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HIGHLIGHTS

® Fano resonance based on MIM waveguide cavity with a metal nanowall is presented.

® The geometric sizes, temperature effect on Fano resonance is analysis in details.
® The proposed structure may have application in slow light, filter and sensor.
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The temperature control of Fano resonance via a resonator waveguide system which is composed of a side
coupled ring cavity and a metal nanowall is presented. The ring resonator is filled with sealed ethanol which can
tune the Fano resonance by the temperature. Two dimensional finite difference time domain method is used to
calculate the transmission and field distribution. The Fano resonance is originated from the coupling between
the discrete state and the continua state. The discrete state and continua state is from the side coupled ring

resonator and the metal nanowall, respectively. The asymmetrical Fano linestyle can be tuned by changing the
temperature of the sealed ethanol or the geometric parameters. Multiple Fano resonance can be obtained by
introducing another ring resonator and can be tuned by temperature or size independently. The proposed
plasmonic structure may have application in slow light device, nanoscale filter, all optical switch and refractive

index sensor.

1. Introduction

Surface plasmons (SP) are the light waves that trap on metal-di-
electric interface, which has the ability to overcome the classical dif-
fraction limit and regarded as an intriguing field for optical switch,
sensing and nano integrating [1-3]. Surface plasmons are considered to
have application in the design of precision nanophotonic devices over
recent years. Many plasmonic devices based on SPPs have been pro-
posed to realize all optical modulation. Such as wavelength demulti-
plexers [4], plasmonic sensor [5,6], plasmonic filter [7-9], optical
switching [10], slow light [11-13], plasmonic perfect absorber [14,15]
have been investigated. Fano resonance exhibits asymmetric and sharp
line style which is arises from the constructive and destructive inter-
ferences between a sharp discrete state and a broad continuous state.
They have been realized in many systems, for example, all dielectric
nanoparticle oligomers [16], planar pseudo dolmen structure [17], rod
and concentric square ring disk nanostructure [18]. But the metallic
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nanoparticle structure is not suitable for integration. Recently, Fano
resonance is also studied in plasmonic metal-insulator-metal (MIM)
waveguide resonator system, The waveguide resonator system has great
advantages in refractive index sensing and optical switch due to its
sharp and asymmetric line shape. In addition, MIM waveguide is very
suitable for integration due to its capability of overcoming the dif-
fraction limit. Single and multiple Fano resonances based on MIM
waveguide resonator structure have been designed due to near field
coupling. For example, Li et al. investigated Fano resonances based on
multimode and degenerate mode interference in plasmonic resonator
system [19]. Ouyang et al. proposed and investigated tunable Fano
resonance in a MIM waveguide structure coupled with hetero cavities
[20]. Meng et al. investigated the control of Fano resonance in photonic
crystal nanobeams side coupled with nanobeam cavities and its appli-
cation in sensing [21]. The coupled mode theory (CMT) is often used to
calculate the Fano response, but the cavity mode amplitude and wa-
veguide coupling loss are hard to be analytically obtained. However,
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most of the Fano resonances arise from the mode interference in the
resonators, which make it hard to tune. Active control of SPPs in
plasmonic structure is very valuable because its potential application in
the design of tunable plasmonic device. Therefore, there is an urgent
need to develop tunable MIM waveguide structure where their optical
transmission can be actively tuned by external force, heat, electric,
magnetic field and temperature.

Active tunable plasmonic devices can be designed by many optical
effects. Such as electro-optic effect, magnetic optic effect, thermo-optic
effect, Kerr effect and so on. In our previous paper [22-25], graphene,
Kerr material, liquid crystal material and optofluidic technology is
utilized in our work to design tunable plasmonic devices. such as all
optical switch, plasmonic filter, tunable plasmonic splitter, Fano re-
sonance and sensor. It is worth mentioning that in recent years opto-
fluidic sensing and silicon photonics show great application prospects
in biomedical, optical trapping and manipulate nanoscale particles
[26-29]. In this work, a Fano resonance structure based on waveguide
side coupled ring resonator with metal nanowall is proposed, the ring
cavity is filled with sealed ethanol. It is found that the transmittance of
the proposed system decreased from peak to dip with wavelength shifts
of only 9nm for the Fano resonance. The Fano resonance tuned by
temperature is investigated, the resonant wavelength, peak transmit-
tance, linewidth can also be tuned by the geometric parameters.
Moreover, by introducing another ring resonator with different ethanol
temperatures or sizes, four Fano resonance can be realized. By con-
trolling the ethanol temperature in the ring resonator, the Fano re-
sonance can be tuned independently. Therefore, the proposed compact
plasmonic structure may pave a way for the design of tunable multiple
Fano resonance device.

