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Abstract: A double sector or sectorial-ring stub resonator coupled to a plasmonic wave-
guide is proposed and investigated. This resonator is built with two same stubs that are
symmetrically arranged together, which has the advantages of realizing asymmetrical sin-
gle stub and forming no-distance double stub. The characteristic spectral responses of the
two novel systems are simulated by using the finite-difference time-domain method. The
results show that an ultra-wide stopband is achieved, and a multiple double stub is realized
by altering the structure size of the double stub that plays important role in the stopband
phenomenon. A tunable stopband, a specific filtering waveband and an optimum structural
parameter are obtained by adjusting the inner radius (r), (outer) radius (R), or central angle
(0) of the double stub. The wavelength and bandwidth of the stopband have various vari-
ations with the changing of r, R, or 6, and the stopbands in the two systems have similar
changes and different features. This paper provides a promising application for band-stop
nanofilters and plasmonic integrated optical circuits.

Index Terms: Plasmonic waveguide, stub resonator, band-stop nanofilter, ultra-wide stop-
band.

1. Introduction

Surface plasmon polaritons (SPPs), which are a kind of propagating surface electromagnetic waves
that are generated and confined at the metal-dielectric interface [1], [2]. Because of SPPs can
overcome the diffraction limit in conventional optics and manipulate light at the nanoscale domain
[3], [4], which provide possibility to realize nanoscale optical devices with high miniaturization
and compact integration in future [5], [6]. In recent years, metal-dielectric-metal (MDM) plasmonic
waveguide has attracted people’s considerable interest, which can be regarded as a most promising
way for realization of nanoscale optical devices and an ideal optical element in integrated optical
devices, due to the properties of it that provides a propagation pathway for SPPs, supports an
acceptable propagation length for SPPs and confines light at a subwavelength scale [7], [8].

As is well known, the filtering functions of plasmonic nanofilters based on MDM plasmonic wave-
guide are achieved by the property of wavelength selection [9]-[11]. Different types of plasmonic
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Fig. 1. The 2D schematic of a double (a) SSR or (b) SRSR side-coupled to a MDM plasmonic waveguide.

nanofilters have been discussed theoretically and experimentally, such as band-stop nanofilter [12],
band-pass nanofilter [13], low-pass nanofilter [14], and high-pass nanofilter [15]. Recently, a band-
stop nanofilter is achieved when MDM plasmonic waveguide coupled with double tooth-shaped
[16], symmetrical tooth-shaped [17], periodic teeth-shaped [18], or partitioned rectangle [19] stub
resonator. However, these resonators whose complexities are added, stubs are symmetrical shape,
distances between each stub are more large, or stopbands are more narrow. Therefore, we first
propose a double sector stub resonator (SSR) or sectorial-ring stub resonator (SRSR).

In this letter, we propose a band-stop nanofilter in double SSR or SRSR coupled to MDM plas-
monic waveguide, and investigate the characteristic spectral responses of the two novel systems
by using the two-dimensional (2D) finite-difference time-domain (FDTD) method with perfectly
matched layer (PML) absorbing boundary conditions around all boundaries. An ultra-wide stop-
band phenomenon is found in the two systems, whose magnetic field distributions are analyzed.
Moreover, a tunable stopband is realized in the multiple double stub by changing the geometric
parameters of the double stub, whose left-edge wavelength, right-edge wavelength, center wave-
length, bandwidth and total tunable bandwidth are analyzed. In addition, the difference and relation
between the stopbands in the two systems are discussed. Therefore, the filtering function at differ-
ent wavebands is realized with a tunable stopband in the band-stop nanofilter, which has potential
application in plasmonic integrated optical circuits.

