5545 5 A W) o F o= Vol. 45 No. 4

2016 4F 4 J ACTA PHOTONICA SINICA April 2016

doi: 10. 3788/gzxb20164504. 0423001

£ R R B MIM i 5 £ 3845 3 e ik

i#ﬁl’, 4 I /%
CREMRBE TR 2% 2=, ] P9 Hbk 541000

H OEATRAAINLELAE. A ATEARE> K AR LT E.AALT - S HRH AL /;%—41\
&R BT RR M LR, ZR A TR R R B E K BB RS S A R4
BIRP,ZEHMEANE BB TR AR EINT LK SR RiE M. BERayk %ﬂiklﬁﬁ
RF BN A EMEE R R, LA B R AR LA RIS F 038K iwﬂm’aéﬁaﬂu%ﬁ &b
KA BTN M EREN AL TE B FRRASE R E IS K MW LB A, AR &Rk kb
M T EEEZTHHRRRENE, SHMAEMNERDS. ARERTEATARLTFEREZH .

KB . 2B NR-ERBET; SR EM N BARE ST E; AT B

RESEE.0436 XEAFRIDAL . A X EHS.1004-4213(2016)04-0423001-6

Demultiplexing Characteristic of MIM Waveguide Based on
Multiple-Ring Shaped Resonators

WANG Liu, ZENG Ya-ping
(College of Science, Guilin University of Technology, Guilin, Guangzxi 541004, China)

Abstract: A multiple-ring shaped Metal-Insulator-Metal (MIM) plasmonic waveguide with multi-output
ports was proposed. From visible lightto nearinfrared wavelengths, the transmission characteristics of the
structure were investigated by finite-difference time-domain method. The structure exhibits typical
wavelength demultiplexing function, which is due to that the electromagnetic wave energy of different
wavelengths can be trapped in different insulator rings and coupled into the corresponding output ports.
The resonance theory is employed to analyze the trapping phenomenon. The resonant wavelength of the
ring has near linear relationship with the radius and has red shift with increase the value of the filled
refractive index. The transmittance of resonant wavelength in the output ports are heavily influenced by
the coupled thickness. The proposed multiple-ring shaped MIM waveguide may be useful for plasmonic
designs.
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domainmethod; Optical devices
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energy and information to overcome the diffraction limit

0 Introduction of light™. Plasmonic waveguide structures have drawn

Electromagnetic waves couple with free electron many attentions for prospect of photonic integration.
oscillations propagate at metal-insulator interfaces, Two kinds of SPPs waveguides, the Metal-Insulator-
known as Surface Plasmon Polaritons ( SPPs), has Metal ( MIM) structure'” and the Insulator-Metal-
been considered as the most potential way to realize Insulator ( IMI) structure™, have been widely
highly integrated optical circuits, because it can carry investigated. Compared with the IMI waveguide, the
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MIM waveguide has smaller mode size, stronger
confinement of light, shorter propagation length and
easier to fabrication. Therefore, the MIM waveguide
has been vigorously researched in recent years. Many
MIM  waveguide, such as

couplers'’, Bragg reflectors™ ', all-optical switcher™*",

[9-11] [12-16]

components based on

trapping system and plasmonic filter have been
numerically or experimentally demonstrated.

The wavelength demultiplexer can separate wave
spectrum into different frequencies, which has great
potential applications in photonic integrations. In
recent years, the MIM waveguides have been proposed
to achieve the demultiplexing function, such as the
arrayed slot cavities''’’, nanodisk resonators®', side-
coupled nanodisk cavities”'? and T-shaped®” MIM
waveguides. In this paper, a plasmonic structure based
on multiple-ring shaped MIM waveguide with multi-
output ports is proposed. From the visible to near-
infrared wave band, the transmission characteristics
are investigated using Finite-Difference Time-Domain
(FDTD) method with Perfectly Matched Layers
(PML) absorbing boundary condition. The results
show that the structure has

demultiplexing

typical
function. The

electromagnetic wave energy of different wavelengths

proposed

wavelength

can be trapped in different insulator rings and coupled
into the corresponding output ports. The resonance
analyze the trapping

theory is employed to

phenomenon.

