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A new design of tunable high performance multi-channel optical demultiplexer
based on MIM plasmonic ring resonators at telecommunication wavelengths
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Abstract: The tunable high performance multi-channel wavelength demultiplexer (WDM) based on metal-insula-
tor-metal (MIM) plasmonic ring resonators is designed and numerically investigated. By the resonant theory of
ring cavity, we find that the channel wavelength of WDM can be easily manipulated by adjusting the radius and re-
fractive index of the ring cavity, which is in good agreement with the results obtained by finite element method
(FEM) simulations. The multi-channel WDM structure consisting of a plasmonic waveguide and several ring re-
sonators increases the transmission up to 80% at telecommunication regime, which is two times higher than the re-
sults reported in a recent literature. The proposed compact multi-channel wavelength demultiplexer can find more

applications for the ultra-compact WDM systems in highly integrated telecommunication circuits.
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Introduction

Surface plasmons are the electromagnetic surface
waves that travel along the interface between metal and
dielectric with an exponential decay to both sides'''.
Surface plasmons polaritons ( SPPs) have been widely
studied during the past decades because of its ability to
overcome the conventional diffraction limit and manipula-
ting light on deep sub-wavelength scales at the same
time'”. Recently, numerous devices based on SPPs
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such as the all-optical switching, Y-shaped combiners,
modulators, sensors, Mach-Zehnder interferometer, di-
rectional couplers, splitters, and Bragg reflectors are
simulated numerically and demonstrated experimental-
ly[w]. The metal-insulator-metal ( MIM) structures con-
sist of a dielectric waveguide and two metallic claddings,
which strongly confine the incident light in the insulator
region'"”). Some devices based on the MIM waveguides
have been studied numerically and experimentally, such
as the tooth-shaped plasmonic waveguide filters'""" | filters

. 12 . 13
based on ring resonators'”’ and nanodisk resonator' "’
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and wavelength selective waveguide!"'. As key factors in
the plasmonic filters, optical resonators are crucial struc-
tural components of wavelength selective devices due to
their symmetry, simplicity, and ease of fabrication.

Based on MIM structures, two types of plasmonic
filters, band-pass and band-stop filters have been pro-
posed in previous work. The former allows light with a
certain wavelength to pass through the waveguides''>"’
while the latter prohibits a certain wavelength from trans-
mitting''*"*’. Both of these two filters are very important
in nanoscale optical devices. However, in some devices
such as the (WDM) system, the band-pass filter plays a
very important role. WDM plays an important role in sig-
nal processing in optical communications. Recently,
Huang et al. had proposed a WDM on the basis of nano-
capillary resonators'"”’. Wang et al. ™' had proposed a
WDM on the nanodisk resonators. Naghizade S et al. '*"
and Zhao et al. ">’ had proposed a compact and high-res-
olution plasmonic wavelength demultiplexer.

In this paper, a new kind of tunable high perform-
ance multi-channel WDM structures based on the ring re-
sonators are proposed and the transmission properties are
investigated numerically by using finite element method
(FEM). The simulation results agree well with the theo-
retical analysis. This work may have potential applica-
tions in highly integrated optical circuits and optical com-
puting.

1 Structure and theories

Multiple ring resonators are widely used in optical
filtering. Firstly, here we used a ring resonator to inves-
tigate the design consideration of the optical filter. Fig. 1
(a) shows the plasmonic filter structure which is com-
posed of two slits, two semi-infinite metallic clad-dings,
and a ring resonator in the middle of the MIM structure.
The system is a two-dimension model. The structure is
considered invariant along z-direction. The FEM with
COMSOL Multiphysics is employed to realize our simula-
tions. The calculated area is divided by Yee’ s mesh with
a size of 2 nm. The FEM with the scattering boundary
condition is employed to investigate the transmission
characteristics of the structure. The gray and white areas
are silver and air, respectively. Two waveguides are cou-
pled by a ring resonator whose outer radius is R, , and
the inner radius is R,. The radius of the ring is R, which
is the average of the inner and the outer radius, R = (R,
+R,)/2, as depicted by the dashed circle in Fig. 1(a).
w represents the widths of the waveguides and the ring. d
are the coupling lengths between the waveguides and the
ring. The insulators in the slit and ring cavity are set as
air with refractive index n =1. The metal is assumed as
silver, whose complex relative permittivity can be char-
acterized by the well-known Drude model ' .
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The parameters for silver can be setas e, = 3.7, w, =
9.1eV, and y = 0.018 eV''?'. The SPPs are excited
with inputting a TM polarized plane wave. The transmis-
sion is defined as T = P, /P, , P, presents the total in-
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is transmission power. The reso-
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nating wavelength of the ring resonator can be obtained

theoretically by the equation' >,
G N )
Jn’(ka> N”/(ka) h ’

where k =w(ge,u0) ", po is the air permeability. &, =
N /o is the frequency-dependent effective relative per-
mittivity. J, and N, are Bessel function of the first kind
, and N '
are derivatives of the Bessel functions to the argument
(kR). The first and second-order modes are considered
in the present paper, which corresponds to the first and
second order of Bessel function. From Eq. 2 we can see
that the resonance wavelength A, is dominated by R and

and second kind with order n respectively. J

the refractive index.
According to temporal coupled mode theory, the
transmission of the band-pass filter structure can be ob-

tained from Ref. 20.

