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Abstract:
This paper presents two efficient tunable plasmonic mode converters in the infrared regime. The proposed
configurations consist of silver layer with etched rectangular holes as metal insulator metal (MIM)
waveguides with central cavities. The holes are infiltrated by nematic liquid crystal (NLC) material to
increase the transmission through the suggested designs. Additionally, the NLC is used to have tunable
operation where the modes at the output port can be controlled. The simulations are carried out using full
vectorial finite element (FEM) method. The first design has a single output port which converts the TM
mode into the TEM mode with high transmission conversion efficiency of 70%. Further, the second
structure allows the generation of the two plasmonic modes simultaneously in two output waveguides.
During the biased state, the s- mode transmission conversion efficiency reaches 50% while the
transmission of a- mode at the unbiased state is equal to 49%. It is expected that the proposed tunable
mode converters will play an important role in the development of the plasmonic-photonic circuits.
Keywords: Plasmonic, Mode conversion, TM/ TEM modes, Nematic liquid crystal (NLC), Finite element
method (FEM).

1 Introduction
Surface plasmon (SP) modes are excited electromagnetic waves at the metal / dielectric interface. The SP
modes take various forms, extended from freely propagating electron density waves over metal surfaces
to localized electron oscillations around metallic nanoparticles. The unique properties of the SP modes
allow a wide area of practical applications (Zayats et al. 2005; Gramotnev and Bozhevolnyi 2010). In this
context, plasmonic biosensors (Hameed et al, 2016; Hameed et al., 2017), and nanoantennas for energy
harvesting applications (Obayya et al., 2015) have been reported. The metallic structures have different
shapes such as wires (Krasavin and Zayats 2011), V grooves (Moreno et al. 2006; Heikal et al. 2013),
wedges (Fernández et al. 2009), nanoantenna (Maier et al. 2002; Dagens et al. 2016) and metal insulator
metal (MIM) waveguides (Dionne et al. 2006). The MIM waveguides are the most widely used plasmonic
structures due to their unique properties such as strong locality and easy for fabrication. The MIM has
been used in a wide range of applications as bend waveguides (Veronis and Fan 2005), optical switches
(Tao et al. 2011), demultiplexers (Chen et al. 2015; Wen et al. 2012) and sensors (Lee et al. 2011).
Practically, MIM structures can sustain two plasmonic eigenmodes, termed transvers magnetic
(TM) mode and the transvers electromagnetic (TEM) mode, which are also called anti-symmetric mode
(a-mode) and symmetric mode (s-mode), respectively. However, each of the SP modes has its unique
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properties. The s- modes have minimum group velocity and better field confinement. Additionally, the amodes can be generated by many configurations such as end-fire excitation and tapered dielectric
junctions. However, the s-modes are difficult for excitation because of their antisymmetric lateral field
components. The mode conversion between SP modes can be used to solve the problem of s-mode
excitation. Further, the mode conversion is the basis for realizing multifunctional nano-circuits. Previous
studies show that the mode conversion can be carried out by reshaping phase or redistribution power
density of the guided mode. In this regard, the mode conversion has been achieved in silver doublenanowire system (Sun et al. 2013), plasmonic two-wire transmission line (Hung et al. 2012) and MIM
waveguides (Wang and Hong 2017; Wang and Yan 2018). The mode conversion can be also realized by
transformation media (Kong et al. 2013) or by using selective cavity (Kim et al. 2015). In this regard,
Ohana and Levy have introduced mode conversion in nanoscale waveguide using periodic perturbation
(Ohana and Levy 2014). Further, Wang and Hong have suggested mode conversion in MIM waveguide
using gradient thickness medium (Wang and Hong 2017). Additionally, Wang and Yan have presented
mode conversion in MIM waveguide using shifted cavity with maximum transmission of about 35% at
the operating wavelength λ = 1.31 μm (Wang and Yan 2018). The common drawbacks in the previous
studies are the low conversion efficiency and relative fabrication difficulty with no switching capabilities.
Recently, the nematic liquid crystal (NLC) has been endorsed in many photonic devices to control
their functions through temperature or external magnetic or electric fields (Hameed et al., 2010). In this
paper, two switched configurations for TM/TEM converter are reported with high transmission
conversion efficiency. The proposed designs consist of sliver layer with impeded input and output
waveguides. Additionally, a central cavity is used to support the mode conversion through the suggested
structure. In order to increase the transmission and control the mode conversion, nematic liquid crystal
(NLC) of type E7 is infiltrated through the different waveguides. The field propagation and the
transmission conversion efficiency are calculated by full vectorial finite element method via COMSOL
Multiphysics software package (www.comsol.com). The reported structure with one output port has the
ability to change the modes at the output port due to the infiltration of the NLC material. In this context,
during the NLC biased state, the a- mode will be converted to the s- mode with high transmission ratio of
70% which is better than 35% of the mode converted reported in (Wang and Yan 2018). When the NLC
layer is unbiased, the a- mode will propagate along the structure without mode conversion. Further, the
second design with two output ports can generate the two plasmonic modes through the two output
waveguides. The s- mode transmission conversion efficiency reaches 50% at the biased state. However, at
the unbiased state, the transmission of the a- mode is equal to 49%.

