
����������
�������

Citation: Zhang, J.; Feng, H.; Liu, C.;

Fang, D.; Wang, J.; Wang, L.;

Zhang, Z.; Ran, L.; Gao, Y. Tunable

Triple Plasmonically Induced

Transparency in Triangular Cavities

Coupled with an MDM Waveguide.

Photonics 2022, 9, 100. https://

doi.org/10.3390/photonics9020100

Received: 10 January 2022

Accepted: 6 February 2022

Published: 9 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Communication

Tunable Triple Plasmonically Induced Transparency in
Triangular Cavities Coupled with an MDM Waveguide
Jingyu Zhang 1, Hengli Feng 1, Chang Liu 1, Dongchao Fang 1, Jincheng Wang 1, Lehui Wang 1, Zuoxin Zhang 1,
Lingling Ran 1 and Yang Gao 1,2,*

1 School of Electronic Engineering, Heilongjiang University, Harbin 150080, China; 2201611@s.hlju.edu.cn (J.Z.);
2201622@s.hlju.edu.cn (H.F.); 2211789@s.hlju.edu.cn (C.L.); 2211700@s.hlju.edu.cn (D.F.);
2211824@s.hlju.edu.cn (J.W.); 20180813@s.hlju.edu.cn (L.W.); 2211697@s.hlju.edu.cn (Z.Z.);
ranlingling@hlju.edu.cn (L.R.)

2 Heilongjiang Provincial Key Laboratory of Metamaterials Physics and Device, Heilongjiang University,
Harbin 150080, China

* Correspondence: 2013012@hlju.edu.cn

Abstract: In this paper, a side-coupled triangle cavity in a plasmonic waveguide structure is proposed
and numerically analyzed by the finite-difference time-domain (FDTD) method and coupled mode
theory (CMT). Triple plasmonically induced transparency (PIT) was achieved when an extra triangle
was added into the structure, and the transmission characteristics were investigated. This novel
structure has a maximal sensitivity of 933 nm/RIU when used as a sensor and a contrast ratio of
4 dB. Moreover, the tunability of PIT can be realized by filling the nematic liquid crystal (NLC) E7
into the triangles. The refractive index of E7 changes with the applied electric field. Given that E7 is
also sensitive to temperature, this structure can be used as a temperature sensor with a sensitivity
of 0.29 nm/◦C. It is believed that this tunable structure with PIT may have potential applications in
highly integrated optical circuits.

Keywords: SPPs; waveguide; PIT; liquid crystal

1. Introduction

Surface plasmon polaritons (SPPs), as special electromagnetic evanescent waves,
propagate along the metal–dielectric interface and exponentially attenuate perpendicular
to the interface [1]. SPPs are considered to be the most promising information carriers
owing to their advantages, such as manipulating light at the nanoscale and overcoming the
classical limit [2]. With many advantages, SPPs are widely used in optical communication
and biochemical sensing [3]. Huifang Ai et al. devised a metasurface which realizes
multi-beam steering to meet the demand of indoor directional 6G communications [4].
Fatemeh et al. designed a multifunctional sensor which can be used to detect various
biological analytes with ultra-low concentrations [5]. Furthermore, using an analogous
strategy, Xie et al. proposed a plasmonic metasurface consisting of a series of arrays
on a silicon substrate, in order to detect the changes in kanamycin sulfate amounts at a
relatively low concentration [6]. Lee and coworkers studied a highly sensitive and tunable
method to detect the decrease in carbohydrate molecules with a sensing THz metasurface
based on nanoantennas. They stated that the metasurface was able to recognize different
carbohydrate molecules even at very low concentrations [7].

