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Abstract: A novel tunable plasmonic demultiplexer is proposed and numerically investi-
gated by finite element method (FEM). It consists of two half-nanodisk cavities and two sets
of E7 liquid crystal arrays which are side-coupled to three metal-dielectric-metal (MDM)
waveguides. The demultiplexer can split the input lights into two parts corresponding to
port1 (1310 nm) and port2 (1550 nm). The Q-factors of port1 and port2 are 54.6 and 36,
and the crosstalk values are −20.7 dB and −29.9 dB, respectively. Obviously, both channels
have high Q-factors and low crosstalk value. Moreover, the E7 liquid crystal arrays play a
key role in the whole structure, which makes the output power adjustable proportionally
by adjusting the applied voltage. This novel feature greatly enriches the function of our
demultiplexer. Using the electronical tunable birefringence characteristic of liquid crystal and
its arrays structure paves a new way to realize practical on-chip plasmonic system, which
can be widely used not only in demultiplexers but also in nanosensors, optical splitters,
filters, optical switches, nonlinear photonic and slow-light devices.

Index Terms: Metal-dielectric-metal (MDM) waveguide, surface plasmon polaritons (SPPs),
demultiplexer, on-chip plasmonic system.

1. Introduction
Surface plasmon polaritons (SPPs) excited at the interface between metal and dielectric have
bigger propagation constant and smaller wavelength at the same frequency. Therefore, SPPs can
break the classical diffraction limit of light [1]. Among the commonly ways to excite SPPs, such as
prism excitation [2], grating excitation [3], waveguide coupling excitation [4] and near-field excitation
[5], the metal-dielectric-metal (MDM) waveguide structure is more suitable for highly integrated
optical circuits due to its compact size and easy integration [6]. The MDM structure can confine the
optical field locally and propagate SPPs along the waveguide with a corresponding low power loss,
thus the MDM structures have become one of hotspot in optical field, a series of high performance
devices, such as refractive index sensors [7]–[9], optical switches [10], [11], optical filters [12], [13],

Vol. 12, No. 3, June 2020 4800410

https://orcid.org/0000-0001-5265-1153
https://orcid.org/0000-0002-3818-2781


IEEE Photonics Journal Plasmonic Demultiplexer With Tunable Output Power Ratio

and demultiplexers [14], [15], have been reported in the last few years. Demultiplexer, as one of
the important devices in on-chip system, has been widely studied recently. There are two common
coupling types in MDM demultiplexers – one is that the resonators are directly side-coupled to
one bus waveguide between the input and output ports [16], the other is that the input waveguide,
output waveguide and resonators are all coupled through a gap [14], [15], [17]. In recent years,
more and more demultiplexers with better performance are reported [6], [14], [18]. Among them,
the closest one to our wavelength range is reference [6], whose classic performance parameter is
C = −9.05 dB, Q = 15.6 for 1310 nm and C = −15.49 dB, Q = 21 for 1550 nm. However, they all
tend to have the same defect that the output power of each port only varies with the input power,
and the output power ratio between each output port cannot adjust. Obviously, the demultiplexer
without tunable output power ratio is disadvantage to the practical application with consuming more
intermediate devices.

In the current status, as to our knowledge, researches about demultiplexers on these issues have
not gone far enough. Hence, aiming at the issues, we added E7 liquid crystal in the traditional MDM
structure to make the whole structure tunable by applied voltage. Liquid crystal (LC) is a feasible
option to manipulate SPPs on a subwavelength scale, because the tilt angle of its optical axis can
be controlled by applied voltage [19]. In the past few years, due to its electronic birefringence and
low power consumption in near infrared region (NIR), LC is widely used in modulation devices such
as optofluidic filter [20] and polarization rotator [21].

