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Band-stop optical nanofilters with split-ring resonators based on
metal–insulator–metal structure∗
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Novel band-stop filters with circular split-ring resonators based on the metal–insulator–metal (MIM) structure are
presented, with their transmission properties of SPPs propagating through the filter simulated by the finite-difference time-
domain (FDTD) method. The variation of the gap of the split ring can affect the transmission characteristics, i.e., the
transmission spectrum of SPPs exhibiting a shift, which is useful for modulating the filter. Linear and nonlinear media
are used in the resonator respectively. By varying the refractive index of the linear medium, the transmission properties
can be changed obviously, and the effect caused by changing the incident intensity with a nonlinear medium is similar.
Several resonant modes that are applicable can be enhanced by changing the position of the gap of the split ring. Thus, the
transmission properties can be modulated by adjusting the size of the gap, varying the refractive index, and changing the
incident intensity of the input light. These methods may play significant roles in applications of optical integrated circuits
and nanostructural devices.
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1. Introduction
Surface plasmon polaritons (SPPs) have been widely

studied because of their special properties and potential appli-
cations in the field of nano science and sub-wavelength pho-
tonic devices. SPPs can be excited by coupling light waves
with a special metal nanostructure,[1] then they will be con-
fined to the sub-wavelength scale in the metal nanostructure
and controlled by the surface characteristics, finally, they will
be converted into optical waves as an output from the nanos-
tructure. The nano-scale structure can be used to overcome
the limitations of the traditional optical devices, for exam-
ple, the diffraction limit of the electromagnetic wave in the
small scale. Devices based on SPPs have been studied and ap-
plied extensively in recent years, such as the Bragg reflector,[2]

the sub-wavelength beam manipulation,[3] the plasmon opti-
cal switch,[4] the Mach–Zehnder interferometer,[5] the single
metal wire,[6] and the SPP waveguides.[7] The SPP waveg-
uides based on metal–insulator–metal (MIM) structures have
been discussed, in which the resonator is designed with dif-
ferent geometry structures, such as circular ring,[8–11] rectan-
gular ring,[12–14] and tooth-shaped plasmonic waveguide.[15]

Those waveguides can be used as filters in the nanometer scale
with different filtering characteristics depending on the rela-

tive positions between the waveguides and the resonators. It
is used as a band-pass filter when putting the resonator be-
tween the input and the output waveguides.[9,11–13,16–19] Wang
et al. have investigated a two-dimensional (2D) plasmonic
structure composed of two straight MIM waveguides and one
circular ring resonator between them,[9] and showed that the
wavelengths for the maximum transmittance can be shifted
by varying the radius of the ring. In another band-pass fil-
ter with a hollow-core rectangular ring resonator between the
two waveguides,[13] the resonant wavelengths shift towards
the long wavelength by increasing the dimension of the hol-
low core. By placing the resonator beside the bus waveg-
uide, the device can be used as a band-stop filter.[8,10,14,18,19]

Channel drop filters with disk/ring resonators have also been
investigated,[8] in which the light can be dropped efficiently.
Hosseini et al. designed a resonator using a rectangular
geometry.[20] In the optical filter with rectangular split-ring
resonators proposed in the literature,[21,22] the resonant wave-
lengths vary depending on the position and the size of the gap.

In this paper, a novel MIM structure of a band-stop plas-
monic filter with a circular split-ring resonator is proposed,
with dielectric filling in the air groove. The transmission char-
acteristics are studied in several different cases with split gaps
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at different positions and dielectrics of different permittivi-
ties using the finite-difference time-domain (FDTD) method.
Based on the result, a novel method is proposed to modulate
the resonant wavelengths effectively in the nano scale. Band-
stop filters with closed circular[8,23] or rectangular[14,20] ring
resonators are studied; different filter characteristics can be
obtained by varying the refractive index of the medium, the
size of the resonators, the distance between the bus waveguide
and the resonator, and so on. With the split rings proposed in
this paper, the filters can be tuned by using more active meth-
ods due to the existence of the gap. By varying the positions
of the gap, the resonant strength of the absorption peak can be
stronger. The tuning range can be wider by adjusting the width
of the gap, the refractive index of the medium, or the strength
of the incident light.

2. Model and theory

An MIM nanostructure with a split-ring resonator is
shown in Fig. 1. The gray part shows the metallic silver, while
the waveguide and the ring are insulators and are set to be air
or dielectric. A metal wall (gap of the ring) is positioned as
shown in the figure with width w. The waveguide and the cir-
cular passage have equal width, which is much smaller than
the wavelengths and set to be 50 nm in our case. The outer
radius of the ring is ro = 150 nm, and the inner radius is
ri=100 nm. The distance between the resonator and the bus
waveguide, s, is set to be 10 nm. Two power monitors are
placed at points P and Q to detect the incident power Pin and
the transmitted power Pout, and the transmittance is defined as
T = Pout/Pin.
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Fig. 1. Schematic diagram of the plasmonic band-stop filter with an MIM structure.