There are many different methods which can be used to excite SPPs. Prisms in the
Turbadar–Kretschmann–Raether structure and the Turbadar–Otto structure are employed
to excite SPPs [8]. Furthermore, the excitation of SPPs can be accomplished using a parallel
waveguide [9], a coupler [10], or a grating [11], although these methods suffer from low
efficiency when transferring free-space radiation energy to the SPP. As for metal–dielectric–
metal (MDM) waveguides, they are widely used in optical devices as a result of their
capabilities, such as strong light confinement, high efficiency, and easy fabrication [12].
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The electromagnetically induced transparency (EIT) effect, a narrow transparency
window in the absorption band observed in atomic media [13], provides a solution for
devices in slow light and data storage [14]. However, because the application of EIT is
limited by extreme experimental conditions [15], plasmonically induced transparency (PIT)
is preferable as it can be easily realized in plasmonic structures [16]. In fact, PIT is an
analogous phenomenon to EIT which manifests as a sharp peak in the intrinsic band-stop
filtering transmission dip. Thus, PIT attracts a significant amount of attention and can
be achieved in many different plasmonic structures, e.g., graphene nanostrips [17], MDM
waveguides [18], and metamaterials [19]. Among these structures, various PIT devices
based on an MDM waveguide have been proposed such as optical switches [20], sen-
sors [21], and filters [22]. In addition, the tunability of PIT is mostly realized by employing
graphene, whose permittivity varies depending on the applied voltage [23,24]. However,
although graphene can conduct electricity, its unstable conductivity cannot be ignored,
and it can only be used in combination with other substances which are also unstable
when exposed to air and water [25]. Furthermore, graphene is not sensitive to changes in
temperature, and sensing applications based on PIT are seldom focused on temperature
sensing [26].

Nematic liquid crystals (NLCs) consist of rod-like molecules that are aligned par-
allel to a specific angle in space. Therefore, NLCs show strong electrical and optical
anisotropy. The extraordinary refractive index along the molecule axis is much higher
than the ordinary refractive index. The structure of NLCs leads to large and controllable
birefringence [23], which shows great advantages, including reliability and low power con-
sumption. Moreover, NLC components are designed into polarization rotators, switches,
sensors, etc. [24,27].

In this work, we realized triple PIT based on two triangles coupled with an MDM
waveguide. With a liquid crystal added, tunability and high sensitivity towards the
temperature change of the triple PIT were achieved. Firstly, a simple plasmonic structure
is proposed, consisting of a triangular cavity and an MDM waveguide. The transmission
characteristics of the structure were analyzed by the finite-difference time-domain (FDTD)
method and coupled mode theory (CMT). Another triangular cavity was added into the
structure to realize a PIT effect. The transmission spectra can be adjusted by changing
the geometrical parameters of the topological structure, which provides a good sensitivity
(S) of 933 nm/RIU and a contrast ratio (CR) of 4 dB. In addition, when NLC E7 is added
into the triangular cavities, the transparency window can be manipulated by the director
angle of E7. Furthermore, this structure can be employed as a temperature sensor with a
sensitivity of 0.29 nm/◦C because E7 is sensitive to temperature change. It is believed that
this compact structure with tunable PIT can be used in other plasmonic devices.

2. Materials and Methods

Figure 1a illustrates the three-dimensional schematic of the proposed MDM waveguide
structure. The structure can be etched on a silver surface deposited on a silicon substrate.
The equilateral triangular side length is L = 484 nm, and the distance between the triangle
and the waveguide is D1 = 30 nm. The width of the waveguide (W) is 50 nm, which ensures
that the waveguide only supports the fundamental mode [28,29].

In the simulation, calculated by the Lumerical FDTD Solutions software 8.15.736, the
three-dimensional model was substituted with a two-dimensional model to dramatically
decrease the computational time. Four perfectly matched layers were used to absorb the
escaping energy of the structure with minimal reflection. Johnson and Christy’s model [30]
was chosen to describe the optical characteristics of the silver.
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Figure 1. (a) Three-dimensional configuration of the triangle-coupled MDM waveguide structure;
(b) transmission spectra of the structure calculated by CMT and FDTD.