In this paper, we designed an electrically tunable plasmonic demultiplexer, which consists of a
demultiplexing part and an output power modulation part. The demultiplexing part is composed
of an input waveguide and two half-nanodisk resonators. And the output power modulation part
is made up of two vertical output waveguides, each of which side-coupled an array of E7 liquid
crystal. The transmission spectra of the whole system are numerically simulated by finite element
method (FEM). The simulation results show that each output port has a narrow resonance peak
with a transmissivity nearly equal to 0.61 corresponding to 1310 nm for port1 and 1550 nm for
port2 when applied voltage is 28.5 V, and the Q factor and crosstalk values for each output port
are 54.6 and −20.7 dB, 36 and −29.9 dB, respectively. Moreover, the modulation properties of
E7 liquid crystal arrays are further investigated in details. By adjusting the applied voltage from
1 V to 60 V, it can be specified any output power ratio through these two output ports. This is
attributed to the elaborate design that the alignment orientation of the two sets of E7 liquid crystal
arrays is perpendicular. Compared with similar reported demultiplexers [6], [14], our structure has
better performance and richer features with flexibility. Thus, our structure is potential for on-chip
demultiplexers with high performance. Moreover, our study on the characteristics of liquid crystal
arrays also provides a powerful theoretical guidance for all-optical integration systems and ultra-
compact plasmonic devices.

2. The Basic Demultiplexer Structure
Fig. 1 shows the schematic diagram of our basic demultiplexer, which consists of three straight
waveguides and two half-nanodisk resonators (denoted as cavity1 and cavity2). For convenience,
the input port is denoted as port0, the two output ports (1310 nm, 1550 nm) are named as port1
and port2, respectively. In this paper, the width of three straight waveguides are fixed at w = 50 nm.
r1 and r2 are the radius of cavity1 and cavity2, respectively. t0 (g0), t1(g2) are the coupled gap of
cavity1 (cavity2) to port0 and port1 (port2), respectively. S is the length of the overlap between
the cavity2 and port2. It can be seen in Fig. 1 that only air and silver are filled in the structure
corresponding to white and blue areas, respectively. In this paper, we set the relative permittivity
of air to εd = 1, and the relative permittivity of silver described by the Drude-model covering the
wavelength range of 1100 ∼ 1700 nm, which represent by [22]

εm (ω) = ε∞ − ω2
p/

(
ω2 + iωγp

)
(1)

where ε∞ = 3.7 is the electric constant at the infinite angular frequency, the bulk plasma frequency
ωp = 1.38 × 1016 rad/s, the damping rate γp = 2.73 × 1013 rad/s characters the absorption loss,
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Fig. 1. Schematic diagram of the origin demultiplexer.

Fig. 2. (a) Transmission spectra of the basic demutiplexer. The Hz field of the resonance wavelength at
1310 nm (b) and 1550 nm (c).

and ω is the angle frequency of incident light. A TM polarized plane wave is launched and excited
the SPPs to port0. Here Pin and Pout1, Pout2 stand for input and output power flows of port0, port1 and
port2, respectively. Then the transmission of the structure can be defined as Ti = Pout i

Pin
, (i = 1, 2).

The basic structure of our demultiplexer, as shown in Fig. 1, is numerically investigated by using
the finite element method (FEM), also comparative by the classical coupled modes theory (CMT).
In order to explore the properties of the demultiplexer further, we performed a series of numerical
simulations to discuss the mechanism of our design. Firstly, the basic demultiplexer was investi-
gated in detail and the transmission spectra are shown in Fig. 2(a). The geometric dimensions of
the structure are as follows, r1 = 325 nm, r2 = 394 nm, t0 = t1 = g0 = g2 = 10 nm, S = 73 nm.

The black solid line in Fig. 2(a) shows a resonance peak with a value of 0.61 at 1310 nm,
while the red solid line shows another resonance peak with a value of 0.54 at 1550 nm. To reveal
the mechanism of these two resonance modes, we plotted the z-component of the magnetic field
intensity (Hz) at 1310 nm and 1550 nm and the results are shown in Fig. 2(b) and (c), respectively.
As shown in Fig. 2(b), the magnetic energy is concentrated in the cavity1, the SPPs wavelength
meets the stand-wave condition of cavity1, so that the SPPs wave can be coupled to the port1 to
form a transmission peak. A similar situation occurs in the right half of the disk and in port2 the
wavelength of 1550 nm has been selected, as shown in Fig. 2(c). It means that the compound
multiplexing modes can be demultiplexed as two independent ones by this MDM structure.
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For purpose to verify the reliability of the simulation results, we also analyze our structure by
coupled mode theory (CMT) [23], [24]. The coupling-of-modes formalism is general and can be
applied to numerous physical systems possessing resonant modes. In terms of our structure, there
are mainly two modes excited by the resonators and output waveguides, and the high-order modes
of each resonator are out of the wavelength range we discussed. Since the high-order modes
is very small, we ignore the interference effect from the high-order modes. Therefore, we can
investigate the demultiplexer in these two modes separately, each of which can be seen as a
resonator is connected to two waveguides for each mode, and the equations can be expressed as
follows

dam

dt
= − jωmam −

(
1

τm0
+ 1

τm1
+ 1

τm2

)
am + κm1Sm1+ + κm2Sm2+ (2)

