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Unlike previous reports that utilized periodic modulation of insulation layer thickness or dielec-
trics, we propose the use of split ring resonators (SRRs) and their arrays to modulate the propagation
characteristics of MIM plasmon waveguides. Due to the strong resonance backscattering of SRR,
resonance transmission valleys appear in the transmission spectra of MIM waveguides. Changing
the size of SRR can achieve continuously adjustable positions of resonance transmission valleys.
The introduction of SRRs periodic arrays will result in two bands (bandgaps) with transmission
minimum in the transmission spectra. Combining the dependence of the two bandgaps on the array
period and the field distribution, the two bandgaps are Bragg bandgaps and local resonance band-
gaps, respectively. By modulating the local resonance bandgap, the Bragg bandgap can be tuned.
The introduction of local bandgap increases the degree of freedom to modulate the transmission
characteristics of MIM waveguides. Combining local resonant bandgap and Bragg bandgap can
significantly increase the reflection bandwidth, achieve broadband filtering, and facilitate the
miniaturization of waveguide devices.
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1. Introduction

Surface plasmon polariton is an electron density wave existing on the metal surface or
interface. According to its propagation characteristics, it can be divided into local
modes and propagation modes, which can realize local field enhancement and sub-
wavelength propagation of waves. It is widely used to enhance light matter interaction
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(such as strong coupling effect, enhanced Raman, fluorescence, laser, photovoltaic,
photocatalysis, sensing and detection, efc.) and control light propagation (subwave-
length transmission, slow light, nano-focusing, negative refraction, super-resolution
imaging, efc.). Photoelectronic devices based on surface plasmon polariton, such as
optical waveguides, light modulators, light sources, lasers, lenses, sensors and detec-
tors can achieve ultra-small dimensions, ultra low power consumption, ultra sensitiv-
ity, and low losses.

Optical waveguides are used for interconnecting optoelectronic devices and realizing
communication between them. Although metal plasmon waveguides have significant
transmission losses, plasmon waveguides can break through diffraction limits and
achieve sub wavelength scale propagation of optical signals, which has potential appli-
cation prospects in high-density optoelectronic integrated circuits. In recent years, var-
ious types of plasmon optical waveguides have been proposed, such as metal nanoparticle
chain waveguides [1,2], metallic wire, stripe and slab waveguides [3,4], groove [5-10],
wedge waveguides [5-6,11-13], dielectric loaded metal waveguides [14,15], and hybrid
plasmon waveguides [16-18]. Metal/insulator/metal (MIM) waveguides can achieve a
good balance between propagation length and mode confinement, and this type of wave-
guide is compatible with mature semiconductor planar microfabrication processes,
which can effectively reduce processing costs.

To study the propagation characteristics, modulation, and implementation of spe-
cific functions of MIM waveguides, various structures based on MIM waveguides have
been proposed. Dionne systematically studied the dispersion, mode characteristics,
propagation length, and skin depth of Ag/SiO,/Ag waveguides, obtaining a field con-
finement of 20 nm and the propagation length of over 10 pm [19]. Curved waveguides
and beam splitters can achieve low loss propagation and beam splitting of waves over
a wide frequency range [20-23]. MIM Mach Zehnder interferometer (M-Z interferom-
eter) with different structures is used for optical routing and optical switches [24-26].
SHIN ef al. used MIM to construct a lens and achieve full angle negative refraction im-
aging [27]. The systematic and in-depth studies on slow light of MIM waveguides were
carried out [28-31]. Atwater research group proved that MIM structure has a slow light
effect superior to other structures, and broadband efficient slow light is realized in
MIM structure [29]. Bragg reflectors based on MIM waveguide structures have received
widespread attention [32-36]. WANG et al. proposed metal heterojunction plasmon
Bragg reflectors and nanocavities [32]. HosseiNIl and MAssouD introduced two alternat-
ing periodic media in MIM waveguides to obtain low loss plasmon Bragg reflectors [33].
HAN et al. designed a periodic modulated Bragg reflector with different MIM wave-
guide insulator layer thickness [34], which combines MIM insulator layer thickness
and dielectric periodic modulation. The high refractive index material is inserted into
anarrow slit, while the wide slit has a low refractive index material, so the Bragg band-
gap is widened and the high reflectivity in the band-gap is obtained [35,36]. In our
previous work, we designed MIM waveguide nanocavities to obtain strong coupling
effects between the cavities and artificial atoms [37,38], and introduced nonlinear me-
dia to achieve strong coupling switching effects [39].
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In previous reports, the Bragg bandgap was obtained and widened by periodically
modulating the insulator width of the MIM waveguide or the dielectric material within
it. In this work, we propose another approach - introducing SRRs into MIM waveguides
and utilizing the coherent scattering of SRRs to obtain Bragg bandgaps. However, un-
like previous reports, there is another type of bandgap in the transmission spectrum,
which is significantly different from the Bragg bandgap. We found that the band-gap
does not depend on the atom period, but rather on the SRR size, i.e. the resonance of
asingle SRR. According to the dependence of the transmission dip position on the SRR
array period, and the field distribution, it can be inferred that this band-gap originates
from the local resonance bandgap resulting from the resonance of individual atoms.
By changing the local resonance of SRRs or the period of SRRs array, the relative po-
sitions of the Bragg bandgap and local resonance bandgap can be tuned. When the local
resonance bandgap is close to the Bragg bandgap, the reflectance can be enhanced and
Bragg reflection bandwidth can be widened. This is attributed to the fact that the closer
the Bragg bandgap is to the SRR resonance scattering wavelength, the stronger the
backscattering of a single atom. The introduction of local resonant bandgap increases
the degree of freedom for modulating MIM waveguides.