The dispersion relation of SPPs can be expressed as[9]
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where neff = β/k0 is the effective refraction index of the SPPs,
β and k0 are the propagation constants of the SPPs and the free
space, respectively, ε0 is the permittivity of air, and εm is the
permittivity of the metal. The Lorentz model is often used to
characterize the frequency-dependent complex permittivity of
the silver[24]

εm (ω) = ε∞ +∑
m

ω2
p,m

ω2
a,m−ω2− iωωc,m

, (2)

where ε∞ is the relative permittivity at infinite frequency, it ap-
proximately equals to 1 when the frequency is low enough; ωa

is the resonant frequency; ωp is the plasmon frequency of the
metal; and ωc is the collision frequency of the electrons in the
metal, which is also called the damping constant. The permit-
tivity spectrum is plotted in Fig. 2(a), with all the parameters
consistent with those in Ref. [24]. In this case, by considering
the first term of the summation and neglecting the other terms,
ωa equals to 0. The model is simplified to the Drude model for

the frequency-dependent complex permittivity of the silver. It
can be expressed by the following formula:

εm (ω) = ε∞−
ω2

p

ω2 + iωωc
. (3a)

Separating the real and the imaginary parts yields
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, (3b)

where ε∞ = 1, ωc = 27.3 THz, and ωp = 2196.3 THz.
The permittivity spectrum of the Drude model is plotted in
Fig. 2(b). The Drude model, which is adopted in this research,
can be regarded as a special form of the Lorentz model and is
suitable for describing the actual metal.

The FDTD method is adopted to investigate the transmis-
sion characteristics of the structure. In the simulations, the
grid sizes along the x and y directions are set to be ∆x = ∆y =
5 nm, and the time step is set to be ∆t = ∆x/2c, where c is the
velocity of light in a vacuum. The computational space is sur-
rounded by open boundary conditions of impedance matching
absorption in the x direction and periodic boundary conditions
in the y and z directions.
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Fig. 2. (color online) Dependence of Re(εm) of silver on the wavelength
of the incident light in (a) the Lorentz model, and (b) the Drude model.

3. Simulation and results
3.1. MIM band-stop filters with different metal wall

widths

An MIM band-stop filter with a circular split-ring res-
onator full of air is shown in Fig. 3, with SPPs propagating
in the bus waveguide. A resonance effect occurs when the
SPPs propagate through the bus waveguide, hence the trans-
mittances at several special wavelengths will drop obviously
due to the resonance. The resonant wavelength is determined
by the resonance condition

Leffneff = Nλ , N = 1,2,3, . . . , (4)

where Leff is the effective length of the split ring and neff is
the effective refraction index of the SPPs. For simplicity, the
effective refraction index is assumed to be related to the width
of the MIM waveguide and the permittivities of the air and the
metal, as shown in formula (1).

The transmittance of the SPPs propagating through the
filter with different gap widths is shown in Fig. 4. It can be
found that the resonant wavelengths of the filter move in the
short-wavelength direction when w is increased from 20 nm to
100 nm, which is called the blue shift. For a given cavity size
(certain effective length of the split ring), resonant waves with
corresponding wavelengths can be generated, which resonate
with the waves at the same wavelengths in the bus waveguide.
These waves at the resonant modes in the bus waveguide can-
not propagate through the waveguide, so several absorption

peaks appear on the spectrum. The effective length Leff de-
creases with the increase of the width of the wall, thus, for
the same resonance mode (N remains unchanged), the reso-
nance wavelength becomes shorter accordingly, and the blue
shift appears. The transmission spectrum can be tuned contin-
uously by varying the width of the wall, as shown in Fig. 4(a).
Figure 4(b) shows that the wavelength at the different trans-
mission valley depends on the width of the wall. In this de-
vice, the major part of the input spectrum will pass through
the filter, with only a few resonant wavelengths held back, so
it is called a band-stop filter. The chosen metal is silver in this
case, the medium is air, and the width of the metal wall is set
to be 20 nm, 40 nm, 60 nm, 80 nm, or 100 nm.
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Fig. 3. Structure of the filter with a split-ring resonator filled with air
coupled with a bus waveguide.
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Fig. 4. (color online) (a) The transmittance of the filter with different
wall widths, the resonant wavelengths move towards the short wave-
length (blue shift) when w changes from 20 nm to 100 nm. (b) The
dependence of the resonant wavelengths on the width of the metal wall.
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To vividly illustrate the transmission characteristics of the
SPPs, the electric field distributions are simulated with the
FDTD method, as shown in Fig. 5. In the case of w = 40 nm,
the SPPs cannot pass through the filter at the transmission val-
leys of the three resonant modes, while easily pass through
it at other wavelengths (959.08 nm for example). Thus, it is
clear that the transmission spectrum of the filter can be tuned
by varying the width of the metal wall.
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Fig. 5. (color online) (a) The electric field distribution at resonant wave-
length 556.38 nm, the SPPs will be stopped in this case. (b) The electric
field distribution at wavelength 959.08 nm on top of the curve, the SPPs
can easily pass through the structure in this case. The width of the wall
is set to be 40 nm in this study.