2 Design Considerations
In order to understand well the a- mode (TM mode) and s- mode (TEM mode), the conventional MIM
structure is introduced in Fig. 1. The conventional metallic structure consists of square waveguide with
length of 2 μm. Further, a cavity layer with thickness w = 800 nm is used. In this study, silver (Ag) is used
with permittivity defined by the Drude mode as given by (Johnson and Christy 1972):
𝜔2

𝑝
𝜀𝑚 (𝜔) = 𝜀∞ − 𝜔2 +𝑖𝜔𝛾

(1)

where the permittivity at infinite angular frequency 𝜀∞ is set to 3.7, the oscillation damping of electrons γ
is 2.73 ×1013 rad/s, and the bulk plasma frequency 𝜔𝑝 is 1.38 × 1016 rad/s. The cavity is filtrated with
NLC layer of type E7. Equation 2 shows the permittivity of the NLC layer as a function of the rotation
angle φ of the director of the NLC with the y-axis (Areed et al. 2018; Hameed and Obayya 2011).
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where ne and no are the extraordinary and ordinary refractive indices; respectively and can be calculated
from the following equation (Li et al. 2005).
𝑛𝑒,𝑜 = 𝐴𝑒,𝑜 +

𝐵𝑒,𝑜
λ2

+

𝐶𝑒,𝑜

(3)

λ4

where λ is the wavelength and 𝐴𝑒 , 𝐵𝑒 , 𝐶𝑒 , 𝐴𝑜 , 𝐵𝑜 𝑎𝑛𝑑 𝐶𝑜 are the coefficients of the Cauchy model. The
coefficients values at T = 25° 𝐶 are 𝐴𝑒 = 1.6933, , 𝐵𝑒 = 0.0078 μm2 , 𝐶𝑒 = 0.0028 μm4 , 𝐴𝑜 = 1.4994, 𝐵𝑜 =
0.0070 μm2 and 𝐶𝑜 = 0.0004 μm4 . In the presented simulation, the operating wavelength is set to λ =
1.31 μm, and thereby, the values of the ne, no are equal to 1.698796 and 1.50361, respectively. Figure 1
(b) and (c) show the captured magnetic field of the a-mode (TM mode) and s-mode (TEM mode) in the
propagation ZY- plane at the operating wavelength 1.31 μm; respectively.

Fig. 1: (a) The conventional MIM waveguide, and the magnetic field distributions in the YZ
propagation plane of the (b) a-mode (TM mode), and (c) s-mode (TEM mode).

It is believed that the infiltration of the NLC in the cavity with a thickness of 800 nm can be performed
experimentally. Additionally, the proposed in plane alignment of the NLC can be exhibited under the
influence of an appropriate homeotropic anchoring conditions (Ren et al. 2008) and under a strong field
limit (Wei et al. 2009; Haakestad et al. 2005). In addition, the electric field direction can be controlled
using sets of electrodes (Wei et al. 2009) under an effective driving voltage of 50 Vrms. The NLC in-plan
alignment has been achieved experimentally though hole diameter of (0.7–1.0 μm) (Woliñski et al. 2005).
Further, the NLC orientation has been successfully achieved in etched silicon on insulator cavity with different
3

thicknesses from 400 nm to 10 μm (Desmet and Baets 2006). The applied field is usually driven by a square
wave with amplitude normally varying from 0 volt up to 40 volt and frequency varying from 50 Hz up to
1 kHz. A strong field can readjust an NLC rather rapidly, within 100 ns. Additionally, doping the NLC
layer by isotropic layers like zinc oxide nano-particles may be useful for decreasing the amplitude of the
required voltage (El-Rabiaey et al. 2016; Eskalen et al. 2015). It is also worth noting that the speed of the
NLC switching can be increased electrically by modifying the order parameter (EMOP) using ultra-short
voltage pulses. For example, thin CCN-47 cells with 5 μm thickness can be used to switch NLC using the
EMOP effect which allows ultra-fast response times below 30 ns only. Therefore, mode conversion
between modes will not be affected by on or off times (Borshch et al. 2013).