2. Results and discussion

In this paper, the MIM waveguide is composed of two semi-infinite two-dimensional
metal plates with a slit in the middle. The air layer serves as the insulation core layer,
and the two two-dimensional metal plates are metallic silver as shown in Fig. 1. The di-
electric constant of silver is characterized by the Drude model:

2
£(0) = 6, - ——2
ot jyw

In the equation, o is the angular frequency of the incident light, w,, is the plasma os-
cillation frequency of Ag free electron gas, y is the electron collision frequency, where
£, =3.7, ,=1.3826 x 10'® rad/s, y = 2.7348 x 10" rad/s [40], and the refractive in-
dex of the air layer is approximately 1. We use the finite-difference time-domain meth-
od (FDTD) to study the transmission characteristics and field distribution of the
structure. To eliminate the influence of coupling between SRRs and their image SRRs
on the transmission characteristics of waveguides, and only consider the influence of
SRRs array period along the waveguide direction and the coupling between SRRs on
the transmission of waveguides, we studied the effect of the insulation layer thickness
in the middle of the waveguide on the transmission resonance wavelength of a single
SRR, as shown in Fig. 1(b). The red and blue solid curves represent the transmission
curves of the waveguide at a width of 480 and 500 nm, respectively. It can be clearly
seen from the figure that when the thickness of the insulation layer increases to 480 nm
or above, the transmission resonance wavelength of a single SRR tends to a fixed wave-
length. At this point, the coupling between the SRR and its image can be ignored, and
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Fig. 1. (a) Schematic illustration of an MIM waveguide with an SRR. The gray region represents silver
and the white region represents air layer with thickness d. The width of SRR is fixed at 100 nm, its arm
length is adjustable, and the width of the Ag strip is 10 nm; (b) The dependence of transmission resonances
of the MIM waveguide with an embedded SRR on the insulator layer of thickness d.

this fixed wavelength is the resonance wavelength of a single SRR. Therefore, in this
work, we fixed the thickness of the insulating medium in the middle of the MIM wave-
guide at 500 nm. From the figure, we also find that with the increase of waveguide
core width, the resonant transmissivity and the resonant Q factor increase, and the
transmission resonance changes from the asymmetric Fano profile to the symmetric
Lorentzian profile.

