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Abstract: A novel plasmonic demultiplexer in metal-insulator-metal (MIM) waveguide
crossing with multiple side-coupled hexagonal resonators is proposed and numerically
investigated. The operating principle of the structure is analyzed by using the temporal
coupled-mode theory. It is found that wavelength demultiplexing can be realized by mod-
ulating locations of resonators, which is validated by finite-difference time-domain (FDTD)
simulations. In addition, the influences of structural parameters on transmission characteris-
tics are studied by simulations. Simulation results reveal that the demultiplexed wavelength,
transmission efficiency, and bandwidth of each channel can be manipulated by adjusting
structural parameters of the demultiplexer. The proposed demultiplexer will provide an alter-
native for the design of highly integrated optical circuits and complex waveguide networks.

Index Terms: Hexagonal resonator, metal-insulator-metal (MIM) waveguide, surface plas-
mon polaritons, waveguide crossing, wavelength demultiplexing.

1. Introduction

The previous couple of years have witnessed the prevalence of studies on nanophotonics based
on surface plasmon polaritons (SPPs) [1]-[4]. Because of their unique capacity to conquer the
diffraction limit and guide light at the nanoscale, SPPs are considered as promising energies and
information carriers for realizing highly integrated photonic information processing systems [1],
[5], [6]. Thus far, various optical devices based on SPPs have been proposed and investigated
numerically or experimentally [7]-[11]. Among these devices, those made of metal-insulator-metal
(MIM) waveguide which consists of a dielectric core and two metallic overlying layers have attracted
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special research interests [12], [13]. A variety of components associated with MIM waveguide have
been designed, for example, filters [14], [15]; slow light waveguides [16]; all-optical switches [17];
sensors [18], [19]; splitters [20]; and demultiplexers [21]-[24]. These results greatly promote the
miniaturization and functionality of plasmonic waveguide structures. However, in constructing highly
integrated optical circuits, the ability to intersect waveguides is also noteworthy to complex systems
involving multiple waveguides [25], such as complex optical system [26]; resonant guided wave
networks [27], [28]; big data center networks [29]; and optical networks-on-chips [30].

In recent years, researchers have done some studies on crossed waveguide structures. In earlier
work, SPPs waves at intersection have been shown to be uniformly split into each output branch
[27], [31]. To modify power distribution in each branch, some new configurations were proposed.
For example, square ring resonators were introduced to the T-shaped bend and cross intersection
to realize plasmon flow control [32]. By utilizing Fabry-Perot (FP) cavities, slot cavities [33]; and
loop-based resonators [34], combined with four drop waveguides, the crosstalk was suppressed,
and the forward transmittance was improved; moreover, these two structures can be implemented
wavelength filtering. The wavelength demultiplexer based on waveguide crossing, which can trans-
mit specific wavelengths into different branches in cross structure, is worthy of attention. However,
we find that detailed research of such structure is rare. Liu et al. [35] and Lu et al. [36] have proposed
demultiplexing structures in MIM waveguide crossing by using side-coupled rectangular resonators
and nanodisk resonators, but they were based on a dual band-stop filter to design them. Besides,
although they have done outstanding and important work on this kind of structure, they haven’t done
further research on the effects of structural parameters on transmission efficiency and bandwidth
of each channel.

To clarify the working principle of the demultiplexer with cross construction and provide an ap-
proach for the optimization of performance, in this paper, we propose a novel triple-wavelength plas-
monic demultiplexer in MIM waveguide crossing with multiple side-coupled hexagonal resonators.
The theoretical analysis based on the temporal coupled-mode theory reveals that wavelength de-
multiplexing can be realized by adjusting positions of resonators. This result is effectively proved
by FDTD simulations. Moreover, FDTD simulation results illustrate that demultiplexed wavelength,
transmission efficiency and bandwidth of each channel can be tuned by controlling structural pa-
rameters of the demultiplexer.