3.2. MIM band-stop filter with a circular split-ring res-
onator containing a linear medium

According to the details mentioned above, the resonant
wavelength is determined by the effective length of the split
ring and the effective refraction index of the SPPs. In this
section, a linear medium is chosen to be the medium in the
circular split-ring resonator, as shown in Fig. 6, and the refrac-
tive index is changed to study the transmission characteristics
of the SPPs passing through the filter. The effective refraction
index of the SPPs can be changed with the dielectric permit-
tivity, thus the resonant wavelength can be tuned accordingly.
The resonant wavelength is determined by the resonance con-
dition described in Eq. (4). Replacing the permittivity of air
ε0 with that of the dielectric εd, the dispersion relation can be
expressed as
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Here the width of the wall is set to be 50 nm, the refractive
index of the resonator is 1.0 (air), 1.1, 1.2, 1.3, and 1.4 respec-
tively, and the medium in the bus waveguide is set to be air
as before. The other parameters are the same as those in the
previous sections.
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Fig. 6. (color online) Structure of the filter with a split-ring resonator
filled with a linear medium.

The transmission characteristics of the SPPs propagating
in the filter are plotted in Fig. 7(a). It can be seen that the reso-
nant wavelengths move in the long-wavelength direction when
the refractive index n varies from 1.0 to 1.4, which is called the
red shift. Figure 7(b) shows the dependence of the resonant
wavelengths on the refractive index of the resonator. The res-
onant wavelengths in the transmission spectrum can be tuned
in a wide range by changing the refractive index, as shown in
Fig. 7(b). With the width set to be w = 50 nm, the electric field
distributions are shown in Fig. 8 for n = 1.4. As an example,
we choose one of the resonant wavelengths (652.17 nm) and a
peak in the curve (1101.32 nm). It can be seen from this part
that the resonance characteristics of the filter can be modulated
by varying the refractive index of the medium, which relates
to the dielectric constant.
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Fig. 7. (color online) (a) The transmittance with different refractive
indices. Here the resonant wavelengths move in the long-wavelength
direction when n changes from 1.0 to 1.4. (b) The dependence of the
resonant wavelengths on the refractive index n of the medium.
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Fig. 8. (color online) The electric field distributions with the width of
the wall set to 50 nm: (a) SPPs will be stopped at the resonant wave-
length 652.17 nm; (b) SPPs can easily pass through the structure at the
wavelength 1101.32 nm.

3.3. MIM band-stop filter with a circular split-ring res-
onator containing a nonlinear medium

As described in the previous section, the dielectric mate-
rial affects the transmittance characteristics of the plasmonic
filter at optical frequencies. To make use of this property and
modulate the filter further, the linear medium is replaced by a
nonlinear one. Here the electric field distribution can be con-
sidered as uniform except for the edge of the structure. The
waveguide is considered to be lossless, and the dielectric layer
is a Kerr medium characterized by linear permittivity ε l and a
nonlinear part. Dielectric constant εm changes with the inten-
sity of the input light, as shown in the following expression:

εm = εl +χ
(3) |E|2 , (6)

where εl is the linear dielectric constant, which is set to 2.25,
χ(3) = 4× 10−18 m2/V2 is the third-order nonlinear suscep-
tibility, and E is the electric field intensity of the input SPPs.
The structure is shown in Fig. 9, the parameters are the same as
those in the previous section except for the nonlinear medium
in the resonator.
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Fig. 9. (color online) Structure of the filter with a split-ring resonator
containing a nonlinear medium.

It is similar to the linear medium that the wavelengths
can be shifted by changing the refractive index of the medium.
However, the dielectric constant depends on the intensity of

the incident light in the nonlinear medium as described in
Eq. (6). So the refractive index can be changed by varying
the intensity of the incident light conveniently. The transmis-
sion properties are described in Fig. 10, with the electric field
intensity of the incident light E changed from 1×108 V/m to
5×108 V/m. The three modes of transmittance exhibit a red
shift with increasing E, as shown in Fig. 10(a). The relation-
ship between the resonant wavelengths and the input inten-
sity is shown in Fig. 10(b). Taking E = 3× 108 V/m for ex-
ample, the three modes of transmittance are at 1376.17 nm,
921.66 nm, and 700.12 nm, respectively. Figure 11 shows the
electric field distributions when SPPs passing through the filter
at resonant wavelength 1376.17 nm, and the top of the trans-
mittance curve at 1167.32 nm. It can be seen that the dielectric
constant can be changed by varying the intensity of the input
light indirectly to modulate the filter.
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Fig. 10. (color online) (a) The transmission properties of SPPs prop-
agating through the filter while changing the input intensity from
1×108 V/m to 5×108 V/m. (b) The dependence of the resonant wave-
lengths on the input intensity.