Figure 2 shows the dependence of the resonance wavelength of the single SRR on
its size-arm length. The geometric dimensions of the U-shaped SRR are shown in
Fig. 1, with the arm length of 100 nm and an Ag strip width of 10 nm. Therefore, the
length size along the arm direction is 10 nm plus the arm length 1. The transmission
spectrum of SRR with arm length gradually increasing from 40 to 200 nm was calcu-
lated, as shown in Fig. 2(a). It can be clearly seen from the transmission spectra that
as the arm length increases, the resonance wavelength of SRR shifts towards the longer
wavelength. The dependence of resonance wavelength on the arm length is fitted as



An ultra-wideband plasmonic reflector... 209

()

7 ""Vz.ozzi'l"'é =3
" '

f

Transmission

0.6 0.9 1.2 1.5 1.8

150 () .
/V
L]
./
T 125} »”
: v
= 2 ®
k) 2
= 2
S 100t o
z &
e

z 3

0.75 F 2

,,
[ 4
4
0.50 L L L 1 1
30 60 90 120 150 180 210
SRR Size (nm)

Fig. 2. The dependence of transmission resonances of the MIM waveguide on embedded SRR sizes.
(a) The transmission spectra of the MIM waveguide with an embedded SRR with various sizes; (b) The fitted
relationship between transmission resonance wavelength and SRR size.

shown in Fig. 2(b), and the resonance wavelength is linearly related to the arm length.
From the transmission spectra, it was also found that the transmittance at the resonance
wavelength decreases with the decrease of the resonance wavelength, which is due to
an increase in Ag loss at the short wavelength side.

In previous reports, broadband high reflection has been achieved by periodically
modulating the air core layer thickness of MIM waveguides or introducing periodic
media in MIM waveguides. To enhance reflection and improve reflection bandwidth,
SRRs periodic arrays are introduced into the waveguide. The thickness of the air core
layer in the MIM waveguide remains fixed at 500 nm, and the size of SRRs in the array
is 110 x 100 nm and remains fixed as shown in Fig. 3(a), corresponding to a resonance
wavelength 0f 0.92 pm for the SRR. We study the impact of the periodicity of the array
on MIM transmission. Figure 3(b) shows the transmission spectra of the waveguides
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Fig. 3. (a) Schematic illustration of an MIM waveguide with an embedded SRRs array. (b) The depend-
ence of two transmission valleys of the MIM waveguide on SRRs array periods. (¢) The transmission spec-
tra with two valleys approaching each other, with the interval between two valleys zoomed in shown in
the inset.
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with different array periods. It is clearly seen from the figure that there are two trans-
mission valleys. As the array period is gradually shortened from 700 to 200 nm, the
transmission valley at the long wavelength shifts towards short wavelengths, which is
significantly dependent on the period. Moreover, as the period is shortened, the trans-
mittance decreases and the bandwidth of the transmission valley increases. Compared
to the transmission valley on the long wavelength side, the transmission valley on the
short wavelength side has lower transmittance. When the period is large, the position
of the transmission valley does not change with the shortening of the period. As the
period is shortened from 700 to 500 nm, the long wavelength transmission valley grad-
ually approaches the short wavelength transmission valley, and the short wavelength
transmission valley undergoes a smaller blueshift. When the array period is 400 nm,
the lower transmissivity valley suddenly undergoes a large redshift, with the higher
transmissivity valley shifting to the left side of the lower transmissivity valley. As the
period is further shortened, the higher transmissivity valley shifts towards the short
wavelength and moves out of the window of interest, leaving only a lower transmis-
sivity valley. In order to understand the sudden redshift at the period of 400 nm, we
finely tuned the period of the array, which helps to understand the evolution behavior of
the two transmission valleys at the closest point, as shown in Fig. 3(c). When the array
period gradually decreases from 450 to 435 nm, we can clearly distinguish between
the lower transmissivity valley and the higher transmissivity valley. At 435 nm, we
cannot distinguish between two transmission valleys based on the higher and lower
transmissivity. The difference is that the bandwidth of the two transmission valleys is
different. Further reducing the array period increases the difference in transmissivity
between the two transmission valleys, and the higher transmissivity valley further de-
viates from the resonance wavelength of the SRR. In the calculation, we also found
that the two transmission valleys cannot overlap, and the two transmission valleys ex-
hibit the repulsive behavior.