2. Model and Analysis of the Basic Component

Fig. 1 illustrates the schematic basic component. In this structure, the cavities can also be located
in other positions, but due to the symmetry of the MIM waveguide crossing, we choose the configu-
ration as shown in Fig. 1 to discuss. As shown in this figure, a pair of MIM waveguides with width w
intersect to form an input port and three output channels. Two same hexagonal cavities (cavity | and
cavity Il) with side length L side couple to channel 1 and channel 2, respectively. g is the coupling
distance between the cavities and MIM waveguide, d; and d» denote the distances of cavity | and
cavity Il in regard to the intersection, respectively. The material filled in the MIM waveguides is set
to air with refractive index of 1, and that in the resonators is the dielectric with refractive index of
ng. The metallic material is assumed to be silver. In this model, SPPs waves are generated from
the fundamental TM mode in the input port of the horizontal waveguide. Their dispersion relation is
governed by the following equations [36]:

k
(emkq) tanh (%) + egkm =0 (1)

kd,m =/ ,32 - 8d,mkg (2)

where ¢4, are the permittivities of the dielectric and metal, ky , are the transverse wavenumbers
of SPPs in the insulator and the metal, respectively. ko = 27/A denotes the free space wave vector
with a wavelength A in vacuum, 8= kqness stands for the propagation constant of the SPPs wave,
in which ngs¢ is the effective refractive index in MIM waveguides.
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Fig. 1. Schematic diagram of the basic component with waveguide crossing and hexagonal resonators.

The transmission behaviors of SPPs in the structure can be analyzed by the temporal coupled-
mode theory [37], [38]. As the schematic shows, Sj, is the total incident amplitude, S; x and §; , are
incident amplitudes in each channel (k= 1, 2, 3), 5, and §, , are reflected amplitudes, and S; « are
transmitted amplitudes. The amplitudes of the cavity mode in cavity | and cavity Il are denoted by a
and b, respectively. All the amplitudes are normalized so that their squared magnitudes correspond
to modal powers. When the total incident wave reaches the intersection, due to lack of confinement
in the direction perpendicular to the wave propagation, the power will be almost uniformly split into
four branches [27], [31]. As a result, the incident amplitudes in each channel can be expressed
as [27]

1
Si1=S82=53~ ES/n. (3)

For channel 1 and channel 2, the side-coupled resonators can serve as reflectors. When the
wavelength of the incident wave is close to the resonance wavelength, especially when the reso-
nance condition is satisfied, they will be mostly reflected back. The resonance wavelength i, of a
single hexagonal cavity is given in [19]

_ (6L)Re(Nefy)
S @

where L is side length of cavity; Re(Neyy) is the real part of the effective refractive index in the
cavity, which depends mainly on the refractive index of dielectric in the cavity; mis a positive integer
corresponding to the order of resonance mode; and n stands for the total phase difference caused
by the corners of hexagonal cavity. We are concerned first with the temporal evolution of amplitudes
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in channel 1, as follows:

S, = e 1HPorn G, | (5)
da . 0

E?:gur-%—k9a+JEe$J (6)
Si1=S51—vVkea (7)
S.1=—Vkee "a (8)
S, = e, 9)

When S, has an ¢“! dependence on time, the amplitude of cavity mode can be derived as

ke eiee_jd1 Isspp Si,1

a= -

(10)

where wo, 6, k, and k, are resonance frequency of the resonant cavity, the phase difference that
occurs on the cavity-waveguide coupling, the decay rates caused by intrinsic loss in the cavity, and
cavity-waveguide coupling loss, respectively. According to (5)—(10), the transmitted and reflected
waves in channel 1 can be deduced as
J(@w — wo) + ko
Ke

s/ = — 7/'d1/35pps. . 12
ST R A 12

Si1= e"'C“ﬁSPPS,»J (11)

Next, a part of S, ; and S, , will flow into channel 3, and they are going to act on §; 5. Considering
the symmetry of the MIM wavegmde crossing, the transmission behavior in channel 2 is similar to
that in channel 1. Thus, the transmitted amplitude S; 3 can be expressed as