The dispersion relation of the fundamental mode in the MDM waveguide can be
written as [31,32]

−

√
β2 − εmk2

0/εm√
β2 − εdk2

0/εd

= tanh(
L
√

β2 − εdk2
0

2
) (1)

where β is the propagation constant, εm is the permittivity of the metal, εd is the dielectric
permittivity, and k0 is the wave vector. The resonance wavelengths λr of the structure can
be obtained from the following equation:

λr =

√
3Le f f β/k0

α− ψ/2π
(2)

where α is an integer, Le f f is the effective length of the triangle, equal to the height of the
triangle, and ψ = 0 is the total phase shift when the light is coupled into the triangle and
back to the waveguide. Combining Equations (1) and (2), λr can be obtained at 506 nm, 598
nm, and 936 nm, which are consistent with the resonance wavelengths calculated by FDTD
in Figure 1b.

CMT was also used to illustrate the transmission spectra of the structure in Figure 1b.
The amplitudes of the input and output lights are expressed as S11+, S11−, S12+, S12−,
S21+, and S21−, which are shown in Figure 1a. When light with an angular frequency ω is
injected into the structure (S12+ = 0), the time evolution of the amplitude aq (q = 1, 2, and 3)
can be represented as follows:

daq

dt
= (−jwq − 1/τcq − 1/τiq)aq +

√
1/τcqS11+ exp(jθ1) +

√
2/τiqS21+ exp(jθ2) (3)

S21+ = δS21− exp(jϕ) (4)

S12− = S11+ − aq

√
1/τcq exp(−jθ1) (5)

S21− = −S21+ + aq

√
2/τiq exp(−jθ2) (6)

Here, j is the imaginary part (j2 = −1) and ωq denotes the resonance angular frequency
of the structure. τcq is the decay time due to light escaping into the waveguide, and τiq
is the decay time because of the triangular intrinsic loss. These two parameters satisfy
1/τcq = ωq/2Qcq and 1/τiq = ωq/2Qiq, respectively. The phase of the coupling coefficient
is expressed as θi (i = 1, 2). δ and ϕ denote the amplitude attenuation and phase shift
between input and output lights.



Photonics 2022, 9, 100 4 of 12

Combining Equations (3)–(6), the transmittance can be deduced as

T(w) =

∣∣∣∣S12−
S11+

∣∣∣∣2 =

∣∣∣∣∣ j(wq − w) + (1/τiq)[1− δ exp(jϕ)]/[1 + δ exp(jϕ)]
j(wq − w) + (1/τcq) + (1/τiq)[1− δ exp(jϕ)]/[1 + δ exp(jϕ)]

∣∣∣∣∣
2

(7)

ϕ(w) = wne f f Le f f /c + θ (8)

Here, θ = 0 expresses the additional phase change of the MDM waveguide [33,34].
The result obtained by CMT is depicted in Figure 1b by the red dotted line. The re-
sult has the same tendency as the result of FDTD. The values of the parameters are
w1 = 3.72 × 1015 rad/s, w2 = 3.15 × 1015 rad/s, w3 = 2.01 × 1015 rad/s, τc1 = 0.33 ps,
τi1 = 0.21 ps, τc2 = 0.85 ps, τi2 = 0.21 ps, τc3 = 0.20 ps, τi3 = 0.23 ps, and δ = 0.971.

3. Results and Discussion
3.1. Theoretical Analysis of Structure

In Figure 2a, the transmission spectra of the structure are changed by varying L. The
resonance wavelength at each dip of the structure has a redshift when L changes from
435.6 nm to 508.2 nm. Moreover, the transmittance shows an obvious decrease from
435.6 nm to 459.8 nm, whereas the transmittance has a slight change from 459.8 nm to
508.2 nm. L = 484 nm was chosen due to the slight change in transmittance and the regular
change in the resonance wavelengths from 459.8 nm to 508.2 nm, in order to obtain a
relatively high fault tolerance in real manufacturing [35]. Figure 2b illustrates the influence
on transmission spectra with different D1 values. With an increase in D1 from 10 nm to
40 nm, the transmittance at each dip reduces with a slight blueshift in each resonance
wavelength.

