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Abstract A novel kind of plasmonic wavelength demulti-
plexers (WDMs) based on two-dimensional metal—insula-
tor-metal waveguides with side coupled nanocavities (SC-
NCs) is proposed and numerically investigated. The WDMs
contain three waveguide output channels, each of which
functions as a dual-stopband plasmonic filter. The demulti-
plexing wavelengths can be tuned by controlling the lengths
and widths of SCNCs. The finite-difference time-domain re-
sults can be accurately analyzed by the resonant theory of
nanocavity. Our structures have important potential applica-
tions for design of WDM systems in highly integrated opti-
cal circuits.

1 Introduction

Electromagnetic waves trapped on metal-dielectric inter-
faces and coupled to propagating free electron oscillations
in the metals, known as surface plasmon polaritons (SPPs),
are considered as the most potential way for realization of
highly integrated optical circuits due to significant over-
coming of classical diffraction and manipulation of light
in a nanoscale domain [1-3]. A number of devices based
on SPPs, such as Mach-Zehnder interferometers [2, 4], all-
optical switches [5], splitters [2, 6], modulators [7], beam
manipulator [8, 9], multiplexing sensor [10], polarization
analyzer [11], optical amplifier [12], optical buffers [13],
Bragg reflectors [14, 15], mirrors [16], and waveguides [17,
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18] have been simulated numerically and demonstrated ex-
perimentally. With the development of artificial fabrication,
these devices may be fabricated and applied in future in-
tegrated optical circuits. The conventional wavelength de-
multiplexers (WDMs) in modern optical devices and com-
munications perform excellent wavelength-filtering function
[19]. But these WDMs have large dimension and could not
be utilized in highly integrated optical circuits due to the
diffraction limit. Among the plasmonic devices, waveguides
consisted of metal-dielectric—-metal (MIM) structure have
strong confinement of light in the insulator region with an
acceptable length for SPP propagation [15]. MIM plasmonic
waveguides are promising for the design of nanoscale all-
optical devices owing to a relatively easy fabrication ac-
cording to the current state of the art [20, 21]. Recently,
the two-dimensional (2D) SPP devices on the basis of MIM
waveguides have been reported theoretically [4, 8, 22-30]
and experimentally [2, 3, 17, 18, 20]. To utilize SPPs at
the information technology level, some simple wavelength-
selective structures based on 2D MIM waveguides have been
proposed, such as tooth-shaped filters [22], plasmonic fil-
ters with ring, rectangular, and disk-shaped resonators [23—
27]. As key factors in these structures, optical resonators
will be principal constituent elements of future plasmonic
wavelength-selective devices due to their simplicity, sym-
metry, and ease of fabrication [28]. Plasmonic wavelength
demultiplexers (WDMs) will play very important role in
the future all-optical communication systems [29]. Noual
et al. designed a plasmonic two-wavelength demultiplexer
based on Y-bent MIM plasmonic waveguides with two re-
jective or selective filters in two branches [30]. The device
needs a distance of at least 1.5 um between the cavities
inside the Y waveguide and the input port. A plasmonic
demultiplexer structure based on metallic grating in three-
dimensional (3D) free space has been reported [31]. The
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Fig. 1 Schematic diagrams of MIM waveguides with (a) single
SCNC, (b) two SCNCs

dimension of this structure would exceed wavelength scale
due to the array of periodic elements and 3D conformation.

In this paper, we propose and numerically investigate a
new kind of nanoscale plasmonic triple-wavelength demul-
tiplexers based on 2D MIM waveguide with dual-stopband
plasmonic filters in three output branches by the finite-
difference time-domain (FDTD) method. The demultiplex-
ing wavelengths are easily tunable by controlling the lengths
and widths of side coupled nanocavities (SCNCs), which
can be accurately analyzed by the resonant theory of rec-
tangular nanocavity. By selecting appropriate geometric pa-
rameters, a demultiplexing structure of three wavelengths is
designed to investigate the characteristics of SPP propaga-
tion. Our compact structures have extensive potential for de-
sign of WDM systems and realization of optical computing
in highly integrated optical circuits.