According to the above studies, these structures can be
used as narrow-band filters, which can obviously tune the ab-
sorbing peaks of the plasmonic filters. It can be found that the
bandwidth of the peak at a shorter wavelength is narrower than
that at a longer wavelength, this is because the relative chang-
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ing wavelength (∆λ/λ ) is greater for shorter wavelengths than
that for longer ones.
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Fig. 11. (color online) The electric distributions of SPPs propagating
through the filter: (a) SPPs will be stopped at 1376.17 nm which is one
of the resonant wavelengths; (b) SPPs can pass through the structure
easily at 1167.32 nm, which is a peak of the curve.

3.4. Transmission properties of filters with different posi-
tions of the metal wall

The previous three subsections show convenient meth-
ods to tune the transmittance spectrum of the plasmonic fil-
ter, and the filter can be tuned continuously in some appropri-
ate situations. However, the transmittance of the SPPs is not
sufficiently low at several resonant wavelengths, for example,
mode 2 shown in Fig. 4(a), which is unsuitable for filtration.
The position of the metal wall is changed to vary the transmis-
sion properties in this section. As shown in Fig. 12, we set an
angle θ between the radial direction of the gap and the original
direction. The medium of the resonator is still air, the width of
the wall is 50 nm, and the angle θ is chosen to be 0◦, 30◦, 45◦,
60◦, and 90◦ respectively.
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Fig. 12. Structure of the circular split-ring resonator with a variable
angle.

The transmission properties with different angles are
shown in Fig. 13. The resonant effect of mode 2 is poor
when θ = 0◦, as mentioned previously. By changing the an-
gle to 60◦, the band-stop characteristics of mode 2 become
better. Figure 14 gives the electric field distributions at the
resonant wavelengths, 1080.69 nm of mode 1 with θ = 0◦,

738.19 nm of mode 2 with θ = 60◦, and 551.88 nm of mode 3
with θ = 90◦. For mode 1, the angle between the two adjacent
antinodes of the electronic field is 180◦, with the resonance
occurring unimpeded along these two directions which are
called the effective directions, while being suppressed at other
directions. For mode 2, there are three antinodes appearing
in the electronic field where the resonance can be enhanced,
and the angle between every two antinodes is 120◦. For mode
3, there are four antinodes, and the angle between the nearest
two antinodes is 90◦. Thus, the split ring can be treated as a
bended cavity, and the resonances in the resonator are similar
to the standing waves. The two sides of the metal wall can
be considered as the two ends of the cavity. For a given fre-
quency, the number and the positions of antinodes and nodes
of the electric field are invariable. The existence of the metal
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Fig. 13. (color online) The transmission spectra of the three modes at
different angles θ .
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Fig. 14. (color online) The electric field distributions at resonant wave-
lengths: (a) 1080.69 nm of mode 1 with θ = 0◦, (b) 738.19 nm of mode
2 with θ = 60◦, (c) 551.88 nm of mode 3 with θ = 90◦.
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wall affects the standing waves. By placing the metal wall in
the antinode, the balance of the standing waves is broken with
the resonance suppressed and the strength of the absorption
weakened. By changing the refractive index and the size of
the gap, the frequencies at the absorption peaks can be var-
ied in a wide range. Further, more effective directions can be
found by changing the position of the gap. In other words,
the requisite modes that cannot stop SPPs effectively can be
improved by properly adjusting the direction angle θ , and the
resonant wavelengths can be chosen and enhanced selectively.

4. Conclusion
In summary, a novel MIM band-stop filter with a circular

split-ring resonator has been proposed in this paper, and the
transmission properties at the resonant modes of SPPs pass-
ing through the filter have been simulated by using the FDTD
method. By increasing the width of the metal wall, the res-
onant modes on the transmission spectrum move to the short
wavelength, which is called the blue shift. The refractive index
of the medium also affects the transmission properties of the
SPPs. The resonant modes move to the long wavelength when
the refractive index of the linear medium increases, which is
called the red shift. When a nonlinear medium is used and
the incident intensity is increased, the red shift occurs for the
transmission properties of the SPPs. The strength of reso-
nance can be improved by varying the position of the metal
wall. The strengths at several requisite modes are enhanced
as described in this paper by changing the angles between the
radial direction of the wall and its original position. The trans-
mission characteristics can be controlled easily by the above
mentioned procedures, which can be used in potential applica-
tions for high-density optical integration.
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