2. Structure Model and Simulation Method

Fig. 1 shows the 2D schematic of the proposed systems, which are composed of a resonator
side-coupled to a waveguide. The resonator is a double sector or sectorial-ring stub that is re-
spectively shown in Fig. 1(a) and (b), and the waveguide is a MDM plasmonic waveguide with a
straight slot. The double SSR or SRSR is simple and compact structure, which is built with two
same stubs that are symmetrically arranged together on the same side of the waveguide. The
shape of the single stub is asymmetrical in the x and y directions, which is different from these
symmetrical structures of rectangle, square, circle, rectangular-ring, square-ring, circular-ring, and
so on. The gap of the double stub is no-distance, which can reduce the structure size of the res-
onator and shorten the center distance between the two stubs. The main structural parameters
are the central angle (0), (outer) radius (R) and inner radius () of the stub, and the width (w) of
the waveguide. Two power monitors are respectively set at the inlet and outlet of the waveguide to
detect the incident power (Pj,) and the transmitted power (Pqyt), and the transmittance is defined
as T = Pout/Pin- The characteristic spectral responses of the proposed systems are numerically
and theoretically investigated by using the FDTD method, and we perform the FDTD simulation
with dimension (2D), boundary conditions (PML), time step (At = Ax/2c, c is the velocity of light
in vacuum), mesh steps (Ax = Ay = 5nm), source shape (Gaussian) and source injection axis
(x-axis).

The blue and white areas of Fig. 1 are metal and dielectric, respectively. The permittivity of metal
(em) is approximately described by the Drude model, which is defined as em= e — @p?/[w(w + iy)],
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Fig. 2. (a) Transmission spectra of the double SSR system with small size of 6 or R. (b) Transmission
spectrum of the double SSR system with large size at 6 = 60" and R = 400nm. Magnetic field distri-
butions of the (c) left stub, (d) right stub and (e) double stub in the double SSR system with ¢ = 60°
and R = 400nm at A¢c = 1116 nm.

where ¢, is the permittivity of metal at the infinite angular frequency, » is the angular fre-
quency of incident light, w, is the natural frequency of bulk plasma, and y is the damping fre-
quency of electron collision. The permittivity of dielectric (¢4) is a constant. To simplify the cal-
culation, the metal and dielectric are assumed to be silver and air, respectively. The parame-
ters for the silver and air can be set as ¢, = 3.7, wp, = 1.38 x 10'®Hz, y = 2.73 x 10" Hz
and ¢4 = 1 that are obtained by fitting experimental results [20], and other parameters for the
stub and waveguide are set to be R < 500nm and w = 100nm. In addition, the geometric pa-
rameters of the left and right stubs in the proposed systems are adjusted simultaneously and
identically.

3. Simulation Results and Discussion

To know the transmission spectrum of the double SSR system, we fix the double SSR structure
to small size and large size, respectively. The upper and lower of Fig. 2(a) show the transmission
spectra of the double SSR system with small size of 6 (¢ = 30", 40" and 50° when R = 200 nm) and
R(R = 200nm, 250 nm and 300 nm when 6 = 30 ), respectively. It is found that when # = 30 and
R = 200nm, a very clear transmission peak with a transmission trough occurs at the wavelength
range from 450 nm to 700 nm and the transmittance below 0.6. As 6 or Rincreases, the wavelength
of the transmission peak shifts toward the long wavelength (red-shift), while the transmittance
of the transmission peak continuously decreases. However, the width of the transmission trough
continuously increases as 6 or R increases. It can be predicted that when the double SSR structure
is large size, the transmission peak will completely disappear, while the transmission trough will
become more wide that it is seen as a stopband. It will be tried and proven in the next section.
Fig. 2(b) shows the transmission spectrum of the double SSR system with large size at 6 = 60
and R = 400 nm. It reveals that an ultra-wide stopband phenomenon appears in the novel system
of the double SSR structure, and either side of the stopband is a passband whose transmittance is
over 0.9. It also proves that the prediction above is correct. The stopband (or bandgap) is defined
as the area of wavelengths when the transmittance of transmission spectrum is below 0.01 [21],
whose the left-edge wavelength and the right-edge wavelength are labeled as A and Ag (A\L < AR),
respectively. The center wavelength (Ac) and bandwidth (AA) of the stopband are respectively
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Fig. 3. Transmission characteristics of the double SRSR system with different r when § = 60 and
R = 400nm. (a) Transmission spectra of the stopband. (b) A, Ar, Ac and AX of the stopband as
functions of r. Magnetic field distributions at A = 1900 nm for (c) r = 100nm, (d) r = 200nm and
(e) r = 300 nm.

defined to be
1
he= 3 (AL + AR) (M
Al = AR — AL (2)

Therefore, the ultra-wide stopband of the double SSR system occurs at the wavelength range
from 906 nm to 1327 nm and around the center wavelength Ac = 1116 nm with a bandwidth
Al = 421 nm.

