FTATEE 1Y F E R Vol.47 No.1
201841 A ACTA PHOTONICA SINICA January 2018

doi:10.3788/gzxb20184701.0124002

SET R IRL M I I RE S PR

FRAE LIRS, FAAT . T — M, FH R
ChRk % I T2 K 1 410083)

W EATAOSETFTHAEZAR R -—ANELEE-NR-2 5K FRFERIn o R0 %FEH, 58
BAERENSEMRTZEMAEHAFR GALEREAN . SHEEPFEA ML EFLERETV G LR
S ZEEERB IR O P ELESEREIOML TN EERA KR TUNELIREF RIno e 2
MATHATAY . ZLEHZHBEL A 575 nm/RIU. SR BT 5 671K m— AN EH K IRE TiZLEH
LA S TR EER,BERBEKAY 6555, AR FEMN R RBEBRGZIER, AR ELSF
RO MR ERE T RFRN R 2R,

KXER . ABFBETHT; ARERE,; AR E S, HEEEK;, Fxo,; KF4EH

FEDES 0436 Xk ERIRAD . A X EHS:1004-4213(2018)01-0124002-8

Study on the Transmission Characteristics of the Fano Resonance
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Abstract: Based on the theory of Surface plasmon polaritons, a plasmonic structure consisting of a metal-
insulator-metal waveguide and a semi-ring stub was proposed to investigate the transmission properties by
the finite-difference time-domain method. Simulation results show that there is a sharp and asymmetric
Fano profile in transmission spectrum, which originates from the interference between a discrete state
and a continuous state in the semi-ring stub. The tuning of the Fano profile is realized by changing the size
of the semi-ring stub, and the sensitivity and figure of merit of this structure is 575 nm/RIU and 5 671.
Moreover, multiple fano resonances are induced by setting a rectangular cavity in the waveguide, a figure
of merit as high as 6 555, which offer flexibility in the design of the structure. The waveguide structure
may find widespread applications in highly integrated optical circuits, special for nano bio-sensor.
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0 Introduction

Surfaceplasmon Polaritons (SPPs) are charge density waves that are formed by the interaction
between free electrons and incident photons in a metal surface and propagate along the metal-dielectric
interfacel!. SPPs are regarded as the most promising way for the realization of highly integrated optical

circuits, due to their capability to overcome the classical optical diffraction limit and manipulate light

21, which provides possibility to realize nanoscale optical

transmission performance in the nanoscale domain
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devices with extraordinary property and compact integration in future"*), Hence, photonic devices based on

SPPs have extensive applications in super-resolution imaging™', non-linear optics™, subwavelength

] [7]

optical integration"*, and biochemical sensors-’?.

In recent, theFano resonances in nano-plasmonic structure aroused more attentions for the reason that
SPPs can breakthough the diffraction limit of light'”). Fano resonance usually takes place between a
discrete state and a continuous state, possessing a typical sharp and asymmetric line profile'®. The devices
based on the Fano resonance originating from a waveguide structure may obtain various optimal properties

such as high sensitivity, strong high-Q and great a Figure Of Merit (FOM). Due to these distinctive traits,

[9] [10]

it has been widely studied in numerous physics systems including sensors"™, switches''", wavelength

[11] [12]

demultiplexing", rings''?’, photonic crystal'®®’, planar oligomers'"! and Metal-Insulator-Metal (MIM)

5] Because the MIM waveguide’s unique features support an acceptable propagation length for

[16-17]

waveguides
SPPs and confine light at a deep subwavelength scale , the Fano resonances are broad researched by
using the MIM waveguides. In order to well tailor the light transmission spectra, it is extremely significant
to fabricate a precise tuning Fano resonance. Up to now, different types of plasmonic structures have been

[18]

discussed theoretically and experimentally, such as plasmonic nanoclusters'*, asymmetric T-shape single

slitst?® L20]

, and an asymmetric stub pair in MIM waveguides'**’. These research findings can not only lead
people to understand the Fano resonance more profoundly, but also provides a feasible solution for the
implementation of high sensitivity sensor.

In this paper, a novel symmetricplasmonic structure which consists of an MIM waveguide and a semi-
ring stub is proposed and investigated by using the Finite-Difference Time-Domain (FDTD) method. It is
found that the Fano resonance is generated by the interference between a discrete state and a continuous
state in the semi-ring stub. Furthermore, the Fano resonance asymmetrical profile and the wavelength at
the dip rely on the geometric parameters of the semi-ring stub, and the nanostructure is expected to work
as an excellent plasmonic sensor with a high sensitivity of about 575nm/RIU and an FOM of about 5671. In
addition, multiple Fano resonances are achieved by placing a rectangular cavity above the semi-ring stub
horizontally. This new Fano formation mechanism, based on the different states, can be used in enhanced

bio-chemical sensors and highly integrated circuits.

