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Introduction

Plasmonics is a rapid developing research subfield in pho-
tonics dedicated to the fundamental studies and applications 
of surface plasmons (SPs). SPs are essentially a special kind 
of light formed by collective free electron oscillations at the 
interfaces of metals and dielectric materials [1, 2], which can 
only propagate at the metal/dielectric interface and decay 
exponentially away from the interface. The strong and unique 
capability of SPs to manipulate light at the nanoscale has led 
to numerous intriguing physical phenomena [3–5] and useful 
applications [6–9]. One of most important research directions 
on plasmonics is the development of nanophotonic circuits/

chips [10], which could take full advantage of unique prop-
erties of SPs. Therefore, a number of waveguide-type plas-
monic devices have been proposed, developed and integrated 
to realize specific chip-based optical functions. Along this 
line, various plasmonic nanostructures have been designed 
for guiding/processing plasmonic signal efficiently, such as 
nanoparticle chain waveguides [11], gap-stripe waveguides 
[12], semi-conductor nanowire [13], photonic bandgap wave-
guides [14], and so on.

Among them, the metal-insulator-metal (MIM) nano-
structures have attracted intensive attention due to the strong 
confinement of light and excellent compromise between 
propagation length and losses [15]. Thus far, a variety of 
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Abstract
We propose a liquid-crystal-based tunable plasmonic waveguide filter and numerically 
investigate its filtering properties. The filter consists of a metal-insulator-metal waveguide with 
a nanocavity resonator. By filling the nanocavity with birefringent liquid crystals (LCs), we 
could then vary the effective refractive index of the nanocavity by controlling the alignment of 
the LC molecules, hence making the filter tunable. The tunable filtering properties are further 
analyzed in details via the temporal coupled mode theory (CMT) and the finite-difference 
time-domain (FDTD) method. The simulation results show that the resonant wavelengths have 
linear redshift as the refractive index of the nanocavity increases and the coupling efficiency 
is more than 65% without considering the internal loss in the nanocavity and waveguides. 
These achieved results by the FDTD simulations can be also accurately analyzed by CMT. 
The compact design of our proposed plasmonic filters is especially favorable for integration, 
and such filters could find many important potential applications in high-density plasmonic 
integration circuits.
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functional plasmonic devices based on MIM waveguides 
haven been theoretically proposed and experimentally real-
ized, such as optical splitters [16], optical switches [17], 
Mach-Zehnder interferometers [18], sensors [19], absorbers 
[20], and optical filters [21, 22]. Specifically, plasmonic fil-
ters, as a crucial component, play an important role in multi-
functional photonic chips by providing wavelength-selection. 
MIM waveguide-type plasmonic filter can reduce the fabrica-
tion complexity and increase the prorogation length for SPPs. 
Hence, some simple plasmonic waveguide filters have been 
proposed including ring resonators [23], tooth-shaped plas-
monic waveguide filters [24], rectangular geometry resona-
tors [25] and channel drop filters with disk resonators [26]. 
Most of them have the configuration of MIM waveguides 
coupled with a gear-shaped cavity [27], a ring cavity [28], 
a rectangular cavity [29], a nanodisk cavity [30], and so on. 
However, most of the current plasmonic waveguide filters 
are passive, which means the filtering function is fixed upon 
fabrication and lacks efficient control of plasmonic signal. 
Future development requires the filters to have switchable or 
tunable capability under external stimuli—so called active 
control.

Researchers have put tremendous efforts to develop active 
plasmonic devices. One effective way is to take advantage of 
the eminent property of SPs—the high sensitivity to the sur-
rounding dielectric materials of the plasmonic nanostructures 
[31–33]. The use of tunable dielectric materials has proved to 
be a very efficient approach for active plasmonics [34–38]. 
For example, Wang and Chumanov have demonstrated the 
electrochemical modulation of the intensity and frequency 
of LSPR in Ag nanoparticles embedded in a tungsten oxide 
matrix [39]. Zheng et al have achieved active tuning of the 
plasmon resonances in rotaxane—coated gold nanodisk arrays 
by chemically switching the rotaxane molecules between its 
oxidized and reduced states [40].