This ultra-wide stopband implies that a part of SPPs cannot transmit in the proposed double
SSR structure. The magnetic field distributions of the left stub, right stub and double stub in the
double SSR system with # =60 and R = 400nm at Ac = 1116 nm are shown in Fig. 2(c)—(e),
respectively. When the stub is a single stub (left or right stub), most of the power is confined in the
single stub and reflected back to the left of the waveguide, and a few of the power is transported
out. When the stub is a double stub, almost all of the power is confined in the left stub and
reflected back to the left of the waveguide, and no power is transported out. Moreover, the magnetic
field distributions are no difference between the left stub and the right stub, and the magnetic
field distribution of the double stub almost is the same as the single left or right stub. That is to say,
the magnetic field distribution of the double stub is consistent with the transmission spectrum, and
a transmission trough appears in the transmission spectrum of the single left or right stub that just
locates at the stopband of the double stub. Therefore, the ultra-wide stopband of the double stub is
related to the interaction between the left stub and the right stub, which arises from the destructive
interference superposition of the reflected and transmitted waves from each stub. In this case, the
proposed double SSR structure can realize a band-stop nanofilter with a typical filtering function,
owing to the ultra-wide stopband.

As an extension of the double SSR structure, the double SRSR structure is also proposed
whose different part is the inner radius of the stub. To optimize the structure size, the transmission
characteristics of the double SRSR system with different inner radii (r) are analyzed. Fig. 3(a)
shows the transmission spectra of the stopband in the double SRSR system with different values
of rwhen # = 60 and R = 400nm. It is found that the stopband is sensitive to the inner radius
when ris varied and happens a red-shift as rincreases. To explain this phenomenon, we analyze
the resonance wavelength (i) of the stub resonator. Using the coupled mode theory (CMT) [22], a
single stub can be seen as a Fabry-Perot (FP) resonator, and Ag is defined as the total phase delay
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per round-trip of SPPs in a single stub resonator, which is described as A¢= 4aneslest/2m + @,
where ne is the effective refractive index of light in the stub or waveguide, I is the effective length
of SPPs in the stub, and ¢ is the phase shift of reflected SPPs at the end of the stub. If the stub
resonator satisfies the resonance condition as Agp = (2m+ 1) - 7, A, at the transmission trough of
transmission spectrum is expressed as

_ ANeitleft
@2m+1) — ¢/

where mis the order of resonance mode (m = 0,1,2 ...). In view of A, is closely related to ne¢ and
lett, we need to discuss nei and k. Negr can be obtained by the dispersion relation, which is defined
as (take real part to calculate) [23]

— Wiry/Netf® — & —

)

m

A

where w is the width of the stub or waveguide, A is the wavelength of incident light, ey, and eq
are the permittivities of metal and dielectric, respectively. When w becomes smaller (or larger), ne
becomes larger (or smaller) [24]. I can be calculated by the arc length formula, and the center arc
lengths of the single stub in the double SSR and double SRSR stand for ks of the single stub in the
two resonators, which are respectively described to be

onR

lef1 = 360° (5)
o (R + 1)

loffp = ————

eff2 3600 (6)

According to (3), (4), and (6), A, increases by the increasing of nes and lesro @s rincreases. Therefore,
the ultra-wide stopband happens a red-shift, due to A, increases as rincreases.

To get more transmission characteristics, we analyze the wavelength and bandwidth of the
stopband. Fig. 3(b) shows A, Ar, Ac and AX of the stopband in the double SRSR system as
functions of r (Onm < r < 380nm). Obviously, A, Ag and Ac have a same change trend and
present a nonlinearly increase as rincreases, which are due to the increment of A,. According to
Ac is close to A [21], the increasing rate (k) of Ac is defined to be

Akc ~ 4[(ANneti/AX) -« leti + Neit - (Alett/ AX)]

k=
AX 2m+1)— ¢/

(7)

where x is the geometric parameter of the double stub. It can be seen from Fig. 3(b) that kincreases
as rincreases, due to the increment of Angs;/Ar and the unchanged Al /Ar that is in line with
(7). According to the CMT, the left and right stubs of the double stub can be assumed as two
identical FP resonators, which mainly produce the direct coupling of FP resonance between each
other when the center distance between the two stubs is small [21], and the bandwidth of the
stopband is associated with the strength of the direct coupling of FP resonance between the two
stubs. It can be seen from Fig. 3(b) that AA increases first from 421 nm to 566 nm and then
decreases from 566 nm to 109 nm as r increases, which is attributed to the direct coupling is
enhanced first that results from the coupling lengths of the two stubs increase and the coupling
distance between the two stubs decreases, and then weakened that results from the widths of the
two stubs decrease. Moreover, the total tunable bandwidth (AAia) Of the stopband is defined to
be [21]