To understand the mechanism of the formation of two transmission valleys, we nu-
merically calculated the field distribution with the SRR array period at 600 nm, as
shown in Fig. 4. Magnetic field distribution |H,[ at A=0.9 pm, 1.16 um, 1.32 pm,
which locate at the low transmission valley, the high transmission band between the two
valleys, and the high transmission valley. The magnetic field distribution at 4 = 1.32 um
exhibits a periodic interference pattern, and the magnetic field amplitude gradually de-
cays along the propagation direction of the wave, which is attributed to the Bragg scat-
tering of the SRR array. Therefore, this transmission valley corresponds to the Bragg
bandgap of the corresponding structure. At A = 1.16 um, the magnetic field also ex-
hibits a periodic interference pattern, but there is no obvious attenuation phenomenon,
and waves can propagate without attenuation in the structure. What is significantly dif-
ferent from the previous field distribution is that at 4 = 0.9 um, the magnetic field does
not exhibit periodic interference patterns. The magnetic field is mainly localized at the
position of SRRs, and the electromagnetic field resonates strongly with each SRR, gen-
erating strong resonance scattering. The electromagnetic energy is partially backscat-
tered, and partially localized in the SRR. The first three SRRs are sufficient to generate
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Fig. 4. The transmission spectrum of the MIM waveguide with an embedded atom array period 600 nm.
The three insets show the [H | field distribution at 4 = 0.9 pm, 1.16 pm, 1.32 pm.

strong backscattering, resulting in faster attenuation of the magnetic field along the
propagation direction. Considering that this transmission valley does not depend on
the array period, it corresponds to a local resonant bandgap [41].

We fix the SRR array period and the SRR size at 600 nm and100 x 100 nm, re-
spectively. The insulator layer width of the MIM waveguide is gradually changed from
550 to 150 nm, and the transmission spectra are shown in Fig. 5. From the figure, it
can be seen that as the width decreases, the bandwidth of the Bragg bandgap gradually
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Fig. 5. The dependence of two transmission valleys of the MIM waveguide on its insulator core thickness
with fixed SRR array period and SRR sizes.



An ultra-wideband plasmonic reflector... 213

broadens, and there is a significant red shift and transmittance decrease. The red shift
of the Bragg bandgap is attributed to the increasing of the effective refractive index of
the MIM waveguide with the decrease of waveguide insulator layer width. Similarly,
as the waveguide insulator layer width decreases, the local resonant bandgap exhibits
behaviors similar to the Bragg bandgap. The difference is that the redshift and broad-
ening of the local resonant bandgap are mainly attributed to the enhanced coupling ef-
fect between SRRs and their images as the waveguide insulator layer width decreases.
Comparing the two bandgaps, it can also be found that when the MIM waveguide width
is large, the Bragg bandgap is more sensitive to the waveguide width than the local
resonant bandgap.

3. Conclusions

In this work, we investigated the modulation of the propagation characteristics of MIM
plasmon waveguides by split ring resonators and their arrays. Due to the resonance
backscattering of a single SRR, a resonance transmission valley appears in the trans-
mission spectrum of the MIM waveguide, and the resonance wavelength exhibits a lin-
ear relationship with the arm length of the SRR. By changing the thickness of the
waveguide insulator core layer and utilizing the coupling with the image SRRs, the
position of the resonance transmission valley can be made continuously adjustable. In-
troducing the SRR periodic array into the waveguide, selecting the appropriate SRR
size and period will result in two bands (bandgaps) with transmission minimum ap-
pearing in the transmission spectrum. By changing the period of the SRR array, it was
found that one of the bandgaps moves towards the short wavelength with decreasing
of the period, while the other bandgap does not change with the period. Combined with
the field distribution, one of them comes from the Bragg bandgap, which is signifi-
cantly dependent on the array period, while the other comes from a local resonant band-
gap, independent of the period. The study also found that as the Bragg bandgap
gradually approaches the local resonance bandgap, the transmissivity corresponding
to the Bragg bandgap gradually decreases, due to the enhanced backscattering of SRRs
at the Bragg bandgap. Changing the thickness of the waveguide insulation core layer
can also achieve continuous and adjustable bandgap widths and positions. By utilizing
the strong local resonance backscatter of SRRs, lower transmissivity can be achieved
with fewer SRRs, which is conducive to the miniaturization of waveguide filtering de-
vices. The introduction of local bandgap increases the degrees of freedom to tune the
transmission characteristics of MIM waveguides, and the combination of both the
Bragg bandgap and the local resonance bandgap can significantly increase the reflec-
tion bandwidth and achieve broadband filtering.
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