3. Numerical Results
3.1 Tunable TM/ TEM Converter using One Output Waveguide
The proposed structure consists of a rectangular waveguide with dimensions of 9.1 μm and 6.5 μm. The
suggested configuration is based on the mode converter reported in (Wang and Yan 2018) with silver
(Ag) metallic layer. Three rectangular holes with thickness w = 800 nm are etched in the silver layer to
obtain input waveguide, output waveguide and shifted central cavity. The distance between the central
cavity and input/ output waveguides are equal to D. Further, the length of the central cavity is L = 5 μm
which is selected carefully in order to achieve switched plasmonic mode conversion. The central cavity is
shifted by a distance C from the input waveguide. To allow high transmission and fabrication simplicity
and inspired by the geometries suggested by (Wang and Yan 2018), the cavity and the output waveguide
are shifted up by C = 500 nm. Additionally, the distance between the cavity and the input and output
waveguide is set to 10 nm, where the thickness, w is taken by 800 nm. It is worth noting that a gap
distance of 10 nm has been experimentally achieved as reported by Siegfried et al. (2011). The holes are
infiltrated by NLC layer of type E7 as shown in Fig. 2. (a). The molecules of the NLC at the unbiased
state are aligned along the y-axis (φ =0o). However, the NLC molecules at the heavily biasing state will be
oriented along the z-axis (φ =90o). To control the orientation of the NLC molecules, two electrodes are
used as shown in Fig. 2(c). In order to examine the electric field distribution along the NLC layer at the
heavily biasing state, the Laplace equation ∇. (ε (y, z) E) = 0 is solved numerically where E is the electric
field vector and 𝜀 (𝑦, 𝑧) is the dielectric constant. The calculated electric field distribution is shown in Fig.
2 (c). It could be noted from the figure that the lines of the electric field are uniformly distributed parallel
to the z-axis at the biasing state of NLC where φ = 90° .
In the proposed design, the mode conversion is based on adjusting the length of the shifted cavity
L that can select the plasmonic mode (a- or s-mode) at the Fabry-Perot (FP) resonance. At the heavy
biased NLC, the shifted cavity length, L is adjusted to follow Eq. 4 (Wang and Yan 2018) to allow the
conversion from the a- mode to s- mode through the cavity and comes out from the output waveguide.
2𝜋
λ

𝑅𝑒(𝑛𝑒𝑓𝑓 )𝐿 + 𝜃 = 𝑚𝜋

(4)

where, Re(𝑛𝑒𝑓𝑓 ) is the real part of the effective index of the selected mode in the cavity, m is the order of
the FP resonance mode and θ is an additional phase shift due to the reflections inside the cavity. In the
unbiased NLC, the FP resonance of the shifted cavity occurs for the a- mode. Thereby, when the input
waveguide is excited by the a- mode, it will propagate and will be coupled to the shifted cavity and hence
to the output waveguide. However, at the biased state of NLC, the power is transferred from the a- mode
4

to the s- mode through the shifted cavity. In this case, the s- mode will propagate and come out from the
output waveguide.
Under applying the electric field, the molecules of the NLC layer will be oriented in the same
direction of the electric field. The obtained phase shift due to the propagation through the NLC is given
by (Eskalen et al. 2015):
𝛿∅ =

2𝜋
𝜆

Δ𝑛 𝐿

(5)

where 𝛿∅ is the total phase shift, Δ𝑛 is the birefringence which is the difference between ne, no and L is
the length of the NLC. It may be seen that the phase shift through the NLC depends on the length L of the
NLC layer. Therefore, the distance from the z- axis will not affect the produced phase shift.

Fig. 2: (a) Tunable plasmonic mode converter using single output waveguide, the inset shows the director 𝑛̅ of
the NLC molecules with rotation angle  with respect to y- axis, (b) The transmission conversion efficiency at
different values for D at biased and unbiased NLC states and (c) Electric field distribution along the NLC
layers at the biased state.