Sm1− = −Sm1+ + κ∗
m1am κm1 =

√
2

τm1
e jθm1 (3)

Sm2− = −Sm2+ + κ∗
m2am , κm2 =

√
2

τm2
e jθm2 (4)

Where m = 1, 2 represent the modes with the resonance wavelength of 1310 nm and 1550 nm
for port1 and port2, respectively. am and ωm are the field amplitude and resonant frequency of the
mth mode, respectively. τm0 is the decay time of internal loss of the mth mode in the resonant
system. τm1, τm2 are the decay time of the coupling between the resonator and input, output
waveguides, respectively. κm1 and κm2 are the coupling coefficient between the resonant system
and the input, output waveguides, respectively. θm1 and θm2 are the complex amplitude phases of
the mth resonant mode coupled to the input, output waveguides. Smi± are the field amplitudes in
each mode (m = 1, 2) and port1 or port2 ( i= 1, 2) for outgoing (−) or incoming (+) from the
resonator. In this paper, only port0 has TM wave incidence. Hence, Sm2+ = 0, and the transmission
Tm is satisfied the following equation

Tm = ∣∣tm|2 =∣∣ Sm2−
Sm1+

|2 = | 2e jϕm

− j (ω − ωm )
√

τm1τm2 +
√

τm1τm2

τm0
+

√
τm1
τm2

+
√

τm2
τm1

|2 , ϕm = θm1 + ϕm0 − θm2

(5)
Where t is the transmission coefficient and ϕm0 is the internal phase difference of the mth

resonant mode. ϕm is the total coupling phase difference of the mth resonant mode. As in our
design, through the analysis of the simulation results, we can obtain ϕ1 = 0.53π and ϕ2 = 0.24π ,
respectively.

Then, we used CMT and the results of the numerical simulation for curve fitting and obtained the
transmission spectra for port1 and port2 in Fig. 3(a) and (b), respectively. It can be seen that both
curves have good fitting results, which confirmed further that it is reasonable to ignore the influence
of the higher order modes in the half-nanodisk resonators.

The performance of demultiplexer is commonly judged by quality factor and crosstalk. As we
know, the Q-factor is the measure of energy stored in the resonator and is given as Q = λ0/FW HM,
where λ0 is the resonant wavelength and FWHM is full width at half maximum. The values of the
Q-factor are 45.2 and 47 for port1 (1310 nm) and port2 (1550 nm), respectively. While crosstalk
is defined as [25]: C = 10 l og ( Pop

Pi p
), which represents the ability of the device to separate different

signals. The lower the crosstalk value, the stronger ability to separate signals and the smaller
interference between different signals. Here, Pip is the power of interested port and Pop is the
power of the other port. The crosstalk value of our basic demultiplexer is −22.4 dB for port1 and
−26.4 dB for port2, respectively. Compared with similar devices [6], [14], the performance of our
demultiplexer is much better.

But from our point of view, there’s still a defect cannot be ignored that the output power of the
two ports are not equal and the output power ratio cannot be regulated. Because the resonance
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Fig. 3. Curve fitting results for port1(a) and port2(b). The CMT parameters can be obtained by curve
fitting that the decay time of internal loss τ10 = 513f s and τ20 = 348f s, the decay time of the coupling
between the resonator and waveguides τ11 = 100f s, τ12 = 266f s, τ21 = 310f s, and τ22 = 152f s.

of basic structure depends on the property of material and the dimension. When the structure is
made, the peak position and amplitude of the resonance is determined. This phenomenon limits
the basic demultiplexer in the practical application. An additional power modulation part needs to be
considered to make the whole system more flexible. Aiming at this issue, we further optimized our
demultiplexer by utilizing electrical-tuned materials. In the following part, we will discuss the specific
properties of E7 liquid crystals and the principles used in the optimization process in detail.

