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Plasmonic waveguides that allow deeply subwavelength confinement of light provide an effective platform for the design of ultra- 
compact photonic devices. As an important plasmonic waveguide, metal-insulator-metal (MIM) structure supports the propaga-
tion of light in the nanoscale regime at the visible and near-infrared ranges. Here, we focus on our work in MIM plasmonic 
waveguide devices for manipulating light, and review some of the recent development of this topic. We introduce MIM plasmonic 
wavelength filtering and demultiplexing devices, and present the electromagnetic induced transparency (EIT)-like and Fano reso-
nance effects in MIM waveguide systems. The slow-light and rainbow trapping effects are demonstrated theoretically. These re-
sults pave a way toward dynamic control of the special and useful optical responses, which actualize some new plasmonic wave-
guide-integrated devices such as nanoscale filters, demultiplexers, sensors, slow light waveguides, and buffers. 
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Surface plasmon polaritons (SPPs) are electromagnetic 
waves coupled to the oscillations of conduction electrons 
propagating along the metal-dielectric interface with expo-
nentially decaying field in the direction perpendicular to the 
interface [1]. SPPs have been considered as one of the most 
promising energy and information carries to overcome the 
traditional diffraction limit of light and manipulate light on 
the subwavelength scale [1–3]. These features open up a 
pathway toward ultracompact light-guiding structures, 
which allow the subwavelength confinement of optical 
modes. The plasmonic waveguides have shown the dramatic 
potential to guide subwavelength optical modes. So far, a 
variety of plasmonic waveguiding structures have been 
proposed, such as metallic wedges [4], grooves [2], nan-
owires [5], and metal-insulator-metal (MIM) structures 
[6–10]. MIM waveguides have the deep-subwavelength 
confinement of light with an acceptable propagation length 

for SPP propagation. The unique features of MIM wave-
guides can be utilized to realize nanoscale photonic func-
tionality and circuitry [11]. 

In this review, we mainly focus on our research about the 
manipulating properties in the MIM plasmonic waveguides. 
Due to the limit of this small topic, an amount of research  
in the plasmonic field will be omitted, for example, the   
important applications of SPPs for the enhancement of non-
linear effects [12], beam focusing [13,14], polarization  
analyzer [15], optical amplifier [16], and so on. We review 
some recent development of MIM plasmonic waveguide 
devices. Especially, plasmonic wavelength filtering and 
demultiplexing have been introduced. The analogue of elec-
tromagnetic induced transparency (EIT) and Fano reso-
nances and their applications are presented in the MIM 
plasmonic waveguide systems. The slow light and rainbow 
trapping in the MIM waveguides are demonstrated.   
These results may provide some useful information for  
attracting researchers’ interests in further investigation of 
the control of light and its applications in the plasmonic 
waveguides. 
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1  Wavelength filtering and demultiplexing in 
MIM plasmonic waveguides  

To realize the wavelength-selective functions in MIM 
waveguides, some SPP reflectors have been proposed 
[17–23]. For example, Wang et al. [17] reported SPP Bragg 
reflectors based on a metal heterowaveguide constructed by 
alternately stacking two kinds of metal gap waveguides. 
Low-loss SPP Bragg reflectors were realized through peri-
odically changing the dielectric materials between the MIM 
waveguide [18,19]. Liu et al. [20] investigated a SPP wide 
bandgap reflector with relatively wide bandgap realized by 
modulating the waveguide width and inserting the dielectric 
materials. We proposed a SPP reflector by means of a qua-
si-chirped technique in the Bragg-grating-based MIM 
waveguide. This SPP reflector possesses the broad bandgap 
and low sidelobes [21]. We also demonstrated a plasmonic 
Bragg filter with a high-channel-count based on the MIM 
Fibonacci-sequence gratings [22]. To overcome the com-
plexity of fabrication and decrease the length of plasmonic 
Bragg reflectors, some simple MIM plasmonic waveguide 
filters have been proposed, plasmonic filters with stubs 
[23–26], disk/ring resonators [27–32], and rectangular res-
onators [33–35]. As key factors in these plasmonic 
nanostructures, coupled resonators will be principal ele-
ments due to their simplicity, symmetry, and ease of fabri-
cation. Wavelength demultiplexers (WDMs), which can 
filter specific wavelengths in different channels, will play 
very important role in the all-optical systems [36]. Based on 
MIM coupled resonators, some WDM structures were pro-
posed [37–43]. Noual et al. [37] reported two-dimensional 
nanoscale Y-bent plasmonic waveguides with nanocavities 
for demultiplexing of the telecommunication wavelengths. 
To further promote the miniaturization, a plasmonic triple- 
wavelength demultiplexer based on nano-capillary resona-
tors (F-P cavities) was investigated by Huang et al. [38]. 
Recently, an improved compact WDM structure based on 
arrayed MIM drop cavities was proposed by Hu et al. [39]. 