2 Principle of dual-stopband plasmonic filters

The MIM plasmonic waveguide consists of two metallic
claddings and a dielectric core with the width w;, as shown
in Fig. 1. There exist two types of plasmonic modes in MIM
waveguides, i.e., the antisymmetric mode and the symmetric
mode. The symmetric mode exhibits cut-off when w; goes
below a cut-off width which is about hundreds of nanome-
ters [14]. Since w; in our configuration is below the cut-
off width, the antisymmetric mode is only taken into ac-
count. When TM-polarized plane light wave is injected to
the MIM structure, the incident light will be coupled into
the waveguide and the SPP waves are formed on the two
metal interfaces. As shown in Fig. 1(a), when a rectangular
nanocavity is built on the side of the MIM waveguide, the in-
cident power is partly coupled into the cavity. Stable stand-
ing waves can build up constructively in the cavity when the

@ Springer

resonant condition is satisfied. Based on the resonant theory
of rectangular cavity [24], the resonance wavelength can be
given by

2Re(nefr)l

= , (1)
m — (Pref1 + Prer2) /27

m

where ¢ref; and ¢rerr represent the reflective phase shifts on
the left and right sides of the nanocavity, respectively. [ is
the length of cavity and nest is the effective refractive index
of SPPs in the cavity. m is a integer and stands for the m-th
order resonant mode. From (1), it is found that the resonance
wavelengths are proportional to /. Meanwhile, the resonance
wavelengths are related with neg. Here, negr is related with
the incident wavelength A and the width w of SCNC. Their
relation is as follows [14, 32, 33]:

k
emka tanh(%) + gk =0, 2)
ka.m =/ B2p — €d.mkg» 3)
Neff = ,Bspp/ko, “

where ¢4 and ¢, are the dielectric constant of SCNC and
metal cladding. k; and k,, are transverse propagation con-
stants of the dielectric and metal, respectively. Bspp rep-
resents the complex propagation constant of SPP waves.
ko = 2m /X is the wavevector of incident light in vacuum. In
the MIM waveguide, the metal is assumed as silver, whose
frequency-dependent complex relative permittivity can be
described by the well-known Drude model [22]

w2

L )

Em(Ww) = €00 — m,

where e is the dielectric constant at the infinite frequency,
y and o, represent the electron collision frequency and
bulk plasma frequency, respectively. w is the angular fre-
quency of incident light. The parameters for silver can be
set as €00 = 3.7, wp = 9.1 eV, and y = 0.018 eV. These
parameters describe the angular frequency dependency of
silver with best fit for the free-space wavelength from 400
to 2000 nm [14]. The insulator is set as SiOy (ng = 1.46).
neff can be obtained by solving (2)—(5). The real part of negr
(i.e., Re(nefr)) as a function of w at different wavelengths is
obtained and shown in Fig. 2.

As aforementioned, the power coupling from the wave-
guide into SCNC will give rise to the excitation of resonant
mode when the resonant condition is satisfied [30, 33]. Si-
multaneously, the power in SCNC partly escapes into the
waveguide, and generates a series of interference with the
SPP waves in the waveguide. Thus, the transmission spec-
trum exhibits a dip at the resonance wavelength. The struc-
ture is regarded as a rejection (or stop-band) plasmonic fil-
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Fig. 2 Real part of nef versus the incident wavelength A and width w
of SNCN
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Fig. 3 Transmitted-dip wavelengths versus (a) the length [ of SCNC
with w =50 nm, (b) the width w of SCNC with / =310 nm

ter. Here, the relationship between the two geometric pa-
rameters (i.e., [ and w in Fig. 1(a)) and the transmitted-
dip wavelength is investigated by FDTD simulations. In the
FDTD algorithm, the spatial steps are set as Ax = 5 nm and
Ay =5 nm [4, 24, 32], which are sufficient for the con-
vergence of numerical results. The temporal step is Af =
Ax /2c. The metal slit width w; and gap width g are respec-
tively set as 50 and 15 nm, which are similar to that of other
MIM waveguides [22, 33]. The geometrical parameters in
our simulations are ideal and the introduced roughness in
reality is neglected. Figure 3(a) reveals that the transmitted-
dip wavelength has a linear relationship with [ of SCNC.
Figure 3(b) shows that there exists a nonlinear relationship
between the transmitted-dip wavelength and the width w of
SCNC. The results can be explained by the dispersion rela-
tion and resonant theory of rectangular nanocavity. As can
be seen in Fig. 2, Re(nefr) performs invariable for wave-
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Fig. 4 Transmission spectra with a dip at the wavelength of
(a) 1310 nm, (b) 1425 nm, and (c¢) 1550 nm. Transmission spectra with
two dips at the wavelengths of (d) 1425 and 1550 nm, (e) 1310 and
1550 nm, (f) 1310 and 1425 nm