1 Structure and simulation

The MIM waveguide structure is shown in © Metal
Fig. 1, where the blue and white areas presents Dielectric
metal and dielectric, respectively. It is made up of
a semi-ringstub in a MIM bus waveguide, and the
semi-ring stub symmetrically locates at a MIM bus
waveguide. The main structural parameters are the
width (h) of the waveguide, the outer radius (R)

and inner radius (r) of the semi-ring stub. The
width of the waveguide fixed to be A = 50 nm
. Fig.1 Scheme diagram of the plasmonic nano-sensor-based
throughout the full text. The two power monitors )
) ] MIM waveguides

are used at the points P;, and P, of the waveguide
to detect the incident power and the transmitted power, respectively. The transmission of the proposed
structures is calculated by T = P,./P., and the transmission characteristics are investigated
numerically and theoretically by using the FDTD method. We perform the FDTD simulation with boundary
conditions (PML), dimensional (2D), mesh steps (dxr =dy =05 nm) and time step (dt =dx/2c¢, ¢ is the
velocity of light in vacuum).

The guided modes inside the MIM waveguides are significantly affected by the effective refractive

index 7., which can be obtained from the dispersion equation-**

h/ng® —e
Em/\/ncff27€dtanh($)+€d/\/ncf{27€m =0 (D

where h is the width of the waveguide, e,, and e4 are the dielectric constants of metal and dielectric,
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respectively. e, is approximately described by the Drude model, which is defined as"*! ¢, =e, —w,?/(w’ +
iwy),» where e.. is the dielectric constant at the infinite frequency, w, is bulk plasma frequency. w is the
angular frequency of incident light, and ¥ is the electron collision frequency. The parameters are e.. =3.7,
w,=9.1 eV, y=0.018 eV. Based on the Coupled Mode Theory (CMT), @ is defined as the phase
difference between the reflected SPPs and the transmitted SPPs, which is described as™" A® =4mn 4l /A m
+¢, where ¢ is the phase shift caused by the reflection of SPPs on the metal-dielectric interface, A, is the
resonance wavelength, and /. is the effective length of SPPs in plasmonic structure. /.4 can be obtained by
the following expression:
lg=n(R+r)/2 (2)
When resonance condition is satisfied A® =2m ¢+ = (m is a positive integer and corresponds to the
order of resonance mode). The wavelength of the Fano resonance dip will be determined by the length of
[24]
An=dneil g/ (2m —¢@/70) (3)

Moreover, FOM as a key factor is widely used to evaluate the performance of theFano resonance. The

the slot cavities. It can be expressed as

Fano resonance detects rather a relative intensity change dI (1)/dn (1) at fixed wavelength A,, and then
FOM is defined as-*’

FOM=max (4)

dI(A)/dn(A)
IO
dI(A)/dn(Q) is the relative intensity change at fixed wavelength induced by a refractive index change

dn. I(A,) corresponds to the intensity where FOM reaches a maximum value.

2 Results and discussions

Fig. 2 shows the transmission characteristics of the proposed structures. The blue curve in Fig. 2(a)
represents the transmission spectrum of the semi-circle structure with R =150 nm, » =0 nm, and the
semi-ring structure with R =150 nm, =50 nm, respectively. It is obviously observed that a sharp and
asymmetric profile emerges in the transmission spectrum. This sharp and asymmetric profile usually terms
[26] Besides, the Fano resonance dip at 579 nm and peak at 635 nm, the magnetic

1.0

as Fano resonance profile

Semi-circle

0.6

Semi-ring

Transmittance/(a.u.)

500 700 900
Wavelength/nm

(a) Transmission spectra with different structure

(b) =579 nm, =0 nm () =579 nm, »=50 nm (d) A=635 nm , =50 nm

Fig.2 Transmission spectra and magnetic field distributions with different structure
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field distributions of the semi-circle structure at 579 nm is shown in Fig. 2(b). Figs. 2(¢) ~(d) show the
magnetic field distributions of the Fano resonance dip at 579 nm and peak at 635 nm. When the inner radius
of the semi-ring stub =0 nm, as a semi-circle structure, most of the SPPs is transported out. When the
inner radius of the semi-ring stub =50 nm., as a semi-circle structure, almost all of the SPPs is confined
in the semi-ring stub, and no SPPs is transported out. When an incident light injects along the x-axis in the
waveguide, a SPPs with the transverse-magnetic mode can be excited on the metal-dielectric interface and
confined in the waveguide. One part of the SPPs propagate along the x-axis and pass through the
waveguide, and the other part of the SPPs reflect back and forth in the semi-ring stub. Therefore, the
Fano resonance will be generated because of the interference between a discrete state and a continuous state
in the semi-ring stub. As can be seen {rom Figs. 2(c) ~(d), at 579 nm, SPPs are almost blocked at the
semi-ring stub, acted as the “off” state. While at 635 nm, SPPs can pass through the waveguide to the
output port, served as the “on” state. In the all optical communication system, Fano profile is generally
used to realize all-optical plasmonic switches™?”, and the proposed structure achieved a sharp and

asymmetric Fano profile, which has a wide application in the nano-sensing area.

