm indicates the coupling distance
between the boundary of resonators and waveguide. The long side lengths of two rectangular bars

Vol. 11, No. 6, December 2019 4801813



IEEE Photonics Journal Tunable Plasmon-Induced Transparency

embedded into the center of resonators are a1 and a2, and the short side lengths of them are both
set to be b. Since these two rectangular bars are not stationary, θ1 and θ2 respectively donate the
angles between the positive direction of x-axis and long side of rectangular bars. The insulator in
MIM waveguides and hexagonal resonator is chosen to be air, whose refractive index is set as
n = 1. The background metal is silver and its frequency-dependent complex relative permittivity
can be characterized by the well-known Drude model: εm (ω) = ε∞ − ω2

p /(ω
2 + iωγ) [31]. Here ε∞

represents the dielectric constant at the infinite frequency with the value of 3.7, ωp = 9.1 eV stands
the bulk plasma frequency, γ = 0.018 eV is the electron collision frequency, and ω is the angular
frequency of the incident wave [32]. In addition, other materials besides silver also can be used to
fabricate the embedded bars.

As shown in Fig. 1, S±,i n and S±,tn denote the amplitudes of incident and transmitted waves
of the 1st and 2nd hexagonal resonator (n = 1,2), respectively. The subscript ± represents two
propagating directions. For the hexagonal resonator, the resonant wavelength λm should satisfy the
phase condition [33]:

m · 2π = 2π
λm

(6L )Re (N eff) + ϕ (1)

where N eff is the effective index in hexagonal resonator and it is dependent on the refractive index
of the dielectric material filled in hexagonal resonator, m is a positive integer corresponding to
number of antimodes of the standing wave in the resonator, and ϕ is the total phase shift due to the
corners and angles in the hexagonal resonator. Then the SPPs with resonant wavelength could be
coupled into the resonator. The transmission characteristics can be investigated according to the
couple-mode theory (CMT) [31]. The temporal evolution of normalized mode amplitude A n of the
resonator can be described as:

dA n

dt
= (−jωn − kon − ken )A n + e jϕn

√
kenS+,i n

+ e jϕn
√

kenS−,i n

(2)

where ωn represents the resonance frequency, kon is the disintegration rate of the field due to the
internal loss in resonator and ken is the disintegration rate because of the power escape into the
waveguide, and ϕn is the phase of coupling coefficient. j = √−1. If the time dependence is e−jωt , the
frequency of the input wave is ω and dA n/dt = −jωA n , we can deduce from equation (2) as follow
at steady state:

A n = e jϕn
√

ken (s+,i n + s−,i n )
j(ωn − ω) + ken + kon

(3)

From energy conservation, the amplitude of the transmitted wave can be expressed as:

S+,tn = S+,i n − e−jϕn
√

kenA n (4a)

S−,tn = S−,i n − e−jϕn
√

kenA n (4b)

By solving equation (3) and (4) we can obtain the relation between incident and transmitted waves
of the hexagonal resonator:

S−,i n = ken

j(ωn − ω) + kon
S+,i n + j(ωn − ω) + ken + kon

j(ωn − ω) + kon
S−,tn (5a)

S+,tn = j(ωn − ω) + kon − ken

j(ωn − ω) + kon
S+,i n − ken

j(ωn − ω) + kon
S−,tn (5b)
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Since the light is only launched from the left port (S−,i n = 0), the transmission tn and reflection r n of
the single hexagonal resonator can be obtained as:

tn = S+,tn
S+,i n

= j(ωn − ω) + kon

j(ωn − ω) + kon + ken
(6a)

r n = S−,tn
S+,i n

= − ken

j(ωn − ω) + kon + ken
(6b)

Furthermore, the following matrix can be used to express the incident and transmitted waves of the
resonator.

[
S−,i n
S+,tn

]

=

⎡

⎢⎢
⎣

− r n

tn

1
tn

1 + r n

tn

r n

tn

⎤

⎥⎥
⎦

[
S+,i n
S−,tn

]

(7)

For the propagation waves in the bus waveguide, there is a relationship which they should satisfy
as follow:

S−,i1 = S−,t2ejφ (8a)

S+,i2 = S+,t1ejφ (8b)

Here φ is the phase difference between two hexagonal resonators. Thus, the incident and output
waves of the whole plasmonic structure can be obtained as:

[
S−,i2
S+,t2

]

=

⎡

⎢⎢
⎣

− r2

t2

1
t2

1 + r2

t2

r2

t2

⎤

⎥⎥
⎦

[
0 ejφ

e−jφ 0

]
⎡

⎢⎢
⎣

− r1

t1

1
t1

1 + r1

t1

r1

t1

⎤

⎥⎥
⎦

[
S+,i1
S−,t1

]