1 1
St,S = Si,3 + ES;'1 + 58;2

1 | |
— S (— . e ) eing - (1 . ke ) eieS,  (13)

2 j(w— wg) + ko + ke 2 j(w— wg) + ko + ke

where ¢1= 2d1Bspp +@r = 4mdiNeri /X + @r, @2 = 202Bspp + ¢r = 4mdaness/A + ¢, represent the
accumulated phase differences of S ; and S, on S, ¢, is the phase that shifted in the inter-
section. According to (3), (11), and (13), we can deduce the transmission efficiencies in the three
channels

S22 (@ — wo)? + K2
Ty=Tp= |22 — 14
TS, 4 (@ — wo)? + (ko + ke)? o
T_'gz_l 1 K2 [1 4 cos (p1 — ¢2)]
TS| T 47 80— w0)? + (ko + ko)
1 ke (@ — wo) sin[(¢1 + ¢2) /2] cOs [(¢1 — ¢2) /2]
2 (0 — w0)? + (Ko + ke)?
1 ke (ke + ko) cOs [(p1 + ¢2) /2] cOS [(¢1 — ¢2) /2] (15)
2 (w— a)o) + (ko + ke)

As we can see from (14), when o =wyp, Ty and T, will meet the minimum values. Equation (15)
demonstrates that T3 depends mainly on the phase terms ¢1 and ¢» which are directly determined
by the distances di and do. When ¢1,¢92= (2n+1)x(n= 0, 1, 2...) (odd times =) under the
resonance condition w = wq, T3 possesses the largest value Tamax. However, T3 meets the smallest

Vol. 8, No. 5, October 2016 4802512



IEEE Photonics Journal Theoretical Investigation of a Plasmonic DeMux

07 +1.0
06 ] ,"
05 —channel 1 ; !--I- -—-
——channel 2 |
,5 ——channel 3 ,‘
& ]
= (b)
w
= ]
&
= I >
]
|
Q00 1400 1500 1600 1700 1800 |, * !
Wavelength (nm) © 1.0

(a)

Fig. 2. (a) Transmission spectra of the basic component, where L = 450 nm, w = 50 nm, g= 20 nm,
dy =d> = 800 nm, and ny= 1. Field distributions of |H,| of the structure with incident wavelengths of
(b) 1553.5 nm and (c) 1500 nm, respectively.

value Tamin if @1, 9o = 2n7 (even times 7). Tamax @and Tamin can be simplified as

1 1 K2 1 ke (ke + k

Tamax = & + : > Py e( : g) (16)
4 4(ko+ke) 2 (ko + ke)
1 1 k2 1 ke (ke + k

T3min=_ £ A e( ° 0) (17)

+ - .
4 Ako+ke)® 2 (Kot ke)®

Moreover, when ¢y = (2n 4+ 1), 9o = 2nm (or 1 = 2nm, o = (2n 4+ 1) ), T3 takes a relative min-
imum 1/4. In addition, from (15), we find that T3 possesses the identical value with respect to ¢4 and
@2 at the phase interval Agp = 2ns, thus the period of distance AD =21/2n.¢¢ can be deduced. That
is to say, if di or d» is changed by nei/2n.¢¢, T3 will take the same value. The AD has meaning not
only to the analysis of the basic component, but also to the design of the demultiplexer, and we will
discuss it in the latter section again. As analyzed above, we can control the value of T3 by adjusting
the phase terms ¢4 and ¢, as analyzed above, i.e., by changing the distances d; and d.

3. Simulations and Discussions

We take 2-D FDTD simulation to verify the aforementioned analysis. The perfectly matched layer
(PML) absorbing boundary condition is utilized in our structure. To guarantee sufficient convergence
of numerical simulations, the spatial and temporal steps are setto Ax= Ay=5nmand At= Ax/2c
(c is velocity of light in vacuum) [10]. In our simulations, the frequency-dependent permittivity of
silver is provided by Lorentz-Drude model [15].

