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Abstract: A tunable multi-channel band-pass plasmonic filter in the near-infrared range is investigated using the finite
element numerical method (FEM). The structure of the proposed waveguide filter consists of several dielectric slots
sandwiched between two metal layers. The slots are filled with air and silica. Numerical analysis and simulation
demonstrate that the number of bandpass channels, amplitude, intensity, and bandwidth can be adjusted by changing the
geometrical parameters such as material, length of each slot, width, and number of intermediate slots in the filter. The
proposed filter was studied in the wavelength range of 1-4 pum, exhibiting 2 to 5 transmission peaks with varying
transmission powers. Given that the incident wavelength in this article is larger than the dimensions of the waveguide and
slot, this structure can focus the light within a sub-wavelength scale. The proposed structure is expected to be used as an
essential component of photonics devices due to its ability to confine light in the sub-wavelength region, simple fabrication,

and multi-channel operation.
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1. Introduction

Plasmonic waveguides and filters constitute an intriguing
research field that has captured the attention of numerous
researchers in recent years [1-7]. Surface plasmon-polari-
ton waves (SPPs) arise from electronic excitations at the
metal-dielectric interface, resulting to confined electro-
magnetic structures. Due to the potential for simultaneous
transmission of optical and electronic waves within such
structures, plasmonic waveguide filters have opened up
new research fields and applications [8—10]. The coupling
between the incident wave and a plural oscillation of
electrons at the metal—dielectric interface excites surface
plasmon polaritons (SPPs) [11, 12]. One of the important
features of surface plasmons that has attracted the attention
of researchers is the ability to focus on a region smaller
than the wavelength. This feature could provide a way to
overcome the common limitations of traditional optics
[13]. Controlling light at dimensions below the wavelength
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remains a challenging issue in nano-photonics [1]. Surface
plasmon-polaritons provide a means to achieve this control,
leading to intriguing outcomes in various fields, including
optical switches [14, 15], filters [1-7], sensors [16], optical
splitters [17], absorbers [18], waveguides [1-7, 13, 19-25],
Raman spectroscopy [26], sensors [27], and couplers [28].
SPP-based filters have garnered attention due to their
compact dimensions, low relative angular error, tunability
for pass or stop spectra, and suitability for both wide and
narrow bands [12]. Despite significant efforts in developing
plasmonic filters [29-33], researchers continue to explore
ways to enhance their performance.

Recently, based on the studies conducted on the tradi-
tional plasmonic materials (gold and silver), metal-insula-
tor-metal (MIM) filters with these materials have been
proposed and investigated [34]. Some investigations have
focused on the band-pass plasmonic filters based on a slot
cavity [35, 36] and the effect of the slot cavity on the
transmission spectrum. Researchers demonstrated that by
selecting proper input and output waveguide positions, the
resonance characteristics of the slot cavity and the out-
coupling strength can be effectively modified. Another
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surface plasmon polaritons (SPPs) narrow band-pass filter
based on a slot cavity has been proposed by Hu and Zhou
[37]. By varying the positions of output waveguides, the
filter exhibited the spectrally splitting function [37]. In
Pav’s research, a diaphragm coupling mechanism and slot
method with an added stub in the cavity have been
employed [38]. Pav aimed to achieve an almost complex
structure to increase the number of output channels. All the
mentioned works above operate in the wavelength range of
0.6-1.8 pm. Although these methods achieved relative
success in their works, one of the important factors is the
ease of constructing the filter, which was not easily
achievable. This motivated us to investigate a filter struc-
ture with a straightforward design while also being multi-
channel.

In this paper, to obtain a multi-channel and narrow-pass
spectrum in the wavelength range of 1-4 pm (75-300
THz), a novel structure of MIM filter was proposed. The
filter design involves slots aligned in the direction of wave
propagation, which are sandwiched between the metal
layers. According to Fig. 1, silver is used as metal; air and
silicon are used as dielectrics. The MIM plasmon filter, in
the range of 1-4 pm (75-300 THz), is proposed, which can
be utilized in applications such as infrared spectroscopy,
medical diagnostics, and astronomical imaging [39]. The
filters that work in the infrared frequency range usually
have large dimensions. In contrast, the structure of the
proposed filter includes several dielectric slots with dif-
ferent materials that are created inside the metal. In the
following sections, two different structures for plasmonic
waveguide filters are proposed and described.

