Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Influence of InP Coupling Cavity on Fano
Resonance of Sub Wavelength MIM Waveguide

Shihao Ban
School of Physics and Electronics of Hunan University

Huangging Liu (&% lhq468@sohu.com )
School of Physics and Electronics of Hunan University

Shifang Xiao

School of Physics and Electronics of Hunan University
Jingjing Mao

Huaihua Normal College

Jie Luo
Central South University of Forestry and Technology

Research Article

Keywords: coupling cavity (height H2), sub wavelength MIM waveguide, resonance peaks of mode
Posted Date: March 19th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-323237/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Page 1/11


https://doi.org/10.21203/rs.3.rs-323237/v1
mailto:lhq468@sohu.com
https://doi.org/10.21203/rs.3.rs-323237/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

In this paper, influence of InP coupling cavity (height H,) on Fano resonance of sub wavelength MIM
waveguide was studied by FDTD. It was observed redshift of the resonance peaks of mode m; (j=1, 2, 3)
with H, increase and the resonant wavelengths of mode m; (j=1, 2, 3) were a function of the height H,.
Before and after the addition of air cavity, the relative farfield intensities /was a function of height H,.

Therefore, InP as discrete state would be used as the filling dielectrics of Fano resonance in the MIM
waveguide.

Background

Due to its attractive features and extensive applications, the metal—insulator-metal (MIM) waveguide '
were very popular with researchers. During the process of light propagation in the nano-photonic circuits,
MIM waveguides could reduce energy loss. The MIM waveguide with coupling cavity introduced into
could change its filtering performance of electromagnetic wave®?, such as Fano resonance. The most
common structures of the plasmonic filters were MIM waveguides coupled with a rectangular cavity %12,
There were some researches on the Fano resonance of silicon in the coupling cavity of MIM
waveguides'34. Due to relatively large dielectric constant and high-order resonance about 1700 nm in
the near-infrared region, silicon was usually regarded as discrete state of Fano resonance'38. In
addition, in the study, obvious Fano resonance over 2100nm was observed when the dielectrics were InP
in the coupling cavity of MIM waveguide. In other words, InP could also be used as discrete state of Fano
resonance. Compared with silicon, due to better radiation resistance and higher cut-off frequencies, InP

could be chemically etched to make radiation resistant devices and be applied in solar cells'®2' and

semiconductor optoelectronic devices?224. Therefore, InP as discrete state of Fano resonance?® would be

used as the filling dielectrics in the MIM waveguide and the influence of InP coupling cavity on Fano
resonance of sub wavelength MIM waveguide (Ag-Air-Ag) was explored in this paper.

Results

The sketch of the waveguide structure designed was shown in Fig. 1. In the figure, the distance w of the
main waveguide cavity with the transparent dielectrics (n=1.0) was set as 50 nm which was far less than
the wavelength A of incident wave from 600 nm to 2700 nm so that the electromagnetic wave could be
excited to form SPPs propagation mode in MIM waveguide structure. After that, a j-order (j=1, 2 and 3)
resonance formed when the coupled cavity was excited by the main waveguide, whose width Lof the
coupled cavities was also set as 50 nm. Our simulation results indicated that Fano resonance was
independent of the horizontal distance between the two cavities and dependent on the height H; (H,). In
addition, the relative far-field intensity /was defined as the area under the far-field curve and was
proportional to the height h of the curve in this paper.
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Fig.2a showed the transmission spectra under different InP structures without air cavity A. It could be
observed redshift of the resonance peaks of mode m; (j=1,2,3) with the increase of H, from 240 nm to

350 nm. The resonant wavelengths of mode m; (j=1, 2, 3) were a function of the height H,. Take H,=350

nm as an example, it was observed three resonance valleys at 998 nm, 1302 nm and 2079 nm,
respectively. The resonance valleys at 1302 nm and 2079 nm were first and second order resonance
modes, shown in Fig. 2(c-d). However, the resonance valley at 998 nm was located at the critical point of
the second and third order resonance and was regarded as third-order resonance, seen in Fig. 2(a-b). In
other words, the resonance mode in Fig. 2a could directly be reflected by the distribution of magnetic field
in Fig. 2(b-d).

In addition, when the zero order dark mode from the Air cavity and j-order bright modes (j=1, 2 and 3)
from the InP cavity were superimposed, some Fano resonance of the modes m; (j=1, 2 and 3) could be
obtained in Fig.3a, which showed the transmission spectra of different InP-Air structures whose structural
parameters were H;=300 nm and various H,. In the case of only air cavity, it could be observed that the

transmission spectrum was very wide passband, which covered the resonance wavelengths of the modes
m; (j=1, 2 and 3) and whose central wavelength was at about 1710 nm. Therefore, for the mode m,, it was

observed no Fano resonance when H,=280 nm and 300 nm, two slightly obvious Fano resonances when
H,=320 nm and 350 nm in the range from 1800 nm to 2700 nm (not marked), and more obvious Fano
resonance when H,=240 nm and 260 nm. However, the most obvious Fano resonance came from the
mode m, whose resonance valley shifted to the long wavelength with the H, increase. According to the
main resonance peak [22-23] of the mode m, in the figure 3a, the quality factor (QF) and the extinction

ratio (ER) could be calculated. A high-quality factor was meant to be lower light energy loss in a resonant
cavity. Moreover, the lager extinction ratio was implied the better quality of the resonator. For the different
InP-Air structures with the length H, from 240 nm to 350 nm (240 nm, 260 nm, 280 nm, 300 nm, 320 nm

and 350 nm), the quality factor QFs calculated were about 44, 30, 29, 28, 34 and 37 respectively. The ERs
obtained were around 13, 18, 15, 14, 31 and 12 dB, respectively.