3. The Optimized Structure by Utilizing E7 Liquid Crystals Arrays
As we know, E7 liquid crystal is an anisotropic uniaxial crystal. Its extraordinary refractive index (ne)
and ordinary refractive index (no) are expressed as following Cauchy equations

ne = Ae + Be

λ2
+ Ce

λ4
(6a)

no = Ao + Bo

λ2
+ Co

λ4
(6b)

Where Ae, Be, Ce, Ao, Bo and Co are six Cauchy coefficients. All these Cauchy coefficients can
be obtained by fitting the experimental results. The fitting results of these six parameters at 20 °C
are 1.6993, 0.0085, 0.0027, 1.4998, 0.0067 and 0.0004, respectively [26].

Given the optical axes of all liquid crystal molecules are along the x-axis without any excitation.
When an electric field is applied in the direction of the y-axis, all molecules are assumed to tilt by
an angle θ tending to align with the applied electric field. The function between the voltage U and
the tilt angle θ is expressed by the following equation

θ =
{

0 , U ≤ Vt h

π
2 − 2t an−1

{
ex p

[
−

(
U−Vt h

V0

)]}
, U > Vt h

(7)

where U is the applied voltage, V0 is a classic voltage at which the tilt angle is 49.6° [27]. And

Vt h = π

√
K11

�εε0
is the threshold voltage, below which no tilting will occur [28]. K11 is the splay elastic

constant of liquid crystal, ε0 = 8.85 pF/m is the electric constant in free space and �ε = ε‖ − ε⊥ is
the anisotropy dielectric permittivity, where ε‖ and ε⊥ are the parallel and perpendicular components
of the electric permittivity of E7 liquid crystals. The value of K11, ε‖ and ε⊥at 20 °C can be found in
the reference [29]. For U > Vt h(0.95 V, 20 °C), the tilt angle θ increases with the increase of U .
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Fig. 4. The relationship between refractive index components and the applied voltage U

According to the birefringence ellipsoid of E7 liquid crystals, the component of the refractive index
along incident light with the tilt angle θ to the optical axis in the liquid crystal can be expressed by

n =
(

sin2θ

n2
e

+ cos2θ

n2
o

)− 1
2

(8)

In this paper, we set the default orientation of the liquid crystal optical axis along the x-axis, and
the direction of the applied voltage is along the y-axis. Then according to the index ellipsoid of a
uniaxial crystal and Equations(6-8), we can plot the dependence of the three-component (x, y and
z) of the refractive index of E7 liquid crystal and the applied voltage U , as shown in Fig. 4. It can
be seen that as the voltage increases, nx decreases gradually and approaches no, ny increases
gradually, reaching a saturation value of ne, and nz remains stable which is always equal to no.

Next, we discussed the transmission properties of the side-coupled arrays. In this paper, we
selected paired rectangular bars to fill the E7 liquid crystal, which are double side-coupling the
straight output waveguides. The features of the bar arrays are investigated in the following part.
Each bar can be regarded as a rectangular resonator, and the standing wave conditions are
expressed as follows

λres = 2nef f Lef f

m − ϕr/π
, m = 1, 2, 3 . . . , (9)

where nef f is the effective refractive index in the resonator, and Lef f is the effective length of the
cavity. m is a positive integer, which represents the order of the resonate mode. ϕr is the phase
shift of SPPs reflected on the facets of the cavity.

εm

√
β2

spp − εd k2
0 t anh

⎛

⎝
w

√
β2

spp − εd k2
0

2

⎞

⎠ + εd

√
β2

spp − εmk2
0 = 0 (10)

where βspp = k0nef f is the propagation constant of the SPPs in the resonator, k0 = 2π/λ is free
space wavenumbers. εm and εd are the relative permittivity of metal and dielectric, respectively.