Fig. 1 Schematic diagram of
the proposed plasmonic slot
filter

2. Filter structure and formulation

A schematic view of the proposed filter is shown in Fig. 1,
consisting of two air slots as the inlet and outlet of the filter
and a middle silica slot surrounded by two layers of silver.
Materials in the gray, yellow, and green areas are corre-
sponded to silver, air (¢4, = 1), and silica (esi0, = 1.45),
respectively. Parameters for the filter structure are pre-
sented in Table 1.

Since the width of MIM waveguides is much smaller
than the incident wavelength, only the main TM mode is
excited in the structure, and its dispersion relation is
expressed by the following equation [37]:

k
&gk + kg tan h (él a)) =0 (1)
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where k; and k,, are given by k; = (/32 — Sdk%) and

ky, = (ﬁ2 - emk(z))l/z. Also ¢, and ¢, are, respectively, the
dielectric constants of insulator and metal layers. Since
silver metal is used in the present structure, its permittivity
is govern by the following equation based on the Drude
model [1, 26]:
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where the background dielectric constant is &5, = 3.7, the
damping frequency of the oscillations is represented by
7 = 2.634 x 1016 Hz, , = 1.38 x 10'° Hz [1, 27] denotes
the bulk plasma frequency, and @ shows the angular fre-
quency of the incident light.

When the light beam enters the filter from the input port,
only the TM mode can be excited and propagated within
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Table 1 Structure parameters of the proposed plasmonic filter

Parameters Values(nm)
Width of Air slot (W) 50

Width of SiO, slot (a) 30<a< 150
The length of the air slot (L) 300 < L <600
The gap between two slots (g) 10

The length of the SiO; slot (d) 200 <d <690
Overlapping of two air slots (Ax) 50

Location of the edge of the SiO, slot (x) L/2

Total length of the filter 850 ~ 1150
Total width of the filter 1000

the filter channel. A portion of the excited SPPs passes
through the filter channel. Subsequently, interference
occurs between the reflected SPPs and the transmitted
portion. A phase difference between the reflected and
transmitted SPPs is given by 0 = ¢ + 2k,L, with k; being
the SPPs wavevector, and ¢ denotes the phase shift due to
the reflections at the end of the teeth. When ¢ becomes
even (odd) multiple of =, the transmission is maximum
(minimum). The response wavelength of an excited SPPs
follows the following form:

R T | G)

where A, denotes the transmission wavelength, L is the
length of the slot cavity, ¢ represents the phase shift due to
the reflection at the dielectric-metal interface, and m is an
integer number. An effective refractive index of the slit
waveguide, n.7, depends on the waveguide’s medium and
width [3, 40]:
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where w denotes the width of the dielectric, A is the inci-
dent wavelength, and ¢,, and ¢; are the relative dielectric
constants of the metal and dielectric layers, respectively.

3. Results and discussion

The geometric structure of the proposed filter combines of
three rectangular dielectric slots made of the different
materials. Specifically, between the two layers of silver
(Ag), there are two rectangular slots of air serving as inlet
and outlet ports, along with a rectangular slot of silica
(Si0»). The structural parameters of the filter are presented
in Table 1. The work started with the physical study of the
filter performance (length slot, number of slots, gap width,
and geometry) within a target wavelength band (THz) to

achieve both high transmission efficiency and a narrow
bandwidth. The silver is chosen for its ability to excite the
SPP s, while SiO, fills the intermediate slot and tunes the
wavelength band gap to the THz range. The FEM
employing COMSOL Multiphysics version 5.6 is used to
model the proposed filter’s performance.

3.1. Effect of materials slots on the transmission
spectrum

In the first step, the material of the slots is changed (as
shown in Fig. 1) and the transmission spectrum is obtained
from the simulation results. Initially, all three slots are
filled with air. In the subsequent step, they are filled with
silica. Finally, the inlet and outlet slots are filled with air,
while the middle slot contains silica material. Figure 2
illustrates the filter transmission spectrum for the above
cases.