1 Model and method

Fig. 1 depicts the schematic of a two-dimensional
(2D) wavelength demultiplexing multiple-ring shaped
MIM  waveguide
materials in the grey and white areas are set to be silver

with  multi-output ports.  The

and air. The frequency-dependent complex relative
permittivity of Agis referredtoRef. [ 21 ]. The width
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Fig.1 Schematic of the wavelength demultiplexing multiple-
ring shaped MIM waveguide structure with multi-

output ports

of air channel is w=750 nm with relative permittivity e,
=1. The distance of the two rings on one side of the
waveguide is d =150 nm. The thickness of the silver
between the waveguide and ring is #=10 nm. The air
ring O,(i = 1, 2, 3, 4) with radius r, is the average of
the outer and inner radii. The corresponding
circumference of the ring L, =2x r; is as depicted by the
dashed line.

Since the width of the air channel is much smaller
than the incident wavelength , only the fundamental
TM mode wave is excited in the structure, whose
dispersion relation is determinedas™*

ky \_
2w>—() (D

ek, e,k tanh (

where ¢,, and g, are dielectric constants of the metal and
insulator , &, and k, defined as k, = /§ —¢,k; and k, =

V[ —e.k; respectively. B designates the constant of
propagation for SPPs and k, =2/ is the wave vector
of light with wavelength A in free-space. The effective
refractive index of the waveguide is represented as
N :ﬁ/k(, .

From the dispersion relation, the relationship
between the n, and incident wavelength for different
widths of the flat MIM waveguide, as shown in the
insert of Fig. 2(a), can be obtained. Fig. 2(a) exhibits
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(b) The propagation length vs the wavelength for
different widths of the MIM wawveguide

Fig. 2 The Re (ng) and propagation length versus the
wavelength for different widths of the MIM

waveguide, respectively
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the dependency relations of the real part of the effective
indexes Re (n,) and the wavelength at different
channel widths. It shows that Re (n,) decreases
rapidly with the increase of wavelength in the visible
light range and then tends to saturate. Fig. 2(b) shows
the propagation lengths of SPPs , which are dependent
on the imaginary part of n,. It is defined as the length
over which the power is carried by the wave decays to
1/e of its initial value, L, =2A,/[4nxIm(ng)]. Tt can
be seen that the smaller insulator channel has shorter
propagation length at the same wavelength.

In the following simulation, the 2D FDTD method
with PML absorbing boundary condition is employed
tocalculate the interplay between incident waves and
the proposed MIM waveguide. The spatial mesh steps
are set Ar=Ay=>5 nm and the time step is set At=
Ax/2c, where ¢ is the velocity of light in vacuum. The
incidentlight transmits along the x direction with TM
polarization, as shown in Fig. 1. The transmitted
power defined as P =

[JR@(EX H)dS]/2 , are recorded as a function of

flows, which are

time and finally Fourier transformed to obtain the

transmission spectra of the structure.

2 Results and discussion

To study the transmission characteristics of the
proposed wavelength demultiplexing plasmonic MIM
waveguide structure, the radii »,, 7, r;, 7, of the
rings O, O,, O,, O, are fixed to 85 nm, 105 nm,
125 nm and 140 nm, respectively. When the incident
electromagnetic waves transmit along the waveguide,
the transmission spectrum of the structure is shown in
Fig. 3, which is gotten at position P. It can be seen
that there are six transmission troughs which are
markedas [ , ][I .[l,IV,V and VI. The corresponding
wavelengths of these troughs are 835 nm, 1 009 nm,
1 184 nm, 1 380 nm, 605 and 692, respectively. The
transmission efficiency of the electromagnetic waves
corresponding to the troughs is low. It implies that the
wavelength energy of the troughs are trapped in the air
rings and/or transmitted in the output waveguide
through port j (; = 1, 2, 3, 4).
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Fig. 3 The transmission spectrum of the demultiplexing

plasmonic MIM waveguide

To illustrate the transmission characteristics of the
proposed multiple-ring shaped MIM waveguide clearly,
the transmission spectra of each output port of the
structure are obtained as shown in Fig. 4. It shows one
transmission peak for port 1 and port 2, two
transmission peaks for port 3 and port 4. Compare the
transmission spectra of Fig. 4 with Fig. 3, it can be
seen that the wavelengths of the transmission peaks of
these output ports are consistent with the transmission
troughs in Fig. 3 which are markedas T , I . II.IV,V
and V.

proposed multiple-ring

From Fig. 4, we can conclude that the
shaped plasmonic MIM
waveguide can realize the wavelength demultiplexing
function. It should be noted that the transmission
troughs V and V] are the second resonance of the rings
O, and O, respectively, as shown in the transmission

spectra of port 3 and port 4.
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Fig.4 The transmission spectra of each output port of the
demultiplexing plasmonic MIM waveguide