(9)

Since the incident light is only inputted from the left port of waveguide, the transmission efficiency
T at the right port can be derived as:

T =
∣∣∣∣
S+,t2
S+,i1

∣∣∣∣

2

=
∣∣∣∣

t1t2
1 − r1r2ej2φ

∣∣∣∣

2

=
( |t1t2|

1 − |r1r2|
)2 1

1 + 4
( √|r1r2|

1−|r1r2|
)2

sin2 ϑ
2

(10)

According to the previous research, the transmission characteristic of a Fabry Perot res-
onator with two frequency-dependent mirrors can be calculated by this equation [31]. Here,
ϑ = Arg [r1r2 exp(j2φ)] is the round-trip phase in the Fabry Perot resonator which is related to
the certain separation L. As L is designed specially to satisfy the condition that ϑ is close to the
multiple of 2π, T has the maximum Tmax = [|t1t2|/(1 − |r1r2|)]2 and a transparency window which
indicates the PIT Phenomenon appears in the spectrum. Since t1,2 and r1,2 are all relevant to the
resonant wavelengths, the maximum transmission Tmax is depends on the resonance frequencies
of two resonators [31]. Besides, the central wavelength of transparency peak is another parameter
which is influenced by resonant wavelengths [34]. So when the resonance frequencies of two res-
onators changes, the transmission and the central wavelength of transparency peak are all varied.
Based on equation (1), we know that the resonant wavelength of hexagonal resonator is related to
many factors such as the effective index, the side length, and the total phase shift in the hexagonal
resonator. The conventional method is adjusting the side length of resonator, it is inconvenient
since once the optical device is fabricated, it is difficult to change the structural dimensions. In the
proposed plasmonic structure, since the rotatable rectangular insertion is embedded into the center
of hexagonal resonator to introduce the structural asymmetry, the total phase shift will change with
the rotation of the insertion. So the adjustment of resonant wavelength of hexagonal resonator
can be realized by rotating the embedded rectangular bar. Therefore, this plasmonic structure can
achieve the tunable PIT by rotating the embedded bar in the resonator. Nowadays, in many micro
electro-mechanical-system (MOEMS) and micro-opto-electro-mechanical systems (MOEMS) like
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Fig. 2. (a) Transmission spectrum of transparency window peak1, (d), (g), and (j) field distributions of
Hz at 535.6 nm, 546.6 nm, and 540.8 nm with rotating angle θ1 = 40◦ and θ2 = 90◦. (b) Transmission
spectrum of transparency window peak2, (e), (h), and (k) field distributions of Hz at 640.4 nm, 651.3 nm,
and 644.9 nm with rotating angle θ1 = 0◦ and θ2 = 90◦. (c) Transmission spectrum of transparency
window peak3, (f), (i), and (l) field distributions of Hz at 828.9 nm, 839.2 nm, and 832.9 nm with rotating
angle θ1 = 20◦ and θ2 = 125◦.

gyroscope and micromirror, the rotation can be flexibly realized [35], [36]. Moreover, nanomechani-
cal rotors are of great technological interest to achieve the rotation of nanorod or bar in the micro and
nanoscale. For instance, an optically trapped silicon nanorod set into rotation at MHz frequencies
was demonstrated to work as an ultra-stable nanomechanical rotor [37]. An optical rotor based on a
nano-scale Si pn junction wire could rotate with acceleration under the green-light illumination [38].
The single-electron tunneling effect also can be used to dynamically drive the nanorod to rotate
around the axis in the middle of rod [39]. Especially, an optical rotor inside a silica substrate which
is often chosen to be the substrate of plasmonic structure has been fabricated using femtosecond
laser-assisted etching and it can spun under laser trapping with rotation speed controlled by the
trapping laser power [40]. So the rotation of embedded bar is feasible with the support of these
methods like proposed in Ref. [40].