First of all, these parameters of the structure are set to L = 450 nm, w = 50 nm, g= 20 nm, and
ng= 1. Since ng¢¢ is about 1.45 around the wavelength of 1550 nm [25], we set dy = d>, = 800 nm to
satisfy ¢1 and ¢, are approximately equal to 3 (regarding ¢1, 2 = (2n + 1)7, nneeds to start from 1
to maintain the edges of cavities a sufficient gap apart from the edges of the horizontal waveguide).
Four power monitors are placed at the locations / and Ok (k= 1, 2, 3) to record the total incident
power P;, and each transmitted power P; ;. The transmission is defined to be Ty = P;«/Pi,. Fig. 2(a)
shows the transmission spectra of the three channels. From the figure, we can see that a peak
locates on the transmission spectrum of channel 3 at . = 1553.5 nm, and two similar valleys on the
spectra of channel 1 and channel 2. This result is shown to be consistent with the theoretical analysis
in Section 2. The full width at half maximum (FWHM) of the peak is 26.8 nm and the corresponding
transmission is 62.38%. It implies that a favourable band-pass filtering function is realized. The
field distributions of |H | with the incident wavelengths » = 1553.5nm and 1500 nm are shown in
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Fig. 3. Transmission spectra of channel 3 when cavity | be fixed to d; = 800 nm and then (a) shifting d»

from 530 nm to 800 nm and (b) shifting do from 800 nm to 1340 nm.
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Fig. 4. Variation tendency of the transmissions (the black curve) and wavelengths (the red curve) at
each peak or dip versus d», where L = 450 nm, g=20 nm, w =50 nm, ng= 1, and dy = 800 nm.

Fig. 2(b) and (c), respectively. As can be observed from the two pictures, the harmonic standing
waves are formed in the hexagonal cavities when A= 1553.5nm, and a majority of energy is
transported to channel 3 but barely to channel 1 and channel 2. In contrast, for injecting wavelength
1500 nm, the energy is almost transmitted equivalently to each channel, whereas rarely to the
cavities. The field distributions are also in agreement with the theoretical analysis.

In order to clearly illustrate the effect of the distances dy and d» on the transmission of channel 3,
we fix cavity | at the position d; = 800 nm, namely ¢ is fixed to about 37, then move cavity Il from
530 nm to 1340 nm in nonuniform intervals to change ¢». Fig. 3 shows the transmission spectra of
channel 3 for all cases. As can be seen from Fig. 3(a) and (b), with adjusting d» from 530 nm to
1340 nm, the transmission at peak or dip changes periodically. This variation is depicted in Fig. 4
(the black curve). In addition, when d> equal to 530 nm and 1070 nm, it is found that two nearly
symmetric dips with transmissions of 18.3% and 20.86% appear on the corresponding spectra.
This is because that when d> = 530 nm and 1070 nm, ¢ is approximately equal to 2 and 4r; thus,
T3 takes the relative minima. On the contrary, when d> = 800 nm and 1340 nm, two highest peaks
with transmission of 62.38% and 61.56% are generated in the corresponding spectra. This can be
interpreted as d> = 800 nm and 1340 nm, resulting in o equal to about 37 and 57, respectively,
thus T3 takes the largest values. Here, the period of distance can be obtained as AD = 540 nm,
which is agree well with the theoretical value (536 nm). In Fig. 4(a), it can also be observed that
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Fig. 6. Field distributions of |H,| of the structure with incident wavelength of A = 1553.5nm, where
(a) dy = 800 nm, do = 1340 nm; (b) dy =d>= 1340 nm=; (c) dy = 800 nm, d> = 530 nm; (d) di =
800 nm, d> = 1070 nm; (e) di = d> = 530 nm; and (f) dy = d> = 1070 nm, respectively.

the transmitted-peak and transmitted-dip wavelength changes periodically as d- is altered from 530
nm to 1340 nm. This phenomenon can be understood by the formula 4xdangss /A + ¢, = (2n + 1)7.
With the increase of d», due to nis a positive integer, A will change to satisfy the equation. This
variation is illustrated in Fig. 4 (the red curve).