The air slot has a width of w = 50 nm and the the silica
slot has a width @ = 50 nm. A length of the air slots is
L = 500 nm, and the silica slot length is d = 500 nm. A
gap between the two slots is ¢ = 10 nm. The wavelength
range studied is from 1 to 4 pm, the wavelength increases
by 0.01 pm in each step to reach from 1 to 4 um Figure 2
reveals that when all slots are filled with air, nearly the
entire incident wavelength range is blocked, allowing only
a small portion at the beginning of the range to pass
through. When all slots are filled with silica, a strong res-
onance mode appears at A = 1.18 pm with a transmission
power of 0.90, although its bandwidth is wide. When the
two side slots contain air and the middle slot is filled with
SiO,, two narrow resonance modes appear at central
wavelengths of 4 =1.29 ym and A= 2.34 um, respec-
tively, with the transmission power of 0.67 and 0.46. At
this stage, only the type of dielectric material and its
arrangement have changed. Consequently, the effective
refractive index changes, resulting in a change in the
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Fig. 2 Transmission spectra for different slot materials
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transmitted central wavelength. These results correspond to
Egs. (3) and (4).

3.2. Effect of air slot length on the transmission
spectrum

In the second example, based on the last previous state that
had two resonance modes, the two inlet and outlet slots
were filled with air, and the middle slot is filled with silica.
Then, the effect of the length of the air slots is investigated.
Therefore, the length of the air slits is changed from L =
300 nm to L = 600 nm and the transmission spectrum is
plotted. The values of other parameters are similar to the
previous example, except for the length of the silica slot,
which was set to L =400 nm. Figure 3 represents the
transmission spectra of the depicted filter for different air
slot lengths with w = 50 nm. It has been observed that the
length of the air slot does not significantly affect the
transmission power and the wavelength of the transmis-
sion. In all cases, when the incident wavelengths are /. =
1.08 pm and /4 = 1.90 um, the filter allows them to pass,
while the rest of the incident wavelengths are blocked
within the studied domain. The two wavelengths corre-
sponding to the 1st and 2nd resonance modes are A =
1.08 pm and 4 = 1.90 pum, respectively, with transmission
powers of 0.82 and 0.53.

3.3. Effect of the length of the intermediate slot (SiO,)
on the transmission spectrum

In the third example, the slot length of the SiO, was
changed from d = 200 nm to d = 690 nm, and again, the
incident wavelengths started from 1 pm and continued with
an increase of 0.01 pm in each step until it reached 4 pum.
The transmission spectrum was plotted. The other param-
eter values are a=w = Ax =50 nm,
L =500 nm,x =L/2 and g = 10 nm. A simulation result
and transmission spectrum are shown in Fig. 4. At each
length, two resonance modes occurred. The first mode is
located in the initial region of the wavelength range, and
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Fig. 3 The transmission spectra for different air slot lengths (L)
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Fig. 4 The transmission spectrum for different lengths of SiO, slot
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the second mode is extended to the longer wavelengths. By
increasing the slot length of the SiO,, the transmitted
wavelengths are shifted to longer values. This shift is more
significant for the second mode. The length of 400 nm
exhibits more suitable power and width for the slot than the
other lengths, which may be due to the appropriate phase
change in this slot length compared to the other slot
lengths.

Figure 5 illustrates the relationship between the reso-
nance mode shift and the magnitude of the slot length. As
shown in Fig. 5a, increasing the length of the SiO, slot
results in a redshift of the resonance modes, corresponding
to Eq. (3). The transmission to the longer wavelengths is
more pronounced in the second mode. Simultaneously, the
transmission peaks of the first mode exhibit less redshift,
indicating that the shorter wavelengths are less dependent
on the slot length. In the other words, the blue graph
(representing the 1st mode) shows a linear shift in the
resonance wavelength that has a gentle slope, while the
orange graph (representing the 2nd mode) exhibits a stee-
per linear shift. Figure 5b displays the transmission powers
for each resonance mode. Interestingly, the transmission
power is not linearly related to the slot length, and its
values exhibit irregular changes.

3.4. Effect of the width of the intermediate slot (SiO,)

In the next step, the effect of the slot width of the SiO, slot
is investigated. The width of this slot is changed from a =
30 nm to a = 150 nm, and the transmission spectrum is
drawn for them. The values of the other parameters are
w = Ax = 50 nm, L = 500 nm, d =600 nm x =
L/2,and g = 10 nm.