3. Simulation Results and Analysis
3.1 Transmission Characteristic and Slow Light Effect

The transmission properties of SPP wave in the proposed structure is numerically investigated using
the finite-difference time-domain (FDTD) method. The side lengths of two hexagonal resonators
are R = 200 nm. The certain separation L between two resonators is 440 nm. The long side lengths
of two rectangular bars embedded in resonators are a1 = 320 nm and a2 = 295 nm, respectively.
The short side lengths are b = 50 nm. In the FDTD simulations, the absorbing boundary condition
is set to be a perfectly matched layer (PML). In Fig. 2(a), the transparency window appears in
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the simulated transmission spectrum when the rotating angle θ1 is 40◦ and θ2 is 90◦, a narrow
peak appears at 540.8 nm, meanwhile, there are two transmission dips locate at the wavelength
535.6 nm and 546.6 nm. It is the typical feature of PIT phenomenon. The field distribution of
|H z| in the plasmonic structure at two transmission dips and transparency peak are shown in
Fig. 2(d), Fig. 2(g) and Fig. 2(j), respectively. It can be found from the field distributions that when
the wavelength of incident wave is 535.6 nm or 546.6 nm, the local resonance in the individual
hexagonal resonator is excited and the incident wave is prohibited to transmit along the MIM
waveguide to the through port due to the destructive interference between the incident wave and
wave escaped from the hexagonal resonator. As for the wavelength of transparency peak 540.8 nm,
the field distribution shown in Fig. 2(j) depicts that two resonators form the Fabry-Perot oscillation
in the bus waveguide, and the incident wave can pass through the waveguide and output from the
right port since the waves through two mirrors generate the destructive interference, so the previous
destructive interference between the incident wave and escaped wave from hexagonal resonator is
not exist. It is consistent with the transmission spectrum in Fig 2(a).

When the rectangular bar in the left hexagonal resonator is rotated to θ1 = 0◦ and the rotating
angle θ2 is kept as 90◦, a narrow transmission peak occurs at wavelength 644.9 nm due to the PIT
phenomenon. Fig. 2(e), Fig. 2(h) and Fig. 2(k) are the field distributions of |H z| at the wavelengths
of transmission dips and peak, they prove that it is similar to the situation when the rotating
angle θ1 is 40◦ and θ2 is 90◦. Analogously, a obvious narrow transmission peak occurs at the
center wavelength 832.9 nm between two transmission dips when the rotating angle θ1 is 20◦ and
θ2 is 125◦. The local resonances in two hexagonal resonators are excited at the wavelength of
transmission dips 828.9 nm and 839.2 nm. Most energy of the incident wave is coupled into the
resonator and there is a dip at the resonance wavelength in transmission spectrum. As the same,
at the wavelength 832.9 nm the destructive interference between the incident wave and escaped
wave from hexagonal resonator disappears, so the incident wave can output from the right port and
there is the transparency window shown in the transmission spectrum.

An important usage of PIT phenomenon is to support the slow light propagation in nanoscale.
Based on the above simulated results, we know that the proposed plasmonic structure can achieve
tunable PIT phenomenon by rotating the embedded rectangular bars to different angles. Therefore,
it also has the capability to achieve slow light. Generally, the group index ng is an effective parameter
used to described the slow light and it can be expressed as

ng = c
vg

= c
D
τg = c

D
dψ (ω)

dω
(11)

Here vg and τg are the group velocity and optical delay time, respectively. D is the length of the
plasmonic structure. ψ (ω) is the transmission phase shift and it can be calculated by ψ (ω) =
angular( S+,t2

S+,i1
). The slow light performance is numerically investigated in the proposed plasmonic

structure with R = 200 nm, L = 440 nm, d = 20 nm, b = 50 nm, a1 = 320 nm, and a2 = 295 nm.
Fig. 3(a) is the phase shift in the through port when rotating angle θ1 = 40◦ and θ2 = 90◦. It can
be obtained that the phase slope is negative and the steepest at the center wavelength of the
transparency window. According to equation (11), we can get that there is the large optical delay
during the transparency window, and the maximum delay time is about 0.07 ps at the narrow peak
wavelength as shown in Fig. 3(d). The corresponding group index depicted in Fig. 3(g) is over 17 in
the center wavelength due to the strong dispersion in the transparency window. The rest in Fig. 3
show that when the rotating angle θ1 = 0◦ and θ2 = 90◦ or θ1 is 20◦ and θ2 is 125◦, the proposed
structure can realize the slow light effect with 0.75 ps optical delay time in other wavelengths.

3.2 Influence of the Rotating Angles

Based on the theoretical analysis and above numerical simulations, it is certain that the rotating
angles of the embedded rectangular bar have important impact on the PIT phenomenon, namely
the rotating angles θ1 and θ2 are the key factor to realize the tunable PIT phenomenon at different
wavelengths in the proposed structure. Therefore, in order to verify the feasibility of achieving tunable
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Fig. 3. (a) Transmission phase shift, (d) optical delay time, and (g) group index in the proposed structure
with rotating angle θ1 = 40◦ and θ2 = 90◦. (b) Transmission phase shift, (e) optical delay time, and
(h) group index in the proposed structure with rotating angle θ1 = 0◦ and θ2 = 90◦. (c) Transmission
phase shift, (f) optical delay time, and (i) group index in the proposed structure with rotating angle
θ1 = 20◦ and θ2 = 125◦.