Fig. 5(a) shows the schematic diagram of the E7 liquid crystal arrays. The length, the width of
each rectangular bar and the refractive index of E7 liquid crystal are set to be l = 230 nm, w =
50 nm and n0 = 1.5, respectively. The resonance wavelength of the structure can be controlled at
around 1310 nm, which is a convenient and traditional optical window. The dependence between
the resonance wavelength and the size of the bar can be derived from Equations (9, 10), and the
details of which have been discussed in our previous work [30]. The distance between adjacent
bars in the array is fixed at D = 100 nm, avoiding the adjacent bar interference while maintaining a
compact size for integration. Afterwards, we investigated two important parameters: (i) the number
of the bar periods (N), (ii) the side-coupled gap (d) between the output port and the arrays. The
results are shown in Fig. 5(b) and (c).
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Fig. 5. (a) Schematic diagram of the E7 liquid crystal arrays. Transmission spectra of different param-
eters, (b) the number of the arrays period(N), (c) the side-coupled gap between output port, and the
arrays(d).

Fig. 6. Schematic diagram of the optimized demultiplexer.

Fig. 5(b) shows the transmission spectra of different N. It can be seen there is a bandgap between
1200 ∼ 1400 nm. With the increase of N, the width of bandgap will increase with a decreasing
growth rate, and the transmission of the structure decreases. This can be attributed to that each bar
produces a superposition effect of the transmission dip in the same region. After that, we set N = 3
to discuss the effect of coupling gap(d) on the transmission spectra, as shown in Fig. 5(c). With the
increase of d, the coupling effect between the array and the waveguide is reduced, thus the position
of the resonance wavelength has a blue shift, the width of bandgap gradually narrowed, and the
transmission gradually increased. It is worth noting that by setting the appropriate parameters
above, we can obtain a suitable band-stop filter transmission line shape with a steep transition
band, an appropriate stopband bandwidth, and a relatively flat passband adjacent to the transition
band. This design concept can also guide the design of band-stop filters.

By utilizing the electronic birefringence characteristic of the E7 liquid crystal (Fig. 4) and the
band stop features of the double side-coupled rectangular bar array (Fig. 5), we developed the
basic original demultiplexer into a complex one, as shown in Fig. 6. That is the output power can
be adjusted proportionally by controlled the applied voltage on E7 liquid crystal arrays.

The introduction of the liquid crystal arrays in each output port will also have a slight impact on
the basic original demultiplexer. After optimization, the width of all the rectangular bars is 50 nm.
The period number(N) of the bar arrays for port1 and port2, denoted as array1 and array2, are 2
and 6, respectively. The distance between adjacent bars in both arrays are fixed at D = 100 nm.
The coupled gap of array1 and array2 are 10 nm and 15 nm, respectively. The length of each bar
in array1 is la1 = 271 nm, and in array2 is as follows: la21 = 334 nm, la22 = 336 nm, la23 = la24 =
338 nm, la25 = 340 nm and la26 = 342 nm. Besides, in the optimized demultiplexer shown in Fig. 6,
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Fig. 7. Transmission spectra of the final structure when the applied voltage at three classic value (a)
28.5 V, (b) 1 V, and (c) 60 V. The Hz field at 1310 nm and 1550 nm when the applied voltage at 28.5 V
(d, e), 1 V (f, g), and 60 V (h, i), respectively.

the original parameters have changed to r1 = 326 nm, r2 = 392 nm, t0 = 12 nm, t1 = 10 nm, g0 =
g2 = 8 nm, S = 69 nm. All the slight size tuning is intended to achieve a better proportional output
power performance.

As an example, we have realized a low/high level applied voltage controlled 1×2 demultiplexer,
the transmission spectra of the final structure are shown in Fig. 7(a), (b) and (c). The two output
ports have three typical cases: (i) both port1 (1310 nm) and port2(1550 nm) passing simultaneously
(U = 28.5 V), (ii)only port1 (1310 nm) passing (U = 1 V), and (iii) only port2 (1550 nm) passing
(U = 60 V), respectively. When the applied voltage is 28.5 V, the transmission of both output ports
are 0.61, the output power ratio is almost 1:1. When the applied voltage is 1 V, the transmission of
the two ports are 0.02 and 0.61, The output power ratio is almost 1:30. When the applied voltage
is 60 V, the transmission of the two ports are 0.61 and 0.03, the output power ratio is almost
20:1. Fig. 7(d) and (e) show the magnetic field s(Hz) at the applied voltage of 28.5 V. Due to both
wavelengths do not meet the resonance conditions of E7 liquid crystals arrays, it can be seen that
the magnetic field distribution is similar to that in Fig. 2(b) and (c), only a small amount of energy
is coupled into the liquid crystal array. Fig. 7(f) and g show the Hz distribution when the applied
voltage is 1 V. In Fig. 7(f), most of the energy coupled from cavity1 to the output waveguide is
coupled to array1, thus the transmission of port1 is almost be 0, however, the SPPs waves from
cavity2 do not meet the resonance conditions of array2, as shown in Fig. 7(g) so the transmission of
port2 remains 0.61. When the applied voltage is 60 V, the opposite situations are shown in Fig. 7(h)
and (i).