We first investigate the transmission 1.0
characteristics of thesemi-ring structure with
different outer radius (R) when » =50 nm. By
defining R as 130, 140, 150 and 160 nm., we

obtain the transmission spectra in Fig. 3. The

0.6

asymmetrical profile of the transmission spectrum

Transmittance/(a.u.)

presents an obvious transformation by increasing 02

R. Specifically, the right side of the resonant

valley maintains a high transmittance and increases :
500 700 900

rapidly with the increases of R. However, the Wavelengthiun

Fano resonance dip without obvious movement.
. . Fig.3 Transmission spect { the semi-ring struct ith
ThlS phenomenon can be explau’led by Eq. (1) and 18 'ransmISSIOn spectra o e semi-ring Sstructure wi

. .. different R when »=50 nm
( 2) , the effective refractive index ( n. ) decreases

1.0 660
_a— Dip wavelength
- —s—Peak wavelength
= 620 |
3 06 £ -
g =)
g 5 580L
g %
5 = I
= 03 540 |
500 700 900 40 45 50 55
Wavelength/nm r/mm
(a) Transmission spectra for different (b) Relations between r and resonance wavelength

Fig.4 Relation between r and the wavelength when R=150 nm
due to the width of the semi-ring stub increases as R increases, and the effective length (/.() increases as
R increases. Therefore, according to Eq. (3), the resonance wavelengths (A, ) increases are not very
significant. Meanwhile, we explore the transmission characteristics of the semi-ring stub with different
inner radius (+) when R=150 nm. The transmission spectra with various r are depicted in Fig. 4(a). The
Fano resonance dip wavelengths are 524.7, 550.2, 578.9, and 604.1 nm when the inner radius of the semi-
ring stub are 40, 45, 50, or 55 nm, respectively. It is worthwhile that the Fano resonance dip causes a
redshift as r increases. This phenomena can be explained that the resonance wavelength (1,) grows by the
rising of the effective refractive index (n.;) and the increase of the effective length (/.) with increase of r,
in accordance with Eq. (1), (2) and (3). Fig. 4(b) gives an analysis on the wavelength variations with
respect to the inner radius of the semi-ring stub, with the increase of » from 40 to 55 nm with a step of 5
nm. It is found that the difference between the resonant peaks and dips decreases with the inner radius r
0124002- 4
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increasing, which may attribute to the internal loss decreases when the wavelength increases. According to
the simulation results, the Fano resonance wavelengths can be easily manipulated by adjusting the inner
radius of the semi-ring stub.

Lastly, we research the influence of the material embedded in the semi-ring structure on the Fano
resonance wavelength. The resonant wavelength has a redshift when increasing the refractive index filled in
the cavity. Figure 5(a) depicts the transmission spectra for different refractive indexes (n) when R =
150 nm and »=50 nm, which indicates that the dip wavelengths and the peak wavelengths are at 578.9 and
635.7 nm, or 607.1 and 668.1 nm, or 635.7 and 699.9 nm, or 664.4 and 732.7 nm, or 693.1 and 764.2 nm
when n=1.00, 1.05, 1.10, 1.15, and 1.20, respectively. As can be seen from Fig. 5(b), it is found that
both the transmitted peak and dip wavelength have a nearly linear relationship with the refractive index. As
a result, one can simply manipulate the Fano resonance wavelength by fitting the material with appropriate
refractive index in the semi-ring structure. The sensitivity (nm/RIU) is defined as the shift in the resonant
wavelength per unit change of refractive index'®’', as: AA/An, and the sensitivity of the proposed
plasmonic nanosensor is about 575 nm/RIU. To better evaluate the performance of the plasmonic
nanosensor, the FOM is further studied. Based on Eq. (4), the FOM of our designed plasmonic

nanosensor is about 5671 by changing the refractive index from 1.00 to 1.20.