Successively, remaining other parameters invariable, we put d; = d> = d and then move the two
cavities simultaneously from 530 nm to 1340 nm, which means that ¢1 = ¢» = ¢. Fig. 5 depicts some
of these transmission spectra as an example to display the tendency. As can be observed from
this figure, two highest peaks corresponding to the largest values of T3 appear on the transmission
spectra with d =800 nm (¢~ 3x) and d = 1340 nm (¢~ 5m), their values are 62.38% and 60.33%,
respectively. Whereas two lowest dips corresponding to the smallest values of T3 appear on the
spectra with d = 530 nm (p~ 27) and d= 1070 nm (¢~ 4x), their values are 7.43% and 9.55%,
respectively. This result is in conformity with the theoretical analysis. Moreover, field distributions of
|H | for the above cases are shown in Fig. 6. It can be found that when illuminating a monochromatic
light with wavelength 1553.5 nm, most of the energy is transported to the channel 3 as dy =
800 nm, do = 1340 nm, and d; =d> = 1340 nm; whereas a small number as dy = 800 nm, d> =
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Fig. 7. (a) Transmission spectra of the structure for different coupling distances, where L = 450 nm,
w= 50 nm, d= 800 nm, and ngy= 1. (b) FWHM and transmission of the peaks as a function of the
coupling distances.

530 nm, and dy = 800 nm, d> = 1070 nm; and even fewer as dy = d, = 530 nm, and dy = do = 1070
nm. These filed distributions are well consistent with the transmission spectra in Figs. 3 and 5.

Then, we investigate the effects of structural parameters on transmission characteristics by
simulations. Here, according to the above analysis, we set di =d> =d. In order to analyze the
impact of coupling distance on the FWHM and transmission efficiency, coupling distance gis varied
from 12 nm to 36 nm with an interval of 4 nm, while other parameters are fixed to L = 450 nm,
w= 50 nm, ng= 1, d= 800 nm. The transmission spectra of the structure for different coupling
distances are drawn in Fig. 7(a). It shows that transmitted-peak wavelength is slightly influenced
by the coupling distance. Fig. 7(b) illustrates the correlation of the FWHM and transmission peak
with respect to coupling distance. As shown in Fig. 7(b), the transmission peak first increases and
then decreases as the coupling distance increases, and it takes the largest value 62.38% when d =
20 nm. In contrast, the FWHM monotonically decreases with the increase of coupling distance, and
it can be as low as 18.4 nm with the cost of transmission efficiency. Therefore, by setting proper
coupling distance, we can obtain a narrower linewidth and higher transmission efficiency.

Moreover, we explore the relationships between the transmission characteristics and side length
of resonators. With fixed parameters w = 50 nm, g= 20 nm, ny= 1, the side length is changed
from 375 nm to 465 nm with a step of 15 nm. According to the previous analysis, the cavities with
different side lengths need to find optimal positions d'to take the maximum transmission efficiencies.
By simulations, Fig. 8 provides the optimal distances d and periods of distance AD as a function
of side lengths. Therefore, the transmission spectra of the structure for each side length under the
optimal distance dare drawn in Fig. 9(a). As can be observed from Fig. 9(a), the side length has little
little effect on the FWHM and transmission efficiency of the peak. However, the transmitted-peak
wavelength has a red shift with the increase of side length. Fig. 9(b) illustrates a linear relationship
between the transmitted-peak wavelength and side length. Thus, we can tune filtered wavelength
by changing side length of cavities.