Liquid crystals (LCs) stand out from all the rest due to 
its large birefringence on refractive index, low threshold on 
trans ition among different states, fluid nature for easy inte-
gration, and versatile driven methods to cause the transitions. 
These distinctive advantages make it an excellent candidate 
for active plasmonics [41, 42]. So far, both electrical [43–51] 
and optical tuning [52–55] of plasmonic properties have been 
demonstrated based on reorientation of the LC molecules. In 
this paper, we propose a plasmonic waveguide filter that con-
sists of a circular nanocavity filled with nematic LCs coupled 
with two MIM waveguides symmetrically. The wavelength-
tuning properties of resonant modes in the nanocavity, the 
transmission characteristics, including the transmission effi-
ciency, resolution and relevant SPP mode distributions are 
analyzed by employing the finite-difference time-domain 
(FDTD) method [56]. The transmission characteristics can 
be explained by the temporal coupled mode theory (CMT) 
[57]. The obtained results shows that our proposed plas-
monic waveguide filters have big potential for high-density, 
integrated plasmonic chips/circuits. For instance, it can work 
as an optical switch/modulator to modulate the transmitted 
optical signal in the integrated plasmonic circuits.

Structure and theoretical analysis

The structural configuration of the proposed plasmonic wave-
guide filter is schematically shown in figure 1, which consists 
of a circular nanocavity filled with NLCs in the middle of a 
MIM waveguide slit. This structure possesses mirror sym-
metry. The width of the air slit is w. The coupling distance 
between the nanocavity and the MIM waveguide is g. The 
circular nanocavity has the radius of R. The insulator layer 
and the metal layer of the MIM waveguide are set as air 
(εAir  =  1.0) and silver, respectively. The permittivity εm of the 
silver can be described by the Drude model [58]:

εm (ω) =
ε∞ − ω2

p

ωi (ωi + iγ)
, (1)

where ωi is the angular frequency of the incident light, ωp is the 
bulk plasma frequency, γ is the electron collision frequency. 
ε∞ is the dielectric constant at the infinite frequency. The 
parameters for the silver metal layer can be set as ωp  =  9.1 eV, 
γ  =  0.018 eV, εm  =  3.7.

Based on the temporal CMT [59], the transmission of this 
structure can be expressed as:

T (ω) =

∣∣∣∣
τi

jτωτi (ω − ω0) + τω + τi

∣∣∣∣
2

, (2)

where ω is the angular frequency of the input wave, ω0 is the 
resonant frequency in cavity, 1/τi and 1/τω are the decay rates 
due to the intrinsic loss and the waveguide coupling loss, 
respectively. We can find that the transmission spectra around 
the resonant modes exhibit Lorentzian profiles. When the inci-
dent light is the resonant wavelength exactly, the transmission 
can be described as:

T (ω0) =

∣∣∣∣
τi

τω + τi

∣∣∣∣
2

. (3)

At the resonant frequency ω0, the cavity mode is excited 
and the incident light is transmitted. Far from the resonant 

Figure 1. Schematic diagram of the plasmonic waveguide 
filter structure composed of two slits, two semi-infinite metallic 
claddings, and a LC-filled nanocavity resonator in the middle of the 
MIM structure. The important geometrical parameters are defined in 
this structure.
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frequency, the incident mode is almost completely reflected. 
When 1/τi is far less than 1/τw, the resonant wavelength trans-
mission peak is close to 100%.

The structure’s plasmonic resonant wavelength satisfies the 
eigenvalue equation which can be given as follows [60, 61]:

∣∣∣∣∣∣
Jm

( 2πn1R
λ

)
H(1)′

m
( 2πn2R

λ

)
J′m

(
2πn1R

λ

)

n1

H(1)′
m

(
2πn2R

λ

)

n2

∣∣∣∣∣∣
= 0. (4)

Jm and J′m are the first kind Bessel function with the mth order 
and its derivation function, H(1)

m  and H(1)′
m  are the first kind 

Hankel function with the mth order and its derivation func-
tion, respectively. n1 and n2 are the refractive indices of the 
insulator’s waveguides and the NLCs inside the nanocavity, 
respectively. λ is the resonant wavelength. R is the radius of 
the nanocavity. From the equation  we can summarize that 
the resonant wavelength λ is determined by the radius of the 
nanocavity, R and the refractive index of the MIM structure. 
Thus, we can tune the refractive index of the NLCs to select 
the specific resonant wavelength.