PIT phenomenon in different wavelength range through rotating the inserted bar, the influence of
the rotating angles on transmission characteristics and slow light performance is studied by FDTD
simulations. Fig. 4(a), 4(b), and 4(c) show the relationship between rotating angle θ1 and resonance
wavelength, transmission, and optical delay respectively, when θ1 is increased from 30◦ to 50◦ in
steps of 2.5◦ and θ2 is kept as 90◦. It can be observed that the resonance wavelength red-shifts
and transmission characteristic rises with the increase of θ1, however, the optical delay time is
decreasing. The effect of rotating angle θ2 on these parameters is also investigated and shown in
Fig. 4(d), 4(e), and 4(f). In this time, rotating angle θ1 is set as 40◦ and rotating angle θ2 is increased
from 80◦ to 100◦.

As shown in Fig. 5, both the rotating angles θ1 and θ2 have important influence on the PIT
effect when the transparency window is adjusted to appear at wavelength 644.9 nm. When θ1

increases from −10◦ to 0◦, the resonance wavelength shifts to small wavelength but redshifts to
large wavelength as θ1 keeps increasing. Transmission characteristic firstly decreases and then
increases to the maximum as θ1 increases to 0◦. However, when θ1 keeps increasing to 10◦,
the transmission characteristic firstly decreases to 2.396% and then increases to 39.23% again.
The optical delay has the similar trend with the rotation of rectangular bar. Then, the resonance
wavelength, transmission, and optical delay as functions of the rotating angle θ2 with θ1 is 0◦ are
shown in Figs. 5(d)–5(f). They all change with the rotation of embedded bar and when θ2 is 90◦, the
resonance wavelength and transmission both reach the maximum. As for the optical delay time, its
value is 0.072 ps.
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Fig. 4. (a) Resonance wavelength, (b) transmission of peak1, and (c) optical delay time versus
the rotating angle θ1 during 30◦ to 50◦. (d) Resonance wavelength, (e) transmission of peak1, and
(f) optical delay time versus the rotating angle θ2 during 80◦ to 100◦.

Fig. 5. (a) Resonance wavelength, (b) transmission of peak2, and (c) optical delay time in different
rotating angle θ1 during −10◦ to 10◦. (d) Resonance wavelength, (e) transmission of peak2, and
(f) optical delay time in different rotating angle θ2 during 80◦ to 100◦.

Finally, the relationships between the performances used to describe PIT phenomenon and ro-
tating angles when the initial value of rotating angle θ1 is 20◦ and θ2 is 125◦ are investigated and
shown in Fig. 6. Whether θ1 or θ2 is fixed and the other insertion is rotated, the resonance wave-
length of the proposed structure is blue-shifted to lower wavelength. Meanwhile, the transmission
is increasing with the rotation of the rectangular bar in the left hexagonal resonator, and it reaches
the maximum when θ1 is 20◦. As the rectangular bar continues to rotate, the transmission is grad-
ually reduced. The optical delay decreases as the rotation angle of embedded bar increases. And
when the rectangular bar in left hexagonal resonator is fixed, rotating the rectangular bar which is
embedded in the right hexagonal resonator will lead to the variations of the PIT phenomenon. Both
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Fig. 6. (a) Resonance wavelength, (b) transmission of peak3, and (c) optical delay time in differ-
ent rotating angle θ1 during 10◦ to 30◦. (d) Resonance wavelength, (e) transmission of peak3, and
(f) optical delay time in different rotating angle θ2 during 115◦ to 135◦.

the resonance wavelength and transmission decrease as the rotating angle θ2 increases. Contrary
to the case when the rectangular bar in left resonator is rotated, as the rotation angle θ2 increases,
the optical delay also increases. Hence, the tunable PIT phenomenon can be realized by adjusting
the angle θ1 and θ2 of two inserted bar in the center of hexagonal resonators through rotating them.