Furthermore, we investigate the impacts of the refractive index ny on the transmission charac-
teristics. Similar to the previous study, under the optimal distances d, we acquire the transmission
spectra for different refractive indexes ny from 1.0 to 1.24 with a step of 0.04. Here, other parameters
L, wand g are fixed to 375 nm, 50 nm and 20 nm, respectively. As shown in Fig. 10(a), the trans-
mission value of peak increases with the increase of the refractive index ny, whereas the bandwidth
of the peak is broadened slightly while increasing n,. Fig. 10(b) shows a linear relationship between
the transmitted-peak wavelength and refractive index ng. Accordingly, we can also tune the filtered
wavelength by changing dielectric medium filled in the cavities.
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Fig. 12. Field distributions of |H,| of the triple-wavelength demultiplexer with incident wavelength of
(a) 1353.5 nm, (b) 1450.5 nm, and (c) 1553.5 nm, respectively.

4. Design of a Triple-Wavelength Demultiplexer

In order to realize triple-wavelength demultiplexing, a plasmonic structure is designed which is
shown in Fig. 11(a). Cavities I_1, 1_2, 1I_1, 1I_2, lll_1, and Ill_2 represent three pairs of hexagonal
resonant cavities with side lengths L (k= 1, 2, 3). D« denote the separations between adjacent
cavities, dy 1, di 2 stand for the position of each cavity. The side lengths of these cavities are chosen
as L1= 386 nm, L, =416 nm, and L 3= 450 nm, other parameters w, g, ny are set to 50 nm,
20 nm, 1, respectively. In order to weaken the interference between adjacent cavities and minimize
the size of the configuration as possible, combining with the previous discussions, here we set
d1,1, d1,2, d2y1, d2,2, d3‘1, and d3,2 to 690 nm, 1160 nm, 1240 nm, 1240 nm, 800 nm, and 800 nm,
respectively. In this way, the separations D1, Do, D3 are greater than 250 nm, and the spaces
between the edges of adjacent cavities are ensured over 100 nm. Therefore, the interference
between adjacent cavities can be ignored [36]. Fig. 11(b) shows the transmission spectra of the three
channels. As shown in the figure, a transmission peak appears on each spectrum accompanies
with two transmission valleys. The transmitted-peak wavelengths of the channel 1, channel 2, and
channel 3 are 1353.5 nm, 1450.5 nm, and 1553.5 nm, respectively. The transmission efficiencies
of the three peaks 50.95%, 49.6%, 50.34% are obtained with corresponding FWHM 28.4 nm,
25.4 nm and 26.5 nm, respectively. It means that the structure can effectively demultiplex three
different wavelengths into each channel. Moreover, the lowest transmission linewidth is smaller
than the result given by [36] (about 30 nm) with similar transmission efficiency. According to the
relationships between the transmission characteristics and structural parameters, the demultiplexed
wavelength can be tuned by adjusting side length of resonators or changing the dielectric medium
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filled in the cavities. Moreover, Fig. 12(a)—(c) depict the field distributions of |H,| with incident
wavelengths 1353.5 nm, 1450.5 nm, and 1553.5 nm, in which we find that the monochromatic light
with a specific wavelength can only pass through the corresponding channel but be prevented from
the other two channels. The field distributions are in good agreement with the transmission spectra
in Fig. 11(b).

5. Conclusion

In summary, we have proposed and numerically studied a triple-wavelength demultiplexer in MIM
waveguide crossing with multiple side-coupled hexagonal resonators. The working principle and
transmission characteristics of this structure are analyzed by the temporal coupled-mode theory and
FDTD method. FDTD simulation results demonstrate that demultiplexed wavelength can be tuned
by controlling side length of the resonators and dielectric filled in the resonators. Furthermore, the
transmission efficiency and bandwidth of each channel can be manipulated by changing coupling
distance. By choosing appropriate geometric parameters, the transmission efficiency higher than
49.6% with the FWHM down to 25.4 nm are realized. The proposed plasmonic demultiplexer may
have some significance for constructing highly integrated optical circuits and complex waveguide
networks.
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