However, the transmission efficiencies of above plasmonic 
WDMs are too low. In our recent work, a special focus has 
been put on the schemes to solve this problem [40–43].  

Different from the demultiplexing structure in [39], the 
reflection cavities are introduced in the MIM waveguide. 
Under the condition that the reflection and drop cavity have 
the same resonance frequency, the transmission efficiency 
of each drop filter can be significantly enhanced when the 
distance between drop and reflection cavities satisfies 
D=(2m+1)π/(2neffk0) (m=0, 1, 2, ). Here, neff denotes the 
effective refractive index of SPP mode, which can be ob-
tained by solving the dispersion equation [43]. k0=2π/λ rep-
resents the wave vector of incident light in vacuum. For the 
miniaturization of architectures, m is set as zero. Based on 
this principle, a highly efficient plasmonic triple-wavelength 
demultiplexer shown in Figure 1(a) is designed to investi-
gate the transmission response. The geometrical parameters 
can be seen in [43]. The operating wavelengths of channel 
drop filters are 928, 820, and 712 nm, respectively. In the 
bus waveguide, the transmitted powers at these wavelengths 
are effectively suppressed by reflection cavities. According 
to the above equation, the optimal distances D1, D2, and D3 
are 166, 145, and 125 nm, respectively. As depicted in Fig-
ure 1(b), transmission spectra in the drop waveguides are 
calculated by the finite-difference time-domain (FDTD) 
simulations [44]. It is found that the transmission efficiency 
of each channel is up to 0.7 and improved by more than 
50% when compared to that without reflection cavities. 

2  Electromagnetic induced transparency (EIT)- 
like and Fano resonance effects in MIM plas-
monic waveguides 

Electromagnetically induced transparency (EIT) is a phe-
nomenon that occurs in atomic systems owing to the quan-
tum interference between the excitation pathways to the 
atomic upper level [45,46]. The EIT effect has promising  

 

 

Figure 1  (Color online) (a) Schematic diagram of a plasmonic triple-wavelength demultiplexer; (b) transmission spectra from the drop filters in the plas-
monic waveguide without (dashed curves) and with (solid curves) the reflection cavities. From [43], © Optical Society of America. 
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applications in nonlinear optical process, ultrafast switching, 
and optical data storage owing to the strong dispersion in 
the transparency windows [46,47]. However, on-chip ap-
plications of the atomic EIT are severely limited by the rig-
orous conditions [48]. The theoretical analysis and experi-
mental observations demonstrate that an optical phenome-
non analogous to EIT can occur in the coupled optical res-
onator systems, which is regarded as coupled-resonator in-
duced transparency (CRIT) [49–53]. The CRIT can be de-
scribed with the terms used in the EIT physics, where the 
role of the “atom” is played by the cavity, the “atomic tran-
sition” is acted by the cavity mode, and the “driving laser 
beam” is represented by the strong coupling between the 
adjacent cavities [54]. Recently, the plasmonic analogue of 
EIT has been investigated intensively in metamaterials 
[55–57]. The EIT-like performance in MIM plasmonic 
waveguide-resonator systems is also significant for the dy-
namic control and manipulation of light in the nanostruc-
tures. Bozhevolnyi et al. [58] and Han et al. [59] described 
two physical pictures for realizing the EIT-like response. 
The first (bare-state) picture suggests employing radiative 
and subradiant resonators that are closely placed and mutu-
ally coupled. The second (dressed-state) picture suggests 
using detuned resonators that are both coupled to a bus 
waveguide. The latter scheme is essential for the observa-
tion of EIT-like and slow-light effects. Han et al. [59] 
demonstrated the realization of on-chip plasmonic analogue 
of EIT in integrated plasmonic devices using detuned Fab-
ry-Perot resonators coupled to a MIM waveguide. The MIM 
structure exhibits the pronounced EIT-like spectrum and 
group index of ~26 in near-infrared range. Park et al. [60] 
realized high-performance plasmonic modulators through 
controlling the asymmetry of plasmon induced transparency 
in the MIM waveguide platform. As an important phenom-
enon, multi-EIT-like spectral response can be realized in 
multilevel coherently coupled cavities [51]. We also focus 
on the multi-EIT behavior in a MIM waveguide-resonator 
system, as shown in Figure 2(a).  