T(w) = (1/7,)°

(0 —w)* + (U/r, +1/7,)" <)
where w is the frequency of incident light, and w, pres-
ents the resonance frequency. 1/7, and 1/7, stand for
the decay rate of the field induced by the internal loss in
the ring cavity and the power escape through the
waveguides, respectively. The width of waveguides and
the ring w is 50 nm, and the radius of the ring resonator
R is 170 nm. The coupling length between the waveguide
and the ring resonator d is set as 8 nm. As presented in
Fig. 1(b), the transmission spectrum shows that the in-
cident light far from @, is reflected. There exists a trans-
mitted peak at the resonance frequency. From Eq. 3,
when 1/7; is far less than 1/7,, the on-resonance trans-
=(1/7,)/(1/
7, +1/7,)" is close to unity. We can find that the trans-
mission spectra around the resonant modes exhibit
Lorentzian profiles from Eq. 3. Far from the resonance
frequency, the incident mode is completely reflected.
The simulation results are in good accordance with the
theoretic analysis.
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Fig.1 (a) Schematic diagram of the MIM waveguide with a
ring resonator, (b) transmission spectrum of the proposed
MIM waveguide with a ring resonator
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2 Transmission properties of the ring re-
sonator with different parameters

The parameters of the MIM waveguide with a ring
resonator structure are set as d =8 nm, w =50 nm, and
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n=1. Firstly, we utilize the FEM method to simulate
transmission characteristics. Figure 2 (a) shows the
transmission spectra pertinent of SPPs corresponding to
different radii of the ring resonator. The resonance wave-
lengths have a red-shift with increasing of the radius.
Figure 2(b) reveals that the transmitted-peak wavelength
shifts almost have approximately linear relations with the
radius of ring cavity. This result is in accordance with
the solution of Eq. 2. Since the internal loss in the re-
sonator cannot be neglected, the peaks do not reach
1. 0. The internal loss increases when the radius increa-
ses. According to the simulations and analysis above, it
is seen that the band-pass filter can be easily tuned by
changing the radius of ring cavity. The results from the
resonant theory of ring cavity are consistent with those

obtained by FEM simulations'>"*'.
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Fig.2 (a) Transmission spectra for different radius of the ring
resonator, (b) transmitted-peak wavelength of the plasmonic fil-
ter versus the radius of the ring
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Successively, we have known that the resonant
modes are influenced by the refractive index of the mate-
rial filling the ring cavity. Thus, we investigate the influ-
ence of the material embedded in the resonator on the
transmitted-peak wavelength. The radius of the ring cavi-
ty is set to be 140 nm. The other parameters are set as a-
bove. Figure 3(a) shows the transmission spectra with a
different refractive index of the ring cavity. As can be
seen from Fig. 3(b), it is found that the transmitted-
peak wavelength has a nearly linear relationship with the

refractive index n. Therefore, one can simply manipulate
the center wavelength of the filter by fitting the material
with the appropriate refractive index in the ring resona-
tor.
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Fig.3 (a) Transmission spectra of the filter for the
different refractive index with R =140 nm, (b) trans-
mitted-peak wavelength of the filter versus refractive
index n
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Another structure parameter d, which stands for the
coupling distance between the ring resonator and the
waveguides, is an important factor influencing the inten-
sities of transmission spectra. The decay rate 1/7, keeps
approximately unchanging when only d is changed.
Meanwhile, the decay rate 1/7,, will intensively decrease
when increased d. The on-resonance transmission T
will accordingly decrease. The results are verified by
FEM simulations, as shown in Figs. 4(a-b). According
to Eq. 3, full width at half maximum of the resonance
spectrum will intensively decrease along with 1/7,, as
shown in Fig. 4 (a). The resonance wavelengths exhibit
slight blue-shift for larger coupling distances, which is
consistent with the results in Ref. [13,20]. Therefore,
the transmission peaks and bandwidths of the filter can
be controlled by changing the coupling length d. This ul-
tra-compact structure has extensive potential in nanoscale
integrated optical circuits due to its simplicity for the de-
sign of tunable narrow band-pass filters.