Simulation results and analysis

In order to understand the theoretical analysis above, both 
FDTD and CMT simulation are used to calculate the trans-
mission characteristics of the proposed structure. The struc-
tural parameters have been numerically optimized through a 
large number of simulations. In our simulations, the optimal 
geometrical parameters are chosen as w  =  31 nm, g  =  20 nm, 
R  =  200 nm. The wavelength range of the light source is set 
700 nm to 1500 nm. The refractive index of the LC-filled 
nanocavity can be estimatedly tuned from 1.52 to 1.74 [62]. 
The dielectric function of the silver is described by the Drude 
model. The refractive index of the air is 1.0. In our simulation, 
the mesh size was set to 3 nm and 2D simulation was carried 
out for our proposed structures.

Figure 2 shows the simulated results of our proposed plas-
monic waveguide filter. The polarization of the incident light 

source is along y-axis. From the transmission spectrum (figure 
2) in our interested wavelength range, we can see clearly that 
there are two distinct and sharp resonant transmission peaks 
(marked as Mode-I and Mode-II) that locate at the wavelength 
of 1225 nm and 777 nm, respectively, which exhibit typical fil-
tering characteristics for both modes. To further investigate the 
underlying physical origins of the resonant modes, we calcu-
late the magnetic-field and corresponding charge distributions 
at the peak positions for both Mode-I and Mode-II, as shown 
in figures 3(a)–(d), respectively. From figure 3, it is obvious 
that Mode-I shows the dipolar resonance, while Mode-II dem-
onstrates the quadrupolar resonance. It can be seen that the 
excitations of resonant modes happen inside the nanocavity 
at the wavelengths of 1225 nm and 777 nm, indicating that the 
incident light with the resonant wavelengths can pass through 
the MIM plasmonic structure. In contrast, the incident light 
out of the resonance is then blocked as there is no excitation 
of resonant modes.

In general, it is well known that the plasmonic nanocavity is 
highly sensitive to the surrounding medium. In our design, the 
circular nanocavity is filled with LCs, whose refractive index 
can be effectively tuned by controlling the alignment of LC 
molecules. Therefore, we expect that the resonant modes of 
the plasmonic nanocavity can be then tuned due to the change 
of the effective refractive index inside the nanocavity. As a 
result, our proposed plasmonic waveguide filters will demon-
strate a tunable filtering properties. As a proof-of-concept, we 
employ a widely used LC, E7, in our simulation. The LC E7 is 
a well-studied anisotropic material. Its wavelength-dependent 
ordinary and extraordinary refractive indices can be described 
by the extended Cauchy model. The detailed description can 
be found in the previous report [62]. The transmission spectra 
of the structure were simulated as the effective refractive 
index of the LC-filled nanocavity was tuned from 1.52 to 
1.74. The tuning of the refractive index could be realized by 
controlling the alignment of LC molecules under an external 
electric field [47, 48]. The simulated results are illustrated in 
figures 4(a) and (b), respectively. From figure 4(a), we can see 
that the peak wavelengths of both resonant modes (Mode-I 
and Mode-II) have a redshift with the increase of the effec-
tive refractive index. Figure 4(b) shows the peak positions of 
both Mode-I and Mode-II as a function of the refractive index 
of the nanocavity, which demonstrate a nearly linear relation-
ship. The simulation results show that Mode-I and Mode-II 
have the sensitivity of ~80 and ~50 nm/RIU, respectively. 
Therefore, one can externally tune the refractive index of the 
filled LCs inside the nanocavity to achieve the desired filtering 
wavelength to a specific propagating channel.