Figure 2. Transmission spectra of the structure with variables: (a) L; (b) D1.

3.2. Theoretical Design of PIT

The configuration of the MDM waveguide structure coupled with triangles is shown
in Figure 3a. The geometric parameters of the two triangles are the same. The distance
between the two triangles (D2) is 40 nm, and the distance between the inverted triangle and
the waveguide is 30 nm. The transmittance of the structure is expressed as T = Pout/Pin.
To highlight the transmission characteristics of PIT, the transmission spectra with/without
the upper triangle are depicted in Figure 3b. Three dips at the resonance wavelengths in
Figure 1b are replaced by peaks when the upper triangle is introduced, accompanied by
the emergence of six sharp absorption dips.
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Figure 3. (a) Two-dimensional configuration of the side-coupled MDM waveguide structure with
two triangles; (b) transmission spectra of the structure with and without the upper triangle.

Three-level atomic theory is introduced to explain the mechanism of the PIT effect.
The waveguide, the radiant inverted triangle with a bright mode, and the subradiant upper
triangle with a dark mode serve as the ground state |1>, excited state |2>, and metastable
state |3>, respectively. The PIT effect is formed owing to the destructive interference
between two pathways (|1>→|2>→|3>→|2> and |1>→|2>). The first PIT, related to
the positions H1, I1, J1, and K1, is formed by the destructive interference between the
first pathway, in which light propagates from the waveguide to the inverted triangle and
escapes into the upper triangle and back to the inverted one, and the second pathway, in
which light is injected into the inverted triangle and is not coupled into the upper triangle.
The magnetic field distribution of the first PIT is shown in Figure 4a–d. Figure 4a,c show
that energy mainly exists in the vertices of the two triangles. Figure 4b denotes that a small
amount of energy exists in the vertex of the upper triangle, and most passes through the
waveguide. Figure 4d shows that energy concentrates on the vertex of the inverted triangle.
As for the second PIT, similar destructive interference occurs, related to the positions
H2, I2, J2, and K2. Figure 4e,g demonstrate that the energy is trapped at the corners of
the two triangles. A small amount of energy exists at the corners of the upper triangle,
and most propagates through the waveguide in Figure 4f, while energy is found in the
corners of the inverted triangle in Figure 4h. For the third PIT, interference is related to
positions H3, I3, J3, and K3. Figure 4i,k show that strong energy stays in the vertices of the
two triangles. Figure 4j displays strong energy concentrating in the vertex of the upper
triangle and the waveguide. Finally, Figure 4l shows that strong energy is found at the
vertex of the inverted triangle. Three destructive interferences happen at different positions
with different magnetic field distributions to form the triple PIT phenomenon.

Additionally, the current densities are calculated in Figure 5a–f corresponding to the
six dips shown in Figure 3b. In Figure 5a,b, current densities are relatively high in the
vertices of the two triangles. Moreover, currents mainly concentrate in all of the corners of
the two triangles in Figure 5c,d, while currents exist in the vertices of the two triangles in
Figure 5e,f.

Subsequently, in Figure 6a, the adjustment of PIT is studied by varying D1 without
any other changes to the geometric parameters in Figure 3a. The transmittance at each dip
of PIT increases when D1 changes from 40 nm to 10 nm, but the resonance wavelengths of
dips are unchanged. Figure 6b displays the effects on transmission spectra with different
D2 values. With an increase in D2 from 20 nm to 50 nm, each transparency window of
PIT reduces.
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Figure 4. Magnetic field distributions corresponding to positions at: (a) H1; (b) I1; (c) J1; (d) K1; (e) H2;
(f) I2; (g) J2; (h) K2; (i) H3; (j) I3; (k) J3; (l) K3, in Figure 3b.