based on MIM plasmonic ring resonators at telecommunication wavelengths

ZHANG Xue-Wei et al:A new design of tunable high-performance multi-channel optical demultiplexer

163

24
d=5nm
d=10 nm
d=20 nm
d=30 nm
1.4
Wavelength/pum
(a)
;D
5]
=
Ay
20 25
dnm
(b)
Fig.4 (a) Transmission spectra for different coupling length

d with R=140 nm, w=50 nm, and n=1.2, (b) transmit-
ted-peak wavelength versus the coupling length d
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3 Transmission properties of the multi-
channel wavelength demultiplexer

According to the above characteristics of the plas-
monic filter based on ring resonators, several multi-chan-
nel WDM structures are proposed and investigated. Fig-
ure 5(a) shows the schematic diagram of the three-chan-
nel wavelength demultiplexer. Three rings resonators with
different parameters are placed near the waveguide.
Here, we mark the ring resonators as cavity I, cavity II,
and cavity IIl. The parameters are set as R, =160 nm,
d,=8nm, n, =1.15, R, =160 nm, d, =8 nm, n, =
1.05, R, =150 nm, dy =10 nm, and n; =1. The me-
tallic slit and ring width are 50 nm. The SPPs wave is
excited when a TM polarized light is injected into this
waveguide from the left port. The power monitors in the
three channels are set to record the transmitted power.
The transmission of the structure is defined as T, =P,/

pP,,T,=P,,/P,, T, =P,s/P,, P, presents the total

m 9’ mn 2 m
incident power, P is transmission power of portl, P

outl

in out2 out3
out2
is transmission power of port 2 and P, is transmission
power of port3. The transmission spectra of three ports
are shown in Fig.5(b). It is found that the peak of the
sharp spectra appears at the resonant wavelength of three
ring cavities. This can significantly reduce the required

wavelength shift for the plasmonic modulators as well as

improve the wavelength resolution for the plasmonic split-
ters and wavelength demultiplexer. The transmitted-peak
wavelengths of three channels for cavity I, cavity II, and

cavity IIl are 1 636, 1 526, and 1 358 nm, respectively.

12 14 16 18 20
Wavelength/um
(b)

Fig.5 (a) Schematic diagram of the three-channel WDM,
(b) transmission spectra of the three channels WDM

KI5 (a) =i#iE WDM [y &, (b) =@ i& WDM (15
Sk

We further design a wavelength demultiplexer with
five output channels. Figure 6 (a) shows the schematic
diagram of the five-channel WDM. We add cavity IV and
cavity V into the three-channel wavelength demultiplex-
er. The parameters of IV and V cavities are chosen as R,
=140 nm, d, =10 nm, n, =1.0, R; =130 nm, d; =10
nm, and ng =1.0. Figure 6(b) is the transmission spec-
tra of the five channels WDM. The transmitted-peak
wavelength for cavity IV and cavity V are 1 250 nm and
1 162 nm, respectively. Figures 7(a-d) shows the Aver-
age field distributions of | Hz! for incident light with the
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0.8
Portl

Port2
Port3
Port4
Port5

Transmission

1.4 1.6

Wavelength/pm
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Fig.6 (a) Schematic diagram of the five-channel WDM, (b)
transmission spectra of the five channels WDM
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wavelength of 1 636 nm, 1 526 nm, 1 358 nm, and
1 162 nm. It can be seen that the incident lights at 1 636
nm, 1 526 nm, 1 358 nm, and 1 162 nm can pass
through cavities I, II, III, and V, which completely cov-
ers the wavelength range of the third optical telecommu-
nication window. This is consistent with the transmission
spectra shown in Fig.6(b).
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x/pm x/pm

(a) (b)

0.5 1.0 15 .5 1.0 15
x/pm x/pm

() (d)

Fig.7 Average field distributions of |Hz| at different incident
wavelengths (a) A =1 636 nm, (b) A =1 526 nm, (c)A =
1 358nm, and (d) A =1 162 nm, respectively
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4 Conclusions

In this paper, a kind of tunable multi-channel wave-
length demultiplexer structures based on MIM waveguides
with ring resonators is proposed and investigated via
FEM. The resonant mode is calculated by the resonant
theory of ring cavity, and we find that the central wave-
lengths of the resonance transmission can be easily con-
trolled by modulating the radius and refractive index of
the ring cavity. Furthermore, the wavelengths of the
channels can be easily manipulated by changing the geo-
metrical parameters and the refractive index of the ring
resonator. It is found that the transmission of some chan-
nel can be as high as 80% , rather than about 30% in
Ref. 21. The proposed structures may open up new
avenues toward the development of demultiplexer and can
find important applications in highly integrated optical
circuits.
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