Figure 6 shows that two resonance modes can be
occurred. The first resonance mode is located in the initial
region of the wavelength range, and the second resonance
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Fig. 5 (a) The first and second resonance wavelengths as a function
of the d size. (b) The transmission power of the 1st and 2nd resonance
modes as a function of the d size

mode extends to the longer wavelengths. In Fig. 7a, both
resonance modes shift to the shorter wavelengths when the
width of the silica slot is increased. These results are cor-
responded to Eqs. (3) and (4). The appeared shift is much
greater for the second resonance mode. The transmission
power increases with the widening of the slot in the first
resonance mode, while it decreases in the second resonance
mode.

Figure 7b shows that the transmission power for the first
mode increases with the increase in the slot width of the
SiO; layer. Specifically, at the wavelength of 1 = 1.80 pm
and the slot width @ = 30 nm, the transmission power is
about 0.59. As the slot width reaches to a = 150 nm, the
transmission power at the wavelength of A= 1.16 um
increases to 0.88. On the other hand, the transmission
power for the second mode decreases as the SiO, slot width
increases. For instance, at the wavelength of 4 = 3.24 um
and a slot width of @ = 30 nm, the transmission power is
0.52. However, at the slot width of @ = 150 nm and the
wavelength of 4 =2.21 um, the transmission power
decreases to 0.38. In addition, the width of the transmission
peak decreases with the increases of the slot width.
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Fig. 6 Transmission spectrum of the proposed filter for different
SiO, slot widths (a)

(a)

Resonance Wavelength (um)

—e—1st mode
—e—2nd mode

20 60 100 140 180
Width SiO; slot (nm)

(b)
1

0.8
i
]
3
o
Qa 06
5 — o
‘@ R
@ ——

——

g 04 —e
=
i
=

0.2

—e—1st mode
—o—2nd mode
0
20 60 100 140 180

Width SiO; slot (nm)
Fig. 7 (a) The 1st and 2nd resonance wavelengths as a function of

the a size. (b) The transmission power of the 1st and 2nd resonance
modes as a function of the a size

3.5. Effect of the number of intermediate slots (SiO,)

In the fifth example, the effect of the number of SiO, slots
is investigated (see Fig. 8). The parameters used in this
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Fig. 9 The transmission spectrum for the MIM plasmonic filter with
different numbers of Si0; slots when a = 50 nm and d = 500 nm

structure are as follows: a=w = Ax =50nm,
L =500 nm,d =500 nmx =L/2, g = 10 nm. By adding
the number of slots from one slot to four slots, the number
of resonance modes increases. However, only the first
resonance modes within the wavelength range of 1 um —
1.3 um exhibit suitable transmission power. Other reso-
nance modes, have powers less than 0.3. Notably, in the
case of N = 1, the transmission power for the second mode
is approximately 0.5 (see Fig. 9). To create a multi-channel
filter, one can add SiO; slots. Unfortunately, this approach
significantly reduces power, rendering almost no part of the
filter practically.

From the simulation of the previous sections, it becomes
evident that narrower SiO, slot result to the higher trans-
mission power, occurring at the longer wavelengths.
Additionally, when the length of the SiO, slot equals to
d = 600 nm, better transmission occurs. Therefore, this
simulation is repeated with the SiO, slot width of a =
30 nm and length d = 600 nm, aiming for potentially
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Fig. 10 The transmission spectrum for the MIM plasmonic filter with
different numbers of Si0; slots when ¢ = 30 nm and d = 600 nm

improved results. The outcome of this change is satisfac-
tory. The transmission spectrum diagram for the new
sample (Fig. 10) reveals that the transmission power of the
second mode’s peak surpasses the previous state. Although
the highest power occurs at N = 1, it is not a narrow peak.
Interestingly, while the width of the passing peaks in the
first mode remains relatively stable with varying the slot
numbers, the second mode exhibits a narrower peak when
the number of slots increases.

3.6. Two output ports

The ultimate goal is to build a multi-channel plasmonic
filter. To achieve this, a sample is designed with two dif-
ferent sizes of the SiO, slot: one with a length of d; =
600 nm and another with a length of d, = 400 nm. The
sample features one input port and one output port (see
Fig. 11a). The other filter parameters are a = w = Ax =
50 nm, L = 500 nm, x = L/2, andg = 10 nm.