The filtering properties of the plasmonic waveguide filter 
are further investigated by replotting the transmission spectra 
together with the change of the refractive index, as shown 
in figure  5(a). It can be clearly observed that the transmit-
tance has a gradual decrease for both Mode-I and Mode-II. 
In addition, the transmittance of Mode-I is lower than that of 
Mode-II, indicating that Mode-II has a higher coupling effi-
ciency than that of Mode-I. This might be attributed to the 
fact that Mode-II has a larger 1/τw compared to Mode-I. The 
coupling efficiency can be analyzed by CMT and calculated 

Figure 2. FDTD and CMT simulated transmission spectrum of the 
plasmonic waveguide filter. The refractive index of the LC-filled 
nanocavity is 1.52.
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by FDTD simulation. Figure 5(b) shows the simulation result 
of the coupling efficiency of Mode-I and Mode-II. We can see 
that as the refractive index of the LC increases, the coupling 
efficiency decreases fluctuantly. However, overall in the range 
of 1.5 to 1.7, the coupling efficiencies of Mode-I and Mode-II 
are above 65% and 75%, respectively, which are sufficient for 
filtering purpose.

For the filters, the full-width at half-maximum (FWHM) of 
the filtering peak is also an important parameter that cannot 
be ignored during the design process. We find that the filtering 
bandwidth can be further reduced by cascading multiple cir-
cular nanocavities in the plasmonic waveguide. In our design, 
we further investigate the filtering bandwidth (i.e. FWHM) by 
taking the Mode-II for example. Figures 6(a) and (b) shows 

Figure 3. Simulated magnetic-field ((a) and (c)) and corresponding charge ((b) and (d)) distributions at the peak positions of Mode-I ((a) 
and (b)) and Mode-II ((c) and (d)), respectively.

Figure 4. (a) Transmission spectra of the plasmonic waveguide filter with different refractive indices of the LC-filled nanocavity. (b) The 
evolution of the peak positions of Mode-I and Mode-II as a function of the refractive index of the LC-filled nanocavity.

Figure 5. (a) Evolution of transmission spectra of the plasmonic waveguide filter as a function of the refractive index of the LC-filled 
nanocavity. (b) The calculated coupling efficiencies of Mode-I and Mode-II with different refractive indices of the LC-filled nanocavity.

J. Phys. D: Appl. Phys. 51 (2018) 235101
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the schematic of the plasmonic waveguide filter with two cas-
caded nanocavities and the corresponding simulation results. 
From figure 6(b), the calculated filtering bandwidth is about 
8 nm by fitting the transmission peak using the Gaussian 
function. For comparison, figure  6(c) shows the filtering 
bandwidth with only one circular nanocavity in the MIM 
plasmonic waveguide. The filtering bandwidth is about 15 nm, 
which is almost twice increment of the bandwidth compared 
to the case of two cascaded nanocavities. The reduction of 
the FWHM is mainly attributed to the coupling effect of the 
cascaded nanocavities. Figures 6(d) and (e) shows the effect 
of the gap distance D on the FWHM and corresponding magn-
etic-field distribution at different gap distances. However, it is 
worth noting that the transmission power for the case of two 
cascaded nanocavities also decreases because of the intrinsic 
loss and waveguide coupling loss. As a result, one can design 
such kind of plasmonic waveguide filters with desired perfor-
mance by compromising the filtering bandwidth and transmis-
sion power.

Conclusion

In summary, we have proposed a LC-based plasmonic wave-
guide filter with tunable filtering properties. The designed 

filter consists of a MIM waveguide with a nanocavity reso-
nator. By filling the nanocavity with birefringent LCs, we 
can then vary the effective refractive index of the nanocavity 
by controlling the alignment of the LC molecules, hence 
making the filter tunable. The obtained results are in good 
agreement between the CMT and FDTD methods. The simu-
lation results show that the resonant wavelengths have linear 
redshift as the refractive index of the nanocavity increases. 
Moreover, the filtering bandwidth can be also adjusted by 
cascading multiple circular nanocavities in the plasmonic 
waveguide. The design is compact and straightforward, 
which is favorable for simple and easy fabrication and inte-
gration as well. Our proposed plasmonic filters could find 
many important potential applications in high-density plas-
monic integration circuits.
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