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a b s t r a c t

We propose and demonstrate a metal–insulator–metal (MIM) waveguide side coupled with a series of
stubs to realize broadband slow surface plasmon polaritons (SPPs) around the telecom wavelength
193.5 THz. The obviously slow light effect results from the strong normal dispersion around the fre-
quency of the plasmon-induced transparency. Theoretical calculations indicate that the plasmonic wa-
veguide system of the length 11 μm works on a broad bandwidth of 20 THz. The group velocity of SPPs
predicted by the improved transmission line theory is about 0.2c (c is light speed in vacuum), which is
confirmed by the finite-difference time-domain (FDTD) numerical simulation. The waveguide system for
slow light effect has important potential application in optical delay lines.

& 2015 Elsevier B.V. All rights reserved.

1. Introduction

Slow light, showing its remarkable ability to reduce group ve-
locity, has attracted great interest because of its potential appli-
cations in optical buffers, optical memories, optical communica-
tions, and nonlinear optics. Slow light can be realized by the fol-
lowing technologies [1–7]: the electromagnetically induced
transparency (EIT) [1], the coherent population oscillation [2],
stimulated Brillouin scattering [3], photonic crystal waveguides
[4,5] and plasmonic waveguides [7]. The surface plasmon polar-
itons (SPPs) exhibit subwavelength confinement of electro-
magnetic field in the direction perpendicular to a conductor–di-
electric interface [8] and show promising prospect in the fields of
waveguide devices [9,10], biomedical sensing [11,12], slow light
effect [13,14], and so on.

The slow group velocity of SPPs has been discussed in super-
lattice [13–19], metal–insulator–metal [20–22], and graded in-
sulator (or metal) grating waveguide [23–25]. Recently, EIT-like
spectrum was researched in MIM waveguide side coupled with
stubs to achieve slow light transmission [26–28]. For example, Han
theoretically demonstrated dual-channel slow light around the
induced-transparency frequencies of 283 and 310 THz [27]. Zafar
et al. investigated the slow light characteristic of SPP modes
around the frequency 210 THz by introducing double stub re-
sonators in MIM plasmonic waveguides, and an ultra-large band-
width of 21 THz was obtained [28].

In this paper, we investigate the analog of EIT in MIM wave-
guide perpendicularly side coupled with stubs to illustrate slow
light effect around the telecom frequency 193.5 THz. The smooth
and flat dispersion curve reveals a slow group velocity over the
broad bandwidth of 20 THz.

The rest of this paper is arranged as follows. In Section 2, we
discuss the transmission of the MIM waveguide side coupled with
one stub, and determine the structure and geometry size of a unit
cell. In Section 3, we research the slow light effect of the MIM
waveguide side coupled with N unit cells. A conclusion is given in
Section 4.

2. Theory model and structure design

The schematic diagram is shown in Fig. 1(a). There are two
stubs that are side coupled to metal–insulator–metal (MIM) wa-
veguide in each unit cell. The height of stubs in each unit cell is h1
and h2, respectively. N denotes period number of unit cell. The
width of the stub and core layer in MIM waveguide is w¼100 nm.
The core layer is air and the metal cladding layer is silver. The
frequency-dependent relative dielectric constant of silver is de-
scribed by Drude model [29]

( )i/ , (1)m p
2 2ε ε ω ω ωγ= − +∞

where ε∞ , caused by the inter-band transition, is dielectric con-
stant at infinite frequency, pω is bulk plasma frequency, and γ is
electron collision frequency. According to Ref. [29], 3. 7ε =∞ ,

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/optcom

Optics Communications

http://dx.doi.org/10.1016/j.optcom.2015.04.036
0030-4018/& 2015 Elsevier B.V. All rights reserved.

n Corresponding author.
E-mail address: licl915@163.com (C. Li).

Optics Communications 351 (2015) 26–29

www.sciencedirect.com/science/journal/00304018
www.elsevier.com/locate/optcom
http://dx.doi.org/10.1016/j.optcom.2015.04.036
http://dx.doi.org/10.1016/j.optcom.2015.04.036
http://dx.doi.org/10.1016/j.optcom.2015.04.036
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optcom.2015.04.036&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optcom.2015.04.036&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optcom.2015.04.036&domain=pdf
mailto:licl915@163.com
http://dx.doi.org/10.1016/j.optcom.2015.04.036


1.38 10 rad/sp
16ω = × , 2.73 10 rad/s13γ = × . The relative dielectric

constant of air airε equals to 1. When the electromagnetic wave of
the frequency 193.5 THz incidents into the MIM waveguide, the
cut width of TM1 model is about 627 nm. Therefore, there is only
the TM0 model in our discussed plasmonic waveguide system due
to the small width of insulator layer.

We use an improved transmission model to investigate the

transmission properties of the plasmonic waveguide system
[27,30]. According to the transmission line theory, our proposed
waveguide system is equivalent to a parallel connection of an in-
finite transmission line (representing the MIM waveguide) and a
serial finite transmission line (representing the stub). The char-
acterized impedance of infinite transmission line is given by

Z w/ , (2)MIM 0 airβ ωε ε=

where β , ω and 0ε are propagation constant of SPPs in MIM wa-
veguide, angle frequency and dielectric constant in vacuum, re-
spectively. The characterized impedance Z w/S 0 airβ ωε ε= of finite
transmission line is terminated by a load ZZ /L m air Sε ε= . There-
fore, effective characterized impedance of finite transmission line
(i.e. the stub) has the form
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Thus, the transfer matrix of our proposed waveguide system
can be described as
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with the expressions of A l( /2) and ( )B ZStub1,2 having the form
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Fig. 1. (a) Schematic of the MIM plasmonic waveguide system: w¼100 nm, the
dielectric gap width of MIM waveguide and stubs; l¼550 nm, the distance between
the two stubs in each unit cell; l2 is the length of each unit cell; h1 and h2 are depths
of two stubs in each unit cell, respectively. The TM-polarization light vertically il-
luminates the structure from the left side. (b) The transmission-line model of the
MIM plasmonic waveguide system. ZStub1 and ZStub2 are the effective impedances of
two stubs in each unit cell. (c) Schematic of the MIM plasmonic waveguide with
one stub: w¼100 nm, the dielectric gap width of MIM waveguide and stub; h and
l¼550 nm, the depth of the stub and the length of the MIM plasmonic waveguide,
respectively. (d) The transmission-line model of the MIM plasmonic waveguide
with one stub. ZStub is the effective impedance of the stub.
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Fig. 2. Transmission spectrum of MIM waveguide side coupled with one stub for
different stub depth h with l¼550 nm and w¼100 nm.
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Fig. 3. MIM waveguide side coupled one unit cell (i.e. N¼1), l¼550 nm,
h1¼230 nm and h2¼395 nm: (a) transmission spectrum and group velocity of SPP,
c is the light speed in vacuum; and (b) dispersion curve.
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