To confirm the wavelength demultiplexing

function of the MIM waveguide, the magnetic field

intensity | H. |* distribution corresponding to the

wavelengths of 1, I[, Il and V. are displayed in

Figs. 5 (a) ~ (d). It shows that the electromagnetic

energy of wavelengths 835 nm, 1 009 nm, 1 184 nm,

(a) Port 1, 2=835nm (b) Port 2, 2=1009nm

S

==
<

(c) Port 3, 2=1184nm (d) Port 4, A=1380nm

Fig.5 The distribution of magnetic field | H. |?
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1 380 nm are coupled into the rings O,, O,, O;, O,,
respectively, and transmitted in port 1, port 2, port 3,
port 4. It means that most electromagnetic energy of
these wavelengths are not transmitted through the
waveguide directly, but independently coupled into the
corresponding rings and transmitted in the output
ports. Fig. 5 also implies that the subwavelength rings
can be regarded as resonators and different waves can
resonate in different rings.

In theory, the thickness of Ag between the
subwavelength waveguide and insulator rings is t =
10 nm. When electromagnetic waves transmit in the
waveguide, parts of energy can be coupled and
propagated in the rings. The propagation characteristic
of waves in the rings is dependent on the radius, width
and effective refractive index ny of the ring. The ring
can be regarded as resonator. The resonant wavelength
Awe 1s dependent on the circumference L and the
effective refractive index n,» which can be expressed as

Are = L/ N (2)
where L is the circumference of the ring, N is the mode
number that is a positive integer. As the widths of the
air waveguide and the rings are w = 50 nm, from Eqgs.
(1) and (2), it can be gotten the resonant wavelengths
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(c) The transmission spectra of output port 3
Fig. 6

Fig. 7 shows the transmission spectra of the output
ports with different coupled thicknesses z. It can be
seen that the transmittance of the electromagnetic

waves in the output ports is heavily influenced by the

of the rings O,, O,, O,, O, with radii of 85 nm, 105
nm, 125 nm and 140 nm are about 835 nm, 1 009 nm,
1 184 nm and 1 380 nm, respectively. By reason of
resonance, the energy will be trapped in the ring when
the incident wavelength reach the resonance wavelength
of the ring and then coupled into the output port, thus
leads to the wavelength demultiplexing function. Both
the numerical simulation results and the resonance
theory demonstrate that the different electromagnetic
waves can be divided into different output ports of the
wavelength demultiplexing structure.

To more comprehensive understand the property
of the structure, the transmission characteristic with
different When the
subwavelength rings filled with different media, the

parameters is investigated.
transmission spectra of output ports are shown in
Fig. 6. Figs. 6 (a) ~ (d) exhibit the transmission
spectra of output port 1~ 4 with different refractive
indexes of the ring. It can be seen that the refractive
indexes of the filled medium mainly influence the
resonant wavelength of the ring. The resonant
wavelengths have red shift when the value of refractive

indexes is increased.
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(b) The transmission spectra of output port 2
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(d) The transmission spectra of output port 4

The transmission spectra of output port 1 to port 4 with different refractive indexes of the ring

coupled thickness . The transmittance of the waves in
different output ports are reduced rapidly with increase
of the thickness 7. But, the resonant wavelength of the
ring remains unchanged.
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Fig. 7 The transmission spectra of output port 1 to port 4 with different coupled thicknesses

The resonance theory implies that the resonant
wavelength is related to the radius of the ring. The
resonant wavelengths of the proposed MIM waveguide
are extracted with different radii of the ring, as shown
in Fig. 8. It shows near linear relationship between the

resonant wavelength and the radius.
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Fig. 8 The relationship between the resonant wavelength

and radius of the subwavelength ring MIM waveguide

3 Conclusion

A multiple-ring shaped MIM waveguide structure
proposed.  The
transmission characteristics were investigated by using

FDTD method with PML
conditions. The

with  multi-output  ports  was

absorbing boundary
show  that different
wavelengths electromagnetic energy could be trapped in

results

different rings and transmitted in the corresponding

output port, thus can realize the wavelength

demultiplexing function. According to the resonance
theory, the resonance wavelength is dependent on the
circumference and the effective refractive index of the
ring, which can explain the demultiplexing
phenomenon of the waveguide. Besides, the resonant
wavelength has near linear relationship with the radius
of the ring and has red shift with increase the value of
the filled refractive index. The transmittance of
electromagnetic waves in the output ports are heavily
influenced by the coupled thickness. This structure
may open up new avenues toward the development of
demultiplexer.