Figure 5. Current densities corresponding to positions at: (a) H1; (b) J1; (c) H2; (d) J2; (e) H3; (f) J3, in
Figure 3b.
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Figure 6. Transmission spectra of PIT with variables: (a) D1; (b) D2.

PIT can be used as an all-optical switch which is essential in the design of highly
integrated optical circuits. In Figure 3b, the dips without the upper triangle (“off state”) rise
to the PIT peaks when adding the upper triangle (“on state”). As an important characteristic
in evaluating the performance of the switch, the contrast ratio (CR) is proposed:

CR = 10× log
Tmax

Tmin
(9)

Herein, Tmax and Tmin are the transmittance of PIT peaks and dips, respectively.
According to Equation (9), the CR of PIT is obtained as 4 dB at 506 nm.

Figure 7a shows the evolution of the transmission spectra when we change the refrac-
tive index (n) of the material in the two triangles. There is an obvious redshift in the whole
waveform with a growth in n from 1 to 1.12. In Figure 7b, different amounts of redshifts in
the resonance wavelengths are exhibited with an increase in n from 1 to 1.12, with a step
of 0.03. The shift in the resonance wavelength per unit change of n, defined as sensitivity
(S = ∆λ/∆n), is an important factor in evaluating the sensing effect of the structure. The
sensitivities can be calculated as 433 nm/RIU, 466 nm/RIU, 566 nm/RIU, 567 nm/RIU,
900 nm/RIU, and 933 nm/RIU at dip 1, dip 2, dip 3, dip 4, dip 5, and dip 6, corresponding
to the different resonance wavelengths from left to right in Figure 7a, respectively.

Figure 7. (a) Transmission spectra of the structure when changing the refractive index (n) of the
material in two triangles; (b) the shifts in resonance wavelengths with different n values.

With the improvement in micro-electro-mechanical systems (MEMSs) and micro-opto-
electro-mechanical systems (MOEMSs), many devices can be used to control the presence
or absence of the upper triangle to realize an all-optical switch, such as gyroscopes and
micromirrors [36–38]. Furthermore, from Figure 6b, we can conclude that the transmittance
at each dip decreases when D2 begins to increase, which is tunable, dividing the upper
triangle and the inverted triangle into two independent parts. Therefore, when D2 is too



Photonics 2022, 9, 100 8 of 12

large to affect the transmission spectra of the structure in Figure 1a, we believe that the
upper triangle is absent.

3.3. Realization of Tunable PIT

In Figure 8a, an applied altering current is added to both sides of the two triangles
which are filled with NLC E7. As an anisotropic uniaxial crystal, the ordinary refractive
index (no) and the extraordinary refractive index (ne) of E7 can be fitted into the extended
Cauchy equations according to the previous work of Li et al. [39]:

ne,o = Ae,o +
Be,o

λ2 +
Ce,o

λ4 (10)

Figure 8. (a) Two-dimensional configuration of the structure with NLC E7 added into the triangles;
(b) the dependence of the n of E7 on its director angle (θ) and the wavelength of incident light.

Herein, λ is the wavelength of the incident light, and the coefficients at 25 ◦C are Ae
= 1.754, Be = 10.08, Ce = 0.1709, Ao = 1.527, Bo = 10.16, and Co = 0.4898. Furthermore, the
effective refractive index can be calculated as follows [40]:

n =
neno√

n2
e cos2 θ + n2

o sin2 θ
(11)

where θ means the director angle between E7 and the left side of the waveguide. According
to Equations (9) and (10), n as a function of λ and θ is shown in Figure 8b. n rises with the
decreasing λ and increasing θ.

In Figure 9a, it is shown that there is a redshift at each resonance wavelength, with the
transmittance being almost unchanged when θ is increased from 0◦ to 90◦. Figure 9b shows
that six dips corresponding to the resonance wavelengths from left to right in Figure 9a have
the same tendency with the increase in θ. The characteristics indicate that the transmission
spectra can be manipulated by rotating θ to vary the n of E7.