Ahtotal = AR |Xright — AL |Xeft (8)

where Xyignt and Xeft correspond to the maximum value of Ag and the minimum value of 1., re-
spectively. And Altiotal = AR|r=380nm — ALlr—onm = 2342 nm when A_ or Ag shifts from 906 nm to
3248 nm as r increases. In addition, AL of the double SRSR system can reach the maximum
value 566 nm when r = 150 nm, which is larger and smaller than the double SSR system when
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Fig. 5. Transmission characteristics of the double SSR system and double SRSR system with different
6®when R = 400nm and r = 150 nm. (a) Transmission spectra of the stopbands. (b) A, Ag and ¢ of
the stopbands as functions of 6. (c) A) of the stopbands as functions of 6.

Onm < r < 250nmand250nm < r <380 nm, respectively. And the stopband of the double SRSR
system becomes a transmission trough when 380nm <r < 400 nm. Taking the above factors into
consideration, the r = 150 nm is an optimum value in the double SRSR system.

Based on the result above, we further study the change process of magnetic field distribution.
Fig. 3(c)—(e) show the magnetic field distributions in the double SRSR system at . = 1900 nm for r
of 100 nm, 200 nm and 300 nm, respectively. When r = 100 nm, the transmission spectrum is the
passband waveband, all of the power is confined in the double stub and the waveguide, which can
be freely transmitted from left to right in the waveguide. As rincreases to 200 nm, the transmission
is weakened, most of the power is confined in the left stub and reflected back to the left of the
waveguide, small part of the power is confined in the right stub and the right of the waveguide, and
a few of the power is transported out. As rincreases to 300 nm, the transmission is more weakened,
almost all of the power is confined in the left stub and reflected back to the left of the waveguide,
and no power is transported to the right of the waveguide. Therefore, a tunable stopband, a specific
filtering waveband and an optimum structural parameter of the band-stop nanofilter are obtained.

In order to investigate how the structure size of the double stub influences the ultra-wide stopband,
we analyze the transmission characteristics of the two systems with various geometric parameters
of the double stub, such as the (outer) radius and the central angle. A multiple double stub is
realized by altering the structure size of the double stub, which is easy fabrication and convenient
adjustment, and plays important role in the stopband phenomenon. For the sake of comparison, we
investigate the two systems at the same time. The transmission characteristics of the two systems
with different (outer) radii (R) when # = 60 and r = 150 nm, and different central angles (¢) when
R = 400nm and r = 150 nm are shown in Figs. 4 and 5, respectively.
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The transmission spectra of the stopbands in the double SSR system and double SRSR sys-
tem with different values of R when 6 = 60 and r = 150 nm are shown in the upper and lower
of Fig. 4(a), respectively. Obviously, the stopbands of the two systems happen a red-shift as R
increases, which are due to A, increases by the increasing of I as R increases, although neg
decreases as R increases, and it is in accordance with (3), (4), (5), and (6). AL, Ag and ic of
the stopbands in the two systems as functions of R (R < 500 nm) are shown in Fig. 4(b). It
can be seen that A, Ag and Ac of the two systems have a same change trend and tend to
linearly increase as R increases, which are due to the increment of Ap. It also can be seen
that k of the two systems almost unchanges as R increases, due to the unchanged Ane;/AR
and Alkgw/AR that is in accordance with (7), and k of the double SSR system is larger than the
double SRSR system. However, A, Agr, Ac and k of the double SRSR system with small size
of R decrease first and then increase as R increases. A\ of the stopbands in the two sys-
tems as functions of R are shown in Fig. 4(c). It is found that AA of the two systems almost
linearly increase as R increases, which are due to the direct coupling is enhanced that results
from the coupling lengths and widths of the two stubs increase. Moreover, as R increases, AL
or Ag of the double SSR system and double SRSR system respectively shift from 625 nm to
1596 nm and from 989 nm to 1840 nm, A respectively increase from 255 nm to 541 nm and
from 116 nm to 739 nm, and Alta respectively are Aiiotal = ARIR=500 nm — AL|R=210nm = 971 nm
and Aliotal = AR|R=500nm — AL |R=325nm = 851 nm. In addition, AA can reach maximum value when
R = 500nm, and A of the double SSR system is larger and smaller than the double SRSR sys-
tem when 210nm <R < 275nm and 275nm < R < 500 nm, respectively. And the stopbands of
the double SSR system and double SRSR system don’t appear when R < 210 nm and R < 190
nm, respectively. Therefore, the greater R is an optimum value in the two systems.