1.0
760 + _a Dip wavelength
—e— Peak wavelength
g g B
& <
= B 680 |
£ 5
E e 5
g £
=
600 |
500 700 900 1.00 1.10 1.20
Wavelength/nm Refractive index n
(a) Transmission spectra for different n (b) Relations between n and resonance wavelength
Fig.5 Relation between n and the wavelength when R=150 nm, »=50 nm
1.0
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@ 0 6 -
2 :
=
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500 700 900
Wavelength/nm
(a) Schematic diagram of multiple Fano resonances structure (b) Transmission spectrum of multiple Fano resonance structure

o0 D

=5

(¢) 2= 660 nm, =50 nm (d) =675 nm ,»=50 nm
Fig.6 Schematic diagram, transmission spectrum and magnetic field distributions of the multiple Fano resonance structure
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Furthermore, one interesting phenomenon is also found and studied. As shown in Fig. 6 (a), the
proposed Fano structure in Fig. 1 can be extended to a multiple Fano resonances structure by setting a
rectangular cavity in the waveguide, which is horizontally placed above on the semi-ring stub. By defining
the length L =180 nm and width w =250 nm of the rectangular cavity, and the coupling distance d =10 nm
from the rectangular cavity to the semi-ring stub with 2 =50 nm, R=150 nm and » =50 nm, we can also
obtain the transmission spectrum in Fig.6 (b). The first Fano resonance dip presents at about 600 nm,
which is called FR 1 in the following article. The second Fano resonance dip presents at about 660 nm and
is called FR 2 in the following article. Figs. 6(c) ~(d) shows the magnetic field distributions of the second
Fano resonance dip at 660 nm and peak at 675 nm. Obviously, after light transmitting into the semi-ring
stub, SPPs will be coupled into the rectangular cavity with narrowband spectral responses. Since the semi-
ring stub structure provides broad pass band, the second Fano resonance will then be generated because of
the interaction of two modes.

The influence of the structure parameters on the transmission spectrum is studied in detail and the
results are shown in Fig.7. Figure 7(a) depicts that the position of FR1 can be tuned by the inner radius
() of the semi-ring stub. As shown in Fig. 7(a), with r increasing from 45 nm to 60 nm, the position of
the FR 1 changes from about 547 nm to about 627 nm, and simultaneously, almost no change in the
position of FR 2 (<{2 nm). Figure 7(b) depicts that the position of the FR 2 can be tailored by the length
of the rectangular cavity L. As shown in Fig. 7(b), with increasing L. from 180 nm to 210 nm, the position
of the FR 2 changes from 660 nm to 737 nm. At the same time, the change in FR 2 position is small, only
about 2 nm. Due to the independent tenability of the narrow states of FR 1 and FR 2, the two Fano
resonances can be tuned independently, When the parameters of the structure are L. =180 nm, w =50 nm,
d=10 nm, h =50 nm, R=150 nm and »=50nm, as shown in Fig. 8, with the increasing of n from 1.00 to
1.20, the dips of FR 1 and FR 2 are both redshift. The dips of FR 1 red shifts from about 600 nm to
718 nm and the dips of FR 2 red shifts from about 660 nm to 790 nm. Our results deeply explore the
dispersion principle of MIM waveguide. Furthermore, FOM is provided to investigate the performance of
the sensor by changing the refractive index from 1.00 to 1.20. There are two dips with FOM of 6555 and
145 at the wavelengths of 600 and 660 nm, respectively.

1.0 1.0
3 [ O
< S
S 06} b 0.6 |
‘E‘ N 3 § 5
= =

0.2 5 0.2 210

\ : , , 18019029 .
500 700 900 500 700 900
Wavelength/nm Wavelength/nm
(a) Different » with fixed L=180 nm (b) Different L with fixed »=50 nm

Fig.7 Transmission spectra of the multiple Fano resonance structure when R=150 nm, w=>50nm, d =10nm

[ n=1y\[\_/_¥
nzl.os/wf_\
=110 /\/\__\
[ =115 /\/‘R
1.0 F —
os k" ; W

0 500 700 900
Wavelength/nm

Transmittance/(a.u.)

Fig.8 Transmission spectra of the multiple Fano resonances structure with different n when

R=150 nm, =50 nm, L =180 nm, w=50 nm., d =10 nm
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3 Conclusion

In summary, the transmission characteristics of the proposed structure, which consists of a MIM
waveguide with a semi-ring stub, are analyzed and investigated. Simulation results show that a sharp
transmission dip was achieved at a broad wavelength range. The asymmetrical line shape and the resonance
wavelength can be manipulated by changing the outer radius and inner radius of the semi-ring stub,
respectively. The sensitivity and the FOM were 575 nm/RIU and 5 671. In addition, multiple Fano
resonances are attached by placing a rectangular cavity above the semi-ring stub horizontally. In this case,
the two Fano resonances can be tuned independently through changing the length of the rectangular cavity
and the inner radius of the semi-ring stub, respectively. In our designed structure, the highest FOM
reached to 6 555. Some challenges that we may be faced if the device was actually made to the practical
applications. We will do our best to realize such a thin free-standing structure at a thickness of 10 nm, and
to avoid the infiltrated fluids damaging the thin Ag spacers in the context of the current technology.
Anyhow, the proposed structure achieved a sharp and asymmetric Fano profile, which has a wide

application in the plasmonic nano-sensing area.
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