Here, we perform triple-resonator-coupled system as an 
example to investigate the multi-peak EIT-like response. 
The geometrical parameters can be seen in [61]. As depicted 
in Figure 2(b), transmission spectrum calculated by the the-
oretical model is in accordance with the numerical simula-
tion. Dual induced-transparency peaks are found in the are-
as of strong dispersion generated in our plasmonic system. 
Transmission phase shift, optical delay line, and group in-
dices are respectively depicted in Figure 2(c)–(e). The 
group indices and quality factors of transparency resonances 
with high transmission can reach the level of ~35 and ~200, 
respectively. We also investigated the first picture of 
EIT-like effect in the MIM waveguides [62]. An optical 
effect analogous to EIT was observed in nanoscale plas-
monic resonator systems. Cui et al. [63] investigated the 
optical bistability effect with low threshold intensity by us-
ing this kind of EIT-like effect in MIM waveguide-coupled  

 

Figure 2  (Color online) (a) Schematic diagram of plasmonic multi-  
resonator waveguide systems; (b) simulation (dotted curve) and theoretical 
(solid curve) transmission spectra in the triple-resonator-coupled wave-
guide; (c) corresponding transmission phase shift; (d) optical delay line; (e) 
group indices. From [61], © American Physical Society. 

resonator system. 
As depicted in Figure 1(a) of [64], another waveguide- 

resonator configuration exhibits the plasmonic analogue of 
EIT. It is found that a high transmission peak appears in the 
background of a broad transmitted dip and possesses a 
nearly linear red-shift with increasing the length of the stub 
waveguide, as shown in Figure 3. The plasmonic EIT-like 
feature enables the effective realization of nanoscale high-  

 

 

Figure 3  (Color online) Evolution of spectral transmittance with the 
length of the stub waveguide. From [64], © IOP Publishing Ltd.  
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channel-count bandpass filters. As shown in Figure 4(a), we 
propose a plasmonic configuration with cascading funda-
mental filtering units with adjacent separation Di (i=1, 2,  
N1). As an example, four filtering units (N=4) are de-
signed to realize four-channel bandpass plasmonic filters. 
The geometrical parameters can be seen in [64]. As depicted 
in Figure 4(b), the EIT-like spectral peaks exhibit nearly 
identical interval and height. Meanwhile, the forbidden re-
gions between the peaks are sufficiently low. When the 
third stub waveguide is removed, the corresponding pass 
band around 850 nm disappears, as can be seen in Figure 
4(c). Figure 4(d) illustrates that the side channels are sup-
pressed in the absence of the first and last stub waveguides. 
This feature can be employed to broad the sidelobes of the 
plasmonic filters. 