Figure 12 displays the transmission spectrum resulting
from the simulation of the first sample. Additionally, this
figure illustrates the transmission spectrum for the slots
with lengths d =400 nm and d = 600 nm, facilitating a
comparison with double slots. The peaks of the second
mode occur at the wavelengths of A= 1.90 um and
A=2.77 pm, for the slot lengths of d =400 nm, and
d = 600 nm, respectively. At this time, the wave should
have passed through two slits as filters, but both stopped.
Wavelength 1 = 1.53 pm, associated with the length
d = 600 nm, undergoes the same filtering process. Hence,
apart from the first mode, the others are mostly blocked.
However, in the initial range at the wavelength of
A =1.08 pm, where both slots permit wave to pass, the
Si0, double-slot filter allows the transmission. Due to the
unfavorable results, we slight adjustments were made to the
structure. In the last sample, the SiO, slots of the same
length as the previous sample were positioned on the both
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Fig. 12 The transmission spectrum of the proposed filter with a
single-slit Si0, for lengths of d = 400 nm, and d = 600 nm, and a
filter with two slits of Si0, side by side with the same lengths

sides of the air inlet slot, creating two outlet ports adjacent
to them (see Fig. 11b). Notably, the spectrum from the
simulation is now more favorable (see Fig. 13).

Figure 12 reveals that each SiO, slot with the length of
d =400 nm and d = 600 nm generates two transmission
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Fig. 13 The transmission spectrum of the proposed filter with a
single Si0; slit for d = 400 nm, a single SiO, slit for d = 600 nm,
two Si0; slits for one input port and two output ports (1 in, 2 out), and
two Si0; slots for two input ports and one Output port (2 in, 1 out)

channels. When combined and utilized concurrently, these
yield a 5-channel output spectrum. It seems that except for
the first channel, the power of the other channels has
decreased (see Fig. 13). For each SiO, slot length, there is
a separate slot as the output port. The wavelength passing
through one slot is not filtered by the other slot, resulting in
a final output spectrum with five passing channels. These
channels include wavelengths A = 1.05 pm, 1.40 pm, 1.61
pm, 1.91 um, and 2.78 pm, with the transmission powers
equal to P = 0.81,0.56,0.48,0.34, and 0.33, respectively.

If the path is reversed, that means two input ports and
one output port are of the previous sizes. The second
channels of the single-slot filter with d = 400 nm and d =
600 nm operate simultaneously, and the two smaller parts
in the first channel have been combined into one part with
more power. The reason behind this enhancement is the
constructive interference of two wavelengths inside the
output port (See Fig. 13). The four transmission channels

occur at the wavelengths of A=
1.05 pm, 1.50 pm, 1.94 um, and 2.79 pm with the corre-
sponding transmission powers of P =

0.80,0.59,0.28,and 0.32 respectively. By implementing
these changes, we successfully designed a multi-channel
pass filter with an appropriate peak width.

By comparing the results obtained from the simulation
of the proposed filter with the previous results [35-39], two
advantages of the present study become evident. First, in
comparison to the previous structures, the proposed design
accommodates the working wavelengths in a broader
range, from 1 pm to 4 pm. Second, within this wavelength
range, smaller dimensions are suggested for the filter, with
narrower width of the passing bandgaps, which is very
suitable for filtering. The proposed filter, possessing these
properties and based on can find applications in nano-
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plasmonic integration circuits, astronomical imaging, and
medical diagnostics [38, 39, 41].

4. Conclusion

In this study, an adjustable band-pass plasmonic waveguide
filter in the wavelength range of 1-4 pm, consisting of
several dielectric slots created inside the metal, is proposed
and investigated. The filter structure is based on the Metal/
Insulating/Metal (MIM), which included silver metal, air
and silica dielectrics. Simulations and investigations con-
firmed that a tunable multi-channel band-pass filter can be
created by controlling the physical and geometrical prop-
erties of the proposed waveguide. By placing two slots with
different lengths as output channels in this structure, a
5-channel band-pass spectrum can be achieved in the
mentioned wavelength range. Thanks to its structure and
surface plasmons, this filter has the potential to develop a
filter with predictable transmission and band-pass power
within the desired ranges. Additionally, the ability to create
a multi-channel band-pass filter offers numerous applica-
tions, given its compact size and simple design. These
applications extend to lithography nanotechnology, nano-
scale-integrated circuits, and other areas of nano-electron-
ics research.
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