lengths in the range of 1200-1800 nm. From (1), the res-
onance wavelength is in proportion to the length of SCNC
with fixed Re(nefr). Re(nefr) exhibits a nonlinear decrease
with the increase of w at arbitrary wavelengths from 1200
to 1800 nm, as shown in Fig. 2. Thus, the resonance wave-
length nonlinearly decreases for increasing w with fixed /.
Therefore, the transmitted-dip wavelength of the stop-band
plasmonic filter can be tuned by controlling the length and
width of SCNC. By choosing appropriate geometrical pa-
rameters of the structure, three stop-band plasmonic filters
with the transmitted-dip wavelengths of 1310, 1425, and
1550 nm are obtained and their transmission spectra are
shown in Figs. 4(a)—(c). A 2-tuple (I, w) is utilized to de-
scribe the parameters of SCNC. The above chosen geomet-
rical parameters of SCNC are (I = 285 nm, w = 60 nm),
(I =315 nm, w = 60 nm), and (/ = 350 nm, w = 60 nm).
We name these cavities as SCNC “17, “2”, and “3”, respec-
tively. As can be seen in Fig. 1(b), two SCNCs are placed on
the sides of the MIM waveguide to investigate the transmis-
sion properties. Three transmission spectra are obtained by
two-two combination of the above three SCNCs. As shown
in Figs. 4(d)—(f), the transmission spectra exhibit two dips
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Channel 2

Fig.5 (a) Schematic diagram of our WDM. (b)—(d) Field distributions
of |H,| with incident wavelengths of 1310, 1425, and 1550 nm

which indicate dual-stopband plasmonic filters. Meanwhile,
it is found that the transmitted-dip wavelengths are consis-
tent with that of stop-band filters with single SCNC. Thus,
we can easily tune the transmitted-dip wavelengths of dual-
stopband plasmonic filters by selecting proper geometric pa-
rameters, such as the lengths and widths of SCNCs.

3 Triple-wavelength demultiplexer

The above dual-stopband plasmonic filters are utilized to
design a triple-wavelength demultiplexer. As shown in
Fig. 5(a), the WDM has three output channels, each of which
consists of a MIM waveguide and two SCNCs. Three demul-
tiplexing wavelengths are A1 = 1310 nm, A, = 1425 nm,
and A3 = 1550 nm. Figures 5(b)—(d) depict the field distri-
butions of |H;| with incident wavelengths of 1310, 1425,
and 1550 nm, respectively. It is found that the incident
lights with the wavelengths of 1310, 1425, and 1550 nm,
respectively, excite resonant modes in SCNCs 1, 2, and 3,
as well as are reflected in corresponding waveguides. Thus,
channels 1, 2, and 3 only permit light propagation at wave-
length of 1310, 1425, and 1550 nm, respectively. The re-
sults are in good agreement with the transmission spectra
in Figs. 4(d)—(f). According to the discussion in Sect. 2, the
geometric parameters such as lengths and widths of SCNCs
on the side of waveguides can manipulate the demultiplex-
ing wavelengths.

@ Springer

4 Conclusions

In this paper, we have proposed and numerically inves-
tigated a novel kind of triple-wavelength demultiplexers
based on 2D MIM waveguides with dual-stopband plas-
monic filters in three output branches. By FDTD simula-
tions, we find that the demultiplexing wavelengths A1, A2,
and A3 can be tuned in the near infrared range by con-
trolling the lengths and widths of SCNCs 1, 2, and 3, re-
spectively. The results can be accurately analyzed by the
resonant theory of rectangular nanocavity. By selecting ap-
propriate geometric parameters, a WDM with three wave-
lengths (i.e., 1310, 1425, and 1550 nm) has been designed
to investigate the characteristics of SPP propagation. Im-
portant future practical applications of plasmonic structures
are strongly dependent on further theoretical advances [3].
Therefore, our design, simulation, and analysis are mean-
ingful and helpful for the fabrications and further researches
of SPP WDMs in high-integration optical communications
and computing.
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