3.3 Influence of Structural Geometrical Dimensions

It must be acknowledged that geometrical dimensions of structure still has a negligible effect on the
performance of the device. Therefore, the parametric study of the proposed structure is also critical
to optimizing device performance. Firstly, in order to investigate the effect of side length of hexagonal
resonator, R is increased from 195 nm to 210 nm in 5-nm steps, the other structural parameters
are kept as L = 440 nm, d = 20 nm, b = 50 nm, a1 = 320 nm, and a2 = 295 nm. Fig. 7 is the
simulated transmission spectra and optical delay time for different side length R when the rotating
angles are θ1 = 40◦ and θ2 = 90◦, θ1 = 0◦ and θ2 = 90◦, θ1 = 20◦ and θ2 = 125◦ respectively. All
wavelengths of the transparency windows exhibit red-shifts with the increase of side length and
the transmissions of the narrow peaks decrease. In addition, increasing the side length also affects
the optical delay time. For transparency windows of different wavelengths, the variation of optical
delay caused by the change of side length is different from each other. There is difference between
the change trends of optical delay time and transmission. Therefore, a trade-off between the peak
transmission and optical delay time must to be considered.

According to the theoretical analysis, the round-trip phase of the Fabry-Perot resonator has
important effect on transmission and it is controlled by the optical path difference which is relevant
to the certain separation L in this proposed structure. Fig. 8(a) shows the relationship between
the certain separation L and transmission of all transparency windows at different wavelengths
where Peak1, peak2, and peak3 represent the narrow transparency peak when rotating angles are
θ1 = 40◦ and θ2 = 90◦, θ1 = 0◦ and θ2 = 90◦, θ1 = 20◦ and θ2 = 125◦ respectively. The variation
trends of transmission of peak1 and peak2 are similar to some extent and the same goes for optical
delay as shown in Fig. 8(b). They both reach the maximum when the certain separation L is 440 nm.
As for the peak3 when the rotating angle θ1 = 20◦ and θ2 = 125◦, both transmission and optical
delay increase as the certain separation L increases.
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Fig. 7. Transmission spectra and optical delay time change as side length of hexagonal resonator R .
The rotating angles are set as θ1 = 40◦ and θ2 = 90◦ (a) (d), θ1 = 0◦ and θ2 = 90◦ (b) (e), θ1 = 20◦ and
θ2 = 125◦ (c) (f).

Fig. 8. (a) Transmission and (b) optical delay time as functions of the certain separation L of peak1
(blue line), peak2 (red line), and peak3 (green line).

Successively, to investigate how the structural parameters of two embedded rectangular bar
affect the transmission and optical delay time of the proposed device, the long side length a1 is
increased from 280 nm to 330 nm in 5-nm steps while the long side length a2 is fixed as 295 nm.
As shown in Fig. 9(a) and 9(d), the long side length a1 has great influence on the transmission
and optical delay of peak1 and peak2, but the transmission and optical delay of peak3 are less
varied with the changes of long side length a1. Then, the long side length a2 is increased from
280 nm to 330 nm while the long side length a1 is fixed as 320 nm. Fig. 9(b) shows the relationships
between the transmission of all narrow peak in transparency window and the long side length a2.
It is exactly the opposite of the influence of long side length a1 on transmissions, with the increase
of a2, the transmission of peak1 decreases when the transmission of peak2 increases. Similarly,
the transmission of peak3 is less affected and it only rises from 40.36% to 51.88%. Fig. 9(e) shows
the change of optical delay with the long side length a2. The delay time of peak1 increases and the
delay time of peak2 decreases as long side length a2 increases. The situation of change of peak3
delay time is similar to the transmission and it is less affected. Furthermore, the influence of the

Vol. 11, No. 6, December 2019 4801813



IEEE Photonics Journal Tunable Plasmon-Induced Transparency

Fig. 9. Transmission of transparency peaks as functions of (a) long side length a1, (b) long side length
of a2, and (c) short side length b. Optical delay time of transparency peaks as functions of (d) long side
length a1, (e) long side length of a2, and (f) short side length b.

short side length b on transmission and delay time of all peaks is also studied and shown in Fig. 9(c)
and 9(f). It together with previous research on other structural parameters provide simulated results
to help the optimization of the proposed device.

4. Conclusion
In summary, the tunable plasmon-induced transparency is investigated in a novel and compact
plasmonic system which is constructed by a MIM waveguide with dual hexagonal resonators where
rotatable rectangular silver bar is embedded. The FDTD simulation results illustrate that by rotating
the embedded bar to different angles, the structural symmetry of resonator is broken and the
transparency window, the typical representation of PIT phenomenon, can be realized in different
wavelength ranges. The peak wavelength, transmission, and optical delay time will change with
the rotation of embedded rectangular bars. Moreover, the other structural parameters such as side
length of the resonator, certain separation between two resonators, long and short side lengths
of the rectangular bars also have influence on the transmission characteristics and optical delay
time. This plasmonic device may provide a novel method for obtaining the tunable plasmon-induced
transparency and have great potential application in highly integrated optical circuits for optical
storage and switching.
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