Figure 9. (a) Transmission spectra with different θ values of E7; (b) dependence of the resonance
wavelength on θ.



Photonics 2022, 9, 100 9 of 12

According to [31], the rise time τr (the time E7 turns to a specific angle with an altering
current applied), the decay time τd (the time E7 turns back to its original state with the
electric field removed), and the threshold voltage Vt can be expressed as the following
equations:

τd =
γ1d2

K22π2 (12)

τr =
τd∣∣∣(V/Vt)

2 − 1
∣∣∣ (13)

Vt = π

√
K22

ε0|∆ε| (14)

where γ1 is the rotational viscosity, d is the thickness of the layer, K22 is the bend elastic
constant, and ∆ε is the dielectric anisotropy. The response time of E7 can be obtained from
the sum of τr and τd. When the applied voltage V exceeds Vt, the angle of E7 is linear to
V [38]. In general, the response time of the NLC is within a range of milliseconds. However,
it is reported that the response time can be up to 100 µs in nanoscale voids.

3.4. Temperature Analysis of PIT

Given that E7 is sensitive to temperature change, the effects of temperature on the
performance of the structure in Figure 8a were studied. In Table 1, the values of the
coefficients of the liquid crystal are shown, corresponding to different temperatures [40].

Table 1. Coefficients of the liquid crystal at different temperatures.

T (◦C) Ae Be Ce Ao Bo Co

25 1.754 10.08 0.1709 1.527 10.16 0.4898
30 1.746 10.93 0.4854 1.527 10.62 0.1626
35 1.737 10.63 0.0357 1.528 10.67 0.2551
40 1.726 10.57 0.1712 1.530 10.05 0.2575
45 1.713 10.66 0.3171 1.532 10.13 0.2511

The detection range was set as 25–45 ◦C. Owing to the extremely small thermal
expansion of silver and silicon, the detection range does not cause an apparent deformation
of the structure. The variations of the n of E7, which lead to a shift in resonance wavelengths,
can be affected by the temperature change. In Figure 10, the shift in each dip from left to
right has a linear relationship with the temperature change. Expressed as ST = ∆λ/∆T,
the maximal temperature sensitivity of this structure is 0.29 nm/◦C at dip 6. There is a
comparison between this work and previous works in Table 2. The structure we propose
displays a high refractive index sensitivity and temperature sensitivity compared with
other works, which suggests that it can be employed as a multifunctional sensor with
good performance.

The structures can be fabricated by focused ion beam (FIB) lithography, using the
focused ion beam to write the pattern above onto the silicon substrate. A FIB can be
applied to produce three-dimensional hierarchical plasmonic nanostructures because of its
high spatial resolution and smaller beam size compared with electron beam lithography.
The FIB technique guarantees the reproducibility and tunability of plasmonic nanostruc-
tures [41–49].
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Figure 10. (a) Transmission spectra with different T values of E7; (b) dependence of resonance
wavelength on T.

Table 2. Comparison between previous works and this work.

Reference Structure S (nm/RIU) ST (nm/◦C)

[50] Side-coupled hexagonal cavities 917 0.45
[51] All-metal metasurface - 0.27
[52] Elliptical plasmonic waveguide resonator 950 0.01
[53] Defect resonator coupled with a waveguide 652 0.225
[5] Side-coupled rectangular cavity 1271 0.47

[54] Plasmonic waveguide system 1330 0.12
This work Two triangles coupled with waveguide 933 0.29

4. Conclusions

In conclusion, a triangle-coupled waveguide structure with a PIT effect is proposed.
The transmission characteristics of the structure were studied numerically by FDTD. In
addition, NLC E7, whose effective refractive index varied with the external electric field,
was added into the triangles to realize the tunability of PIT. The sensitivities of the proposed
structure were calculated as 960 nm/RIU and 0.29 nm/◦C. Hence, these results offer us
possibilities in the realization of photonic devices in highly integrated circuits for the
propagation and control of light.
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