Fano resonance was discovered by Ugo Fano, which 

originates from the quantum-mechanical interference be-
tween a discrete excited state of an atom and a continuum 
sharing the same energy level [65,66]. Different from the 
Lorentzian resonance, the Fano resonance possesses dis-
tinctly asymmetric line profile [67]. Especially, asymmetric 
Fano resonances were found in the classical optical systems 
[67]. Recently, Fano resonances have been observed in 
plasmonic structures [68–73]. Under certain conditions a 
Fano resonance can also be essentially regarded as the clas-
sical analogue of EIT [55]. These conditions are: (1) suffi-
ciently small frequency detuning between two coupled res-
onances; (2) strongly contrasting resonance line widths; and 
(3) appropriate resonance amplitudes [66]. The specific 
feature of the Fano resonance promises applications in sen-
sors [66]. As shown in Figure 5(a), we have proposed a 
plasmonic sensor based on Fano resonance in a plasmonic 

 

 
Figure 4  (Color online) (a) Schematic diagram of the plasmonic filtering structure with arrayed coupled cavities and stub waveguides; (b) spectral trans-
mittance of the plasmonic waveguide with four filtering units; (c) spectral transmittance without the third stub waveguide; (d) spectral transmittance without 
the first and last stub waveguides. From [64], © IOP Publishing Ltd. 

 
Figure 5  (Color online) (a) Schematic diagram of the MIM plasmonic dual-resonator-coupled waveguide; (b) spectral intensities of reflection amplitudes r1 
(dotted curve), r2 (dash-dotted curve), and r (solid curve); (c) reflection spectra obtained by FDTD simulations for different refractive indices. From [74], © 
Optical Society of America. 
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waveguide-resonator system, which consists of a MIM 
waveguide coupled with a pair of nanoresonators. The ge-
ometrical parameters can be seen in [74]. The spectral fea-
tures of plasmonic waveguide-resonator systems were in-
vestigated by the temporal coupled-mode theory [75]. Fig-
ure 5(b) shows that the total reflection spectrum R can be 
regarded as the coherent interference of r1 with a broad 
bandwidth (a continuum level) and r2 with narrow band-
width (a discrete level) [76]. The Fano resonance dip exhib-
its a sensitive shift with the refractive index change of the 
dielectric, as seen in Figure 5(c). This feature provides an 
excellent scheme for the applications toward nanoscale 
sensing [77]. The sensitivity (nm/RIU) is the shift in the 
wavelength of the Fano resonance dip per unit change of 
refractive index (n) [78]. Our plasmonic nanosensor pos-
sesses the sensitivity of ~900 nm/RIU. According to the 
definition of a figure of merit (FOM) introduced by Becker 
et al. [79], the maximum value of FOM* is about 500. 

3  Slow light in MIM plasmonic waveguides 

Stub structures, as important elements in microwave field, 
can be introduced into the MIM waveguides for the manip-
ulation of light at the nanoscale [24,26,80,81]. Recently, 
some analytical methods have been reported to account for 
the optical properties of stub waveguides [82–85]. Espe-
cially, the microwave transmission line was proposed to 
characterize the transmission properties of MIM stub 

waveguides [7]. Liu et al. [82] developed the transmission 
line theory for lossless waveguide, which can easily obtain 
the transmission and dispersion properties. Successively, 
Pannipitiya et al. [83] proposed an improved transmission 
model for dissipative MIM waveguides with stub structures. 
In our work, the improved model is also employed to calcu-
late the transmission and dispersion properties for our MIM 
stub structures.  

To slow down the propagation speed of light, even to 
coherently trap and store optical pulses, has drawn much 
attention for its profound applications [86]. Recently, a va-
riety of structures have been reported experimentally and 
theoretically to realize the slow light effect [84,85,87–90]. 
Nevertheless, these structures can only be operated at spe-
cific resonant wavelength. It is still a challenge to realize 
slow light over a broad bandwidth. Aiming at this problem, 
the concept of “rainbow trapping” was proposed by 
Tsakmakidis et al. [91]. “Rainbow trapping” phenomenon 
was realized on metal surfaces [92]. MIM waveguides also 
have dramatic potential for slow-light devices [93–96]. 