The upper and lower of Fig. 5(a) respectively show the transmission spectra of the stopbands
in the double SSR system and double SRSR system with different values of 6 when R = 400 nm
and r = 150nm. It can be seen that the stopbands of the two systems happen a red-shift as ¢
increases, which are attributed to 1, increases by the unchanged ng+ and the increasing of I
as 0 increases, and it is in line with (3), (4), (5), and (6). Fig. 5(b) shows A_, Ag and A¢ of the
stopbands in the two systems as functions of 6 (& < 175). It is found that 1., Agr and A¢ of the
two systems have a same change trend and tend to linearly increase as 6 increases, which are
attributed to the increment of Ap,. It is also found that k of the two systems almost unchanges as 6
increases, due to the unchanged Anes/A6 and Alks/ A6 that is in line with (7), and k of the double
SSR system is smaller than the double SRSR system. Fig. 5(c) shows AX of the stopbands in the
two systems as functions of 6. Obviously, A of the two systems almost linearly increases as 6
increases, which are attributed to the direct coupling is enhanced that results from the coupling
lengths of the two stubs increase. However, A decreases when 6 > 170 that results from the
changed side of the stub is more and more close to the waveguide. Moreover, as 6 increases,
AL or Ar of the double SSR system and double SRSR system respectively shift from 818 nm to
2869 nm and from 748 nm to 4122 nm, A) respectively increase from 421 nm to 1218 nm and
from 453 nm to 1213 nm, and AAa respectively are Aiiotal = ARlo=175° — ALlo=50° = 2051 nm and
Ahtotal = ARlo=175° — ALlg—aoe = 3374 nm. In addition, AA can reach maximum value when 6 = 170’
and AX of the double SSR system is smaller and larger than the double SRSR system when
50° < 9 < 170" and 170" < 9 < 175, respectively. And the stopbands of the double SSR system
and double SRSR system don’t appear (or disappear) when § < 50" and 6 < 40, respectively (or
when 175" < 6 < 180"). Therefore, the § = 170" is an optimum value in the two systems.

4. Conclusion

In conclusion, a band-stop nanofilter in double SSR or SRSR coupled to MDM plasmonic wave-
guide is proposed. We investigate the characteristic spectral responses of the two novel sys-
tems, and find an ultra-wide stopband phenomenon by building a double stub with two same
stubs that are symmetrically arranged together. The stopband can be tuned by adjusting the in-
ner radius (r), (outer) radius (R) or central angle (9) of the double stub, whose wavelength and
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bandwidth have various variations with the changing of r, R or 6. For the double SRSR sys-
tem, as r increases with 6 = 60" and R = 400nm, the bandwidth reaches a maximum value
of 566 nm when r = 150 nm. For the double SSR system and double SRSR system, as R in-
creases (R < 500nm) with # = 60" and r = 150 nm, the bandwidths respectively reach the max-
imum values of 541 nm and 739 nm when R = 500nm; as 6 increases with R = 400nm and
r = 150 nm, the bandwidths respectively reach the maximum values of 1218 nm and 1213 nm
when § = 170°. The stopbands in the two systems with the same parameter and variation adjust-
ment have similar changes and different features, and a specific filtering waveband and an optimum
structural parameter are obtained. The proposed structures realize asymmetrical single stub, form
no-distance double stub and achieve ultra-wide stopband, whose the filtering function at different
wavebands is realized. Our results provide a guideline to realize the filtering function by tuning
stopband in band-stop nanofilters, and have potential applications in plasmonic integrated optical
circuits.
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