In this study, the transmission conversion efficiency is defined as the ratio between the power at
output and input ports. During the biased state of the NLC, the a- mode is coupled and converted to smode at the cavity waveguide. The output waveguide has transmission conversion efficiency of 35%
which is the same as that reported by Wang and Yan (2018). In order to increase the transmission
conversion efficiency, the dimensions of the structure are studied carefully. Figure 2 (b) shows the effect
of the gap distance D on the transmission conversion efficiency at biased and unbiased cases. At the
biased state, the a-mode will be converted to the s-mode while at the un-biased case; no mode conversion
will occur. It is evident that high transmission efficiencies of 60% and 70% are achieved at D= 4 nm for
5

the biased and unbiased states, respectively which are higher than 35% that reported by Wang and Yan
(2018). It should be noted that 4 nm separation distance has been experimentally achieved in (Lee et al.
2014).
Figure 3(a, b) show the calculated transmission conversion efficiency at different values of w and C,
respectively at the biased state of the NLC. It may be seen that high transmission conversion efficiency of
70 % occurs at C =500 nm and w = 660 nm. Figure 3(c, d) show the magnetic field propagation through
the propagation plane YZ at different biased NLC states. It is evident from the figure that the obtained
results are in a good agreement with the captured field distributions. At the unbiased state, the excited amode propagates through the design form the input to the output waveguide. However, at the biased NLC
state, the input a-mode is converted to the s-mode at the output waveguide. The transmission ratio is equal
to 70% for the s- mode at the biased state. The propagation losses and insertion losses are also calculated.
In this study, the insertion losses (IL) is calculated according the following equation (Cheng et al. 2018)
IL = -10 log (T)

(6)

The a- mode will be converted to the s- mode during the biased state. The calculated propagation loss of
the s-mode is equal to 20 dB/ mm. Therefore, low propagation loss is achieved for the s- mode at a device
length of 9.1 µm. Additionally, the insertion loss for the s- mode at the biased state is equal to 1.5 dB.

Fig. 3: Results of the switched plasmonic mode converter using single output waveguide: (a, b) Variation of
transmission conversion efficiency at biased state with w and C, respectively and the magnetic field distribution
in the YZ propagation plane at (c) unbiased NLC and (d) biased NLC.

The effect of sharp corners of the cavity waveguide is also studied. Figure 4 shows the suggested
design with rounded cavity and the transmission conversion efficiency at different radii of the rounded
corners. In this study, the other geometrical parameters are used at their optimum values of w = 660 nm,
C = 500 nm and D = 4nm. It is evident that the transmission is still better than 69% in the studied range
from r = 0 to 50 nm. It is worth noting that the supported modes will not be affected if the corners of the
shifted cavity are rounded.

6

Fig. 4: (a) The proposed structure with rounded corners cavity and (b) The transmission conversion
efficiency at different radii of the cavity corners.

3.2 Tunable TM/TEM Converter Using Two Output Waveguides
The tunable TM/ TEM converter is also suggested using two output waveguides configuration as shown
in Fig. 5. The thickness of the added output waveguide is taken by 800 nm and is injected with NLC
material. The distance between the output waveguides is adjusted carefully to generate the a-mode and smode simultaneously. In the current study, the input waveguide will be excited by the a-mode. At the
biased state, the s- mode will be obtained from the upper waveguide while the a-mode will propagate
through the lower waveguide. The situation will be reversed at the unbiased case where the a-mode will
continue through the upper waveguide while the s-mode will be supported by the lower waveguide. The
effect of the D distance on the transmission through the upper (T1) and lower (T2) waveguides at the
biased state is shown in Fig. 5 (b). The other parameters are constant at B= 60 nm, C = 500 nm. It may be
seen that during the biased NLC layer, the transmission conversion efficiency T1 of the s- mode is
maximum at D = 10 nm. Moreover, it is worth noting that the distance 10 nm has been achieved as
reported by Siegfried et al. (Siegfried et al. 2011). Figure 5 (c) and (d) show the captured magnetic field
distribution at the unbiased and biased NLC layer, respectively. The results show that at the unbiased
NLC layer, the two plasmonic modes are generated simultaneously, where the a-mode is excited in the
upper output waveguide with transmission efficiency 49%. However, the s-mode is generated in the
second output waveguide with transmission conversion efficiency of 10%. The situation is reversed at φ
=90o. In this context, the a-mode is propagated in the lower output waveguide and the s-mode is excited in
the upper output waveguide with transmission conversion efficiency of 50%. The calculated propagation
loss is equal to 17 dB/ mm for the s-mode. Therefore, low propagation loss is achieved for the s-mode at a
device length of 9.1 µm with a good transmission of 50%. Additionally, the insertion loss for the s- mode
at the biased state is equal to 3 dB. The achieved results are better than that reported in Wang and Yan
(2018) with small transmission of 35%. In order to obtain equal transmission efficiency of 34% for both
modes, D= 7 nm should be used as shown in Fig. 5 (b).
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Fig. 5: (a) Tunable plasmonic mode converter using 2-output waveguides where the inset shows the director 𝑛̅ of the
NLC molecules with rotation angle  with respect to y- axis, (b) the transmission conversion efficiency through the
upper (T1) and lower (T2) waveguides at different values for D during the NLC biased state, and the magnetic field
distribution in the YZ propagation plane for the (c) unbiased NLC (φ =0o), and (d) biased NLC (φ =90o).