Here, we introduce the slow-light effect in a MIM plas-
monic waveguide with quasi-period stub structures, as 
shown in Figure 6(a). The geometrical parameters can be 
seen in [96]. Figure 6(b) shows the evolution of propagation 
constant at different grating depths. The results reveal that 
the cutoff frequency has a red-shift with the increase of the 
grating depth. Figure 6(c) depicts the group index c/vg as a 
function of the incident frequency at a given grating depth. 
It is found that the group velocity vg (≡∂ω/∂β) can be  

 
 

 

 
Figure 6  (Color online) (a) Schematic diagram of the plasmonic waveguide with quasi-period stub structures; (b) evolution of propagation constant at 
different frequencies with the grating depth for w=50 nm and p=200 nm; (c) group index of SPP wave as a function of frequency for the grating depth of 320 
nm. The cutoff frequency is about 193.5 THz. From [96], © American Institute of Physics. 
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slowed down significantly when the incident frequency ap-
proaches the cutoff frequency. The quasi-period-stub struc-
ture is introduced to enlarge the slow light frequency range. 
Due to the small graded grating depth, the dispersion rela-
tions are supposed to change gradually along the waveguide 
with the ascending grating depth. Thus, the group velocity 
of incident light with different frequencies can be greatly 
reduced at different locations. 

We also calculate the dependence of SPP intensity in the 
stubs on the propagation time and distance. As shown in 
Figure 7(a), the SPP wave propagates along the x direction 
with an increasingly slower group velocity, and the strong-
est intensity corresponds to the localized position of SPPs. 
The field distributions in Figure 7(b) and (c) show that our 
plasmonic structure can trap the specific SPP wave at a cer-
tain location. It should be noted that, however, the SPP 
wave can never be completely trapped due to the metallic 
absorption. To realize the real trap of SPPs, one can incor-
porate a gain media in the structure to compensate for the 
metal loss. Thus, the group velocity vg of SPP wave is ex-
pected to be further slowed down or even to be zero. 

Generally, some approaches are used to generate slow 
light, such as EIT effects [97,98], special photonic struc-
tures [92], and stimulated Brillouin scattering [99]. Our 
above study show how to realize slow light effect and 
“rainbow trapping” in a plasmonic waveguide system. Uti-
lizing the photonic bandgap (PBG) of the proposed structure, 
slow light can be easily observed close to the PBG bandage 
[100]. However, the dispersion relation around the operat-
ing slow-light point shows a near parabolic property, which 
denotes that large group velocity dispersion (GVD) param-
eter may result in the pulse distortion. This feature confines 
the practical applications of the periodic structures. Moreo-
ver, the normalized delay-bandwidth product (NDBP) is not 
considered, which is regarded as a good candidate to char-
acterize the compromise between the light slowing down 
factor and the bandwidth [89,101]. The EIT-like effect has 
attracted much attention for the strong dispersion and slow 
light propagation in the transparency window [85]. 

As shown in Figure 8(a), we propose a MIM plasmonic 

slow-light waveguide based on an analogue of EIT. The 
geometrical parameters can be seen in [87]. This plasmonic 
waveguide system can realize a significant slow light with 
zero GVD parameter, which indicates that the incident pulse 
can be slowed down without distortion. Meanwhile, the 
NDBP of the waveguide is as high as 0.522, implying a 
high slow-light buffering capacity. As depicted in Figure 
8(b), the transmission properties of the MIM waveguide 
coupled with two stubs are investigated by the improved 
transmission model. By appropriately tuning the distance 
between the two stubs, the transmission spectrum exhibits 
two transmitted dips (f1 and f3) and a transparency peak (f2). 
The appearance of the transmission peak is attributed to the 
destructive interference between the electromagnetic fields 
from the two stubs. As shown in Figure 8(c), the numerical 
simulations agree well with the theoretical results. 

As shown in Figure 9(a), the dispersion curve is flat and 
has slightly fluctuation in the frequency range of EIT win-
dow, which indicates that a nearly constant group velocity 
can be achieved. The obtained group index near the peak 
frequency possesses considerable stability and nearly con-
stant value. This indicates that slow light with zero GVD 
parameter can be obtained in the proposed structure. Thus, 
an incident optical pulse at the peak frequency will suffer 
almost no distortion. To validate the analytical results, Fig-
ure 9(b) shows the time evolution of the pulse propagating 
through the plasmonic waveguide system. It is found that 
the relative pulse shape distortion is only 2.12% due to the 
low GVD parameters. The corresponding group index is 
21.57, which agrees well with the transmission line results 
(ng=22). In this plasmonic structure, we obtain an excellent 
buffering capacity with a flat bandwidth over 8.6 THz and a 
high NDBP value of 0.522. 