References

[1] BOZHEVOLNYI S I, VOLKOV V S, DEVAUX E, et al.
Channel plasmon subwavelength waveguide components
including interferometers and ring resonators [ ] |. Nature,
2006, 440. 508-511.

[2] FANG Y., L1Z, HUANG Y, etal. Branched silver nanowires
as controllable plasmon routers[]J]. Nano Letters, 2010, 10
(5): 1950-1954.

[3] NEUTENS P, DORPE P V, VLAMINCK I D, et al.
Electrical detection of confined gap plasmons in metal-
insulator-metal waveguides [ J ]. Nature Photonics, 2009, 3
(5): 283-286.

[4] LINCI, GAYLORD T K. Loss measurement of plasmonic
modes in planar metal-insulator-metal
attenuated total reflection method[ J]. Optics Letters, 2010, 35
(22). 3814-3816.

waveguides by an

0423001~ 5



kT ow i

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

LIU J Q, WANG L L, HE M D, A wide
bandgapplasmonic Bragg reflector[ J]. Optics Express, 2008,
16(7) . 4888-4894.

ZHONG X L.
waveguide filter with metal-insulator-metal braggreflector[J].
Acta Photonica Sinica, 2011, 40(4) . 537-541.

TIAN M, LU P, CHEN L. e al.
MIM waveguide resonator with an outer portion smooth bend

Optics

et al.

A narrow-band subwavelength plasmonic

All-optical switching in

structure containing nonlinear optical materials [ ] ].
Communications, 2012, 285(21-22) . 4562-4566.
ZHANG Z Y, WU B J, WEN F, et al.
polarization dependent loss of micro ring resonator based
optical switches[ J]. Acta Photonica Sinica, 2015, 44 (7):
0713002.

WANG L, WANG L L, ZENG Y P, et al.
surface-plasmon polaritons in a subwavelength cut[J]. Optics
Communications, 2011, 284(1) . 153-155.

WANG G X, LU H, LIU X M. Trapping of surface plasmon
waves in graded grating waveguide system [ ] ]. Appllied
Physics Letters, 2012, 101(1): 013111-013113.

CHEN Z, CHENJ J, YU L, etal. Sharp trapped resonances

by exciting the anti-symmetric waveguide mode in a metal-

Research on

Trapping of

insulator-metal resonator [ J]. Plasmonics, 2015, 10 (1)
131-137.

LIN X S, HUANG X G. Tooth-shaped plasmonic waveguide
filters with nanometericsizes [ J]. Optics Letters, 2008, 33
(23): 2874-2876.

WANG L., WANG L L, ZENG Y P, et al. A triangular
shaped channel MIM waveguide filter J |. Journal of Modern

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]
[22]

0423001~ 6

Optics, 2012, 59(19): 1686-1689.

WEN J H, ZHANG Y, YANG Y B,et al. Photonic crystal
tunable optical filter based on air defect layer []J]. Acta
Photonica Sinica, 2015, 44(8) . 0823001.

LEET W, LEE D E, KWON S H. Dual-function metal-
insulator-metal plasmonicoptical filter[ J]. IEEE Photonics
Journal , 2015, 7(1): 4800108.

PANG S F, QU S X, ZHANG Y Y, et al. Filter
characteristic research of MIM waveguide based on L. shaped
resonator[ J]. Acta Optica Sinica, 2015, 35(6); 0623001.
HU FF, YI H X, ZHOU Z P. Wavelength demultiplexing
structure based on arrayed plasmonic slot cavities[ J]. Optics
Letters, 2011, 36(8): 1500-1502.

WANG G X, LU H, LIU X M, etal. Tunable multi-channel
wavelength demultiplexer based on MIM plasmonicnanodisk
resonators at telecommunication regime[ J]. Optics Express,
2011, 19(4): 3513-3518.

LU F, WANG Z H, LI K,

wavelength  demultiplexingstructure

A plasmonictriple-
MIM
waveguide with side-coupled nanodiskcavities [ J ]. IEEE
Transactions on Nanotechnology , 2013, 12(6) . 1185-1190.

LIUH Q, GAO Y X, ZHU B F, et al. A T-shaped high

resolution plasmonicdemultiplexer based on perturbations of

et al.

based on a

two nanoresonators[ J]. Optics Communication, 2015, 334
164-169.

PALIK E D. Handbook of optical constants of solids[ M].
New York: Academic press, 1998.

ECONOMOU E N. Surface plasmons in thin films [ ] ].
Physics Review, 1969, 182(2): 539-554.