The effect of the distance between the two waveguides B is next studied at D= 10 nm. It is found
that at B=60 nm, high transmission of 50% is achieved for the s-mode for the biased case. If B is varied,
the transmission will be effectively reduced. Therefore, B=60 nm will be chosen for the suggested design.
The impact of the radius r of the rounded corners on the transmission spectra are shown in Fig. 6 (b) at the
biased state. It is evident that the transmission T1 of the s- mode is nearly constant at 50% in the studied
range from r = 0 to 8 nm at the biased state. It is worth noting that the modes will not be affected if the
corners of the shifted cavity are rounded
Table 1 shows a comparison between the proposed plasmonic mode configurations and the
previously reported plasmonic mode converters. It is evident from the table that the suggested
configuration has a small size and high transmission conversion efficiency compared to the previously
reported structure suggested by Wang and Yan (2018). Additionally, thanks to the NLC, the proposed
structure enables the excitation of the two plasmonic modes based on the biasing state of the NLC

8

Fig. 6: (a) The proposed second structure with rounded corners cavity and (b) the transmission conversion
efficiency of the s-mode (T1) and a-mode (T2) at different radii r.

Table 1 comparison between the proposed plasmonic mode structure and the previously reported
structures

Structure

(Ohana and Levy
2014)
(Pan et al. 2014)
(Wang and Hong
2017)
(Wang and Yan
2018)
Proposed Structure
using one output
waveguide
Proposed Structure
using two output
waveguides

Materials

Operating
Wavelength
(nm)

Width
From input
to output
(µm)

Transmission
Conversion
efficiency

Reconfigurability

Si, SiO2

1550

45

96.4%

No

Ag, SiO2

440

NA

~40%

No

Air, Ag

1310

12

NA

No

Air, Ag

1310

9

~35%

No

NLC, Ag

1310

9.1

70%

Yes

NLC, Ag

1310

9.1

50%

Yes

4. Conclusion
In this paper, two compact and efficient tunable TM/TEM plasmonic mode converters are presented and
simulated using COMSOL Multiphysics software package. The first configuration consists of silver layer
with 3 rectangular holes injected by NLC layers. The operation is based on the excitation of the a- mode
in the input waveguide that can be converted to s-mode in the output waveguide based on the biasing state
of the NLC layer. The results show maximum conversion efficiency of 70%. Additionally, in the second
proposed configuration, two output MIM waveguides are suggested to allow the generation of the two
plasmonic modes simultaneously. During the biased state, the s- mode transmission conversion efficiency
reaches 50%. The transmission of a- mode at the unbiased NLC layer is equal to 49%. In comparison with
9

the previously reported structures, the proposed configurations are characterized by small size, high
transmission conversion efficiency and reconfigurability.
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Figures

Figure 1
(a) The conventional MIM waveguide, and the magnetic eld distributions in the YZ propagation plane of
the (b) a-mode (TM mode), and (c) s-mode (TEM mode).

Figure 2
(a) Tunable plasmonic mode converter using single output waveguide, the inset shows the director n  of
the NLC molecules with rotation angle  with respect to y- axis, (b) The transmission conversion e ciency
at different values for D at biased and unbiased NLC states and (c) Electric eld distribution along the
NLC layers at the biased state.

Figure 3
Results of the switched plasmonic mode converter using single output waveguide: (a, b) Variation of
transmission conversion e ciency at biased state with w and C, respectively and the magnetic eld
distribution in the YZ propagation plane at (c) unbiased NLC and (d) biased NLC.

Figure 4
(a) The proposed structure with rounded corners cavity and (b) The transmission conversion e ciency at
different radii of the cavity corners.

Figure 5
(a) Tunable plasmonic mode converter using 2-output waveguides where the inset shows the director n 
of the NLC molecules with rotation angle  with respect to y- axis, (b) the transmission conversion
e ciency through the upper (T1) and lower (T2) waveguides at different values for D during the NLC
biased state, and the magnetic eld distribution in the YZ propagation plane for the (c) unbiased NLC (φ
=0o), and (d) biased NLC (φ =90o).

Figure 6

Fig. 6: (a) The proposed second structure with rounded corners cavity and (b) the transmission
conversion e ciency of the s-mode (T1) and a-mode (T2) at different radii r.