When tuning the applied voltage, we can control the refractive index of the liquid crystal array
continuously. The nef f of array1 increases with the increase of the applied voltage, while the nef f

in array2 decreases, because the alignment orientation of these two arrays are perpendicular. By
adjusting the refractive index of array1 and array2, the position of the transition band of these two
arrays(as band-stop filters) can be adjusted elaborately, thus the transmission of port1 and port2 is
changed smoothly.

Fig. 8(a) shows the dependence of the transmission of the two ports in their resonance wave-
length (1310 nm for port1, 1550 nm for port2) and the applied voltage, respectively. The red solid
line in Fig. 8(a) shows the transmission spectrum of port1. It can be seen that with the increase
of applied voltage, the transmission gradually increases from the minimum value about 0.02 to the
maximum value about 0.61 when the applied voltage from 1 V to 28.5 V, while the transmission
change of port2 is less than 0.01 (i.e., 1310 nm in the transition band of array1, 1550 nm in the flat
pass band of array2). And after that, when the applied voltage range is 28.5–60 V, the symmetrical
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Fig. 8. (a) The dependence of the transmission of port1 (1310 nm, red line) and port2 (1550 nm,
black line) and the applied voltages (U), (b) the dependence of the output power ratio and the applied
voltages (U).

transmission spectra are shown, as the red and black lines are interchanged (i.e., 1310 nm in the
flat pass band of array1, 1550 nm in the transition band of array2). Fig. 8(b) shows the dependence
of the output power ratio and the applied voltages(U), as the applied voltage gradually increases
from 1 V to 20 V, the red solid line shows that Pout1/Pout2 has a steep monotonic descent, while
Pout2/Pout1 has a steep monotonic increase when U increase from 40 V to 60 V. Around 28.5 V is
the segment where the ratio is close to 1:1.

When the output power is equal in both output ports (i.e., the applied voltage is 28.5 V), the
Q-factor and the crosstalk of the optimized structure for port1 and port2 are 54.6 and −20.7 dB,
36 and −29.9 dB, respectively. In addition, the ratio of the output power can be continuously tuned
by regulating the applied voltage conveniently. Hence, the structure has pretty good performance
compared with the existing demultiplexer. The analysis about the side-coupled resonator arrays can
provide a theoretical guidance for filters design. This demultiplexer, as a kind of MDM structure, can
be considered as a suitable part for the photonic integrated circuits. Thus, the device can find its
application in all-optical, high speed and large information carrying and processing systems.

4. Conclusions
In summary, we report a novel demultiplexer which is composed of two half-nanodisks and two
sets of E7 liquid crystal arrays side-coupled with three MDM waveguides. It contains one input
port and two output port corresponding to two fundamental optical windows (i.e., 1310 nm and
1550 nm). The transmission spectra of whole system are numerically analyzed by finite element
method (FEM). The simulation results show that the transmission of each peak is almost equal to
0.61 when applied voltage is 28.5 V. After that, we investigate the influence of changing voltage
on transmission response, and the results show that the output power of the two ports could
be adjusted proportionally when the applied voltage varies from 1 V to 60 V. Compared with
similar devices, the greater Q-factor, the lower crosstalk value and the adjustable output power
ratio are the most outstanding advantages of our demultiplexer. The analysis of electronic control
performance of E7 liquid crystal array in this paper will provide a powerful theoretical guidance for
future plasmonic device design. In addition, our structure may have important potential applications
for compact on-chip plasmonic systems.
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