In above MIM slow-light waveguides, the influence of 
metal loss on the trapping performance is not considered. 
When an arbitrarily small loss is introduced, the slope of the 
dispersion curve at the PBG edge is not close to zero and 
SPP wave cannot be stopped completely [102]. It is im-
portant to investigate the impact of metal loss on the rain-
bow trapping performance and explore new methods to   

 
 

 
Figure 7  (Color online) (a) Time-dependent field intensity in the stubs. Inset: Arrival time of SPP wave at different spatial positions. (b), (c) Field distribu-
tions with the incident frequencies of 193.5 and 163.5 THz. From [96], © American Institute of Physics. 
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Figure 8  (Color online) (a) Schematic diagram of the plasmonic slow-light waveguide; (b) evolution of transmission spectrum with the distance between 
the two stubs in a unit cell; (c) transmission spectra from the transmission line theory and numerical simulation for a unit cell. From [87], © Optical Society 
of America. 

 
Figure 9  (Color online) (a) Dispersion curves and group index of SPP wave as a function of the frequency; (b) time evolution of normalized intensity 
profile of SPP pulse propagating through the waveguide system with 11 unit cells. From [87], © Optical Society of America. 

compensate the metal loss. 
Recently, researchers confirmed that MIM tapered 

waveguides are best suited for slowing and trapping light 
[103,104]. A focus has been put on the tapered plasmonic 
waveguide, which consists of a gain core layer and metal 
cladding, as shown in Figure 10(a). The geometrical param-
eters can be seen in [105]. By incorporating appropriate 

gain into the waveguide to compensate the metal loss, the 
zero group velocity is obtained and SPP waves could be 
trapped in such a tapered MIM waveguide. The detailed 
analysis can be seen in [106]. As shown in Figure 10(b), 
when the loss is considered, the forward and backward 
modes diverge and split into two different parts, the group  
velocity for either forward or backward no longer declines  
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Figure 10  (Color online) (a) Schematic diagram of the tapered plasmonic waveguide. (b) Group index for lossy case. The red and blue curves correspond 
to the forward and the backward modes. For both the lossless and lossy cases, the core layer has εd=12.25. The wavelength of the incident light is 1550 nm. 
The inset shows the field distribution of a Gaussian pulse with a 100 fs width and 1550 nm central wavelength propagating through the plasmonic waveguide 
tapered from 500 to 200 nm in an 11 μm region. (c) Group index with incorporating gain into the core layer. The gain coefficient is about 197 cm1. From 
[105], © Optical Society of America. 

to zero. The metal loss can prevent the group velocity from 
approaching zero. When the core thickness increases, even 
though, the forward and backward modes can still keep a 
relative small group velocity (<0.01c) near the critical 
thickness. In the inset of Figure 10(b), the tapered plas-
monic waveguide is illuminated by a Gaussian pulse. Simu-
lation results show that a strong field accumulation exhibits 
at the critical thickness of the waveguide, which indicates a 
significant slow light effect. When the core thickness is 
larger than the critical thickness, the plasmonic waveguide 
only supports the decay mode and SPP wave cannot propa-
gate further. By employing gain material such as semicon-
ductors, the loss effect can be perfectly compensated [106]. 
As shown in Figure 10(c), the gain compensates the metal 
loss and forces the forward and backward modes to com-
bine together. At the critical thickness, the group velocity 
equals zero. 

4  Conclusions 

In this review, we mainly focus on our work about the ma-
nipulation of light in the MIM plasmonic waveguides. Es-

pecially, plasmonic wavelength filtering and demultiplexing 
have been introduced. Additionally, the EIT-like and Fano 
resonance effects in the MIM plasmonic systems have been 
described. Finally, the slow light and rainbow trapping ef-
fects in the MIM waveguides with metal loss and gain 
compensation have been demonstrated. The optical re-
sponses can find applications for plasmonic waveguide de-
vices such as nanoscale filters, demultiplexers, sensors, 
slow light waveguides, and buffers. Our results and physical 
analysis would boost the further development of plasmonic 
waveguides for the excellent control of light in the plas-
monic nanostructures. 
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