These results showed that the QFs and the ERs were a function of the length H,. There was lower light
energy loss in a resonant cavity and the better quality of the resonator for the length H,=240nm and
320nm. In other words, when the height H, was not higher than 240 nm and not less than 320 nm, the

waveguide structure with InP-Air cavities had good filtering performance. In addition, it was obtained that
the addition of air cavity did not change the position of the resonant valleys which was dependent on
structure sizes of the cavity InP. Take H,=350 nm as an example, for the three resonance valleys at 998
nm, 1302 nm and 2079 nm, it was observed the magnetic field distribution did not change before and
after the addition of air cavity. Additionally, it was obtained that the magnetic field distribution of the zero-
order resonance in the air cavity where no standing wave was observed, as shown in Fig. 3(b-d).

Figure 4 showed the relationship between transmission and the height H;. The structural parameter was
H,=260 nm. It was observed that the resonance position of the mode m; (j=1, 2 and 3) was independent
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of the height H,. The broadband resonances between 1500nm and 2100nm were considered to originate
zero-order resonance of air cavity, which moved to the long wavelength with H, increasing. In addition,
because of strong resonance of the zero-order mode the resonance of mode m,was barely observed
when H,<280nm. However, the intensity of resonance peak at about 1645nm gradually decreased with
the increment of H; (>300nm). The QF and the ER were about up to 37 and 16 dB when H;=350nm.
Nevertheless, by the simulation, we obtained that the QF and ER decreased to 29 and 14dB when H,=360
nm.

Before the addition of air cavity, under 1302.87 nm monitoring, the relative farfield intensities / were
various with the height H, change from 240 nm to 350 nm and was a function of height H,, namely, /=
I(H,), as shown in Fig.5a. The shape of the curve was Guassian Spot with periodic structure, whose
symmetric center was located at about 8 = -2.2°, as shown in the black dash. The relative farfield
intensity /gradually decreased with the height H, from 260 nm to 350 nm. The maximum relative
intensity [(260) was about three times that of the minimum /350), (260)=3/350) . After the addition of
air cavity, it was observed that the relative farfield intensities /was also a function of height H,, as shown
in Fig. 5b. The symmetric center of the curve with periodic structure was located at about 8= 0°, as seen
in the black dash. The relative farfield intensity /gradually increased with the height H, from 240 nm to

320 nm. The maximum relative intensity (320) was about four times that of the minimum £(350), namely,
[320)=4/(350). Therefore, the change of structural parameters could be obtained according to the change
of far-field relative intensity [20].

Discussion

Influence of InP coupling cavitftably (height H,) on Fano resonance of sub wavelength MIM waveguide

was studied in this paper. Some novel results were obtained. For different InP structures without air
cavity, it was observed redshift of the resonance peaks of mode m; (j=1, 2 and 3) with H, increase and the

resonant wavelengths of mode m; (j=1, 2 and 3) were a function of the height H,. For the different InP-Air
structures with the length H, from 240 nm to 350 nm, the resonance valley of the mode m, shifted to the
long wavelength with the H, increase. For the structural parameter H,=260 nm, the resonance position of
the mode m, (=1, 2 and 3) was independent of the height H;. In addition, before and after the addition of
air cavity, the relative farfield intensities /was a function of height H,. Therefore, InP as discrete state of
Fano resonance would be used as the filling dielectrics of Fano resonance in the MIM waveguide.

Methods

Numerical simulations. In the letter, the MIM plasmonic waveguide coupled with InP cavity was
investigated using the finite-difference time-domain (FDTD, Lumerical Computational Solutions
Incorporation) with a perfectly matched layer absorbing boundary condition. A plane wave with the
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electric field parallel to the x axis illuminates normally the periodic structure. The grid sizes in the xand y
directions were 2 nm.
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Figure 1

Research scheme and design schematic of 2D simulation. The capital letters A and B denote air and InP
coupled cavities, respectively. The structural parameters were L=w=50nm.
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Figure 2

(@) The relation between Fano resonance and the height H2. (b)(c)(d) Magnetic field distribution of
different modes at different resonance wavelengths 998 nm, 1302 nm and 2079 nm, respectively. Red
and blue represent two different vibrations. The structural parameter was H2=350 nm.
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Figure 3

(@) The relationship between Fano resonance and the height H2 in the range from 780 nm to 1800 nm.
(b)(c)(d) Magnetic field distribution of different modes at different resonance wavelengths 998 nm, 1302
nm and 2079 nm, respectively. Red and blue represent two different vibrations. The structural parameter
was H1=300 nm.
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The relationship between transmission and the height H1. The structural parameters were H2=260nm .
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Figure 5

Farfield with vavious angle from -90° to 90° and changeable height H2 from 240 nm to 350 nm before (a)
and after (b) the addition of air cavity under 1302.87 nm monitoring.
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