2. Geometry and simulation method

Fig. 1 shows the proposed plasmonic waveguide coupled resonator
system which is composed of a MIM waveguide with metal nanowall
and a ring resonator. In the simulation, a two dimensional model is
used. The metal in the model is silver, and the frequency dependent
complex relative permittivity of silver is characterized by the Drude
model:

2
“p

(€8]

Where the plasma frequency of silver is w,=1.37 x 10'®s™", and
the damping constant is y,=2.73 x 10"3s~* [30]. The insulator in the
MIM waveguide is air. The width of the bus waveguide is w, the
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Fig. 1. The schematic diagram of the proposed plasmonic resonator system
composed of a ring resonator filled with sealed ethanol and a MIM waveguide
separated by a air slot. The geometrical parameters of the proposed plasmonic
Fano structure were set as w = 50 nm, s = 20 nm, R = 320 nm, r = 270 nm,
g =20nm.
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thickness of the metal nanowall is s. The outer radius and inner radius
of the ring cavity are R and r. The gap between the MIM waveguide and
the ring cavity is g. The ring cavity is filled with ethanol, whose re-
fractive index n = 1.36084 — 3.94 X 10~*(T — Tp), Ty stands for the room
temperature as 20 °C [31]. FDTD solution 8.15 and matlab 7.0 were
used for numerically calculated. Since the light is incident from X di-
rections, perfect matched layers (PMLs) are applied inX direction. Metal
boundary condition was selected in Y direction. The grid sizes in X and
Y are set to be 5 nm X 5 nm , At = =X, where c is the free space speed of
light. The total simulation area is 1600 nm X 1600 nm. In this paper, the
performance of the proposed Fano resonance has been simulated by 2D
FDTD method, assuming the thickness of the z direction is infinite, for
actual 3D structure in laboratory, this assumption is acceptable for the
thickness larger than 1 um [32]. More accurate results can be obtained
by 3D FDTD method but at the cost of a larger number of computer
memory and time.

3. Simulation results

In the simulation, the geometric parameters of the proposed struc-
ture are set as: w=50nm, s=20nm, R=320nm, r =270 nm,
g = 20 nm. In the whole paper, the normalized transmittance of the
structure is defined as the quotient between the power flows (obtained
by integrating the Poynting vector over cross section of the MIM wa-
veguide) of the output and input port. The transmission spectra of the
MIM waveguide with metal nanowall, single ring cavity and the whole
Fano coupled system are presented in Fig. 2. For the MIM waveguide
with a metal nanowall, the transmittance is less than 0.16 in the range
of 800-1400 nm. Therefore the metal nanowall can be seen as a con-
tinuum state. To creat a discrete state, a ring cavity is side coupled with
the MIM waveguide, it can be seen that in the range of 800-1400 nm,
there are two symmetric Lorentzian like valleys which represent the
first and the second eigenmode of the ring cavity. The two resonance
modes are classified by TM,,. m is the number of nodes of standing
waves in the ring cavity. From Fig. 3 it can see that the resonant modes
are TMy and TMg, respectively. Since the two narrow resonant modes
are overlapped with the broad continuum state. Therefore, two sharp
and asymmetric Fano resonances are formed in the transmission spec-
trum. Here, the two Fano resonance are denoted as FR 1 (right Fano
resonance in Fig. 2) and FR 2 (left Fano resonance in Fig. 2). The
transmittance is about 36% at the peak wavelength 904 nm, and the
transmittance is almost zero at 913 nm. The changes of wavelength
from peak to dip are 9 nm (FR2), 14 nm (FR1), respectively. Comparing
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Fig. 2. The FDTD simulation results. The transmission spectra of the single
metal nano wall, single ring resonator, and coupled waveguide plasmonic
structure.
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Fig. 3. Magnetic field distributions (IH,|) at the wavelength 904 nm (a), 911 nm
(b), 1188 nm (c), 1198 nm (d), respectively.

with the paper, the FR1 in our work is much smaller [33]. Therefore,
the sharp Fano resonance (Fig. 2) can be used to design slow light and
refractive index sensors.

To further understand the physical mechanism of the Fano re-
sonance, the magnetic field distributions |H,| at the wavelength of the
two transmission peaks (904 nm, 1188 nm) and two transmission dips
(911 nm, 1198 nm) are demonstrated in Fig. 3. For comparison, all the
field distribution Figs are normalized, and the color bar values are
identical. It can be observed from Fig. 3a and c that the a part of SPPs
can pass through the bus waveguide. Strong field is confined in the ring
cavity. The profile of |H,| for the plasmonic system at the dip wave-
length are displayed in Fig. 3b and d. It can see that the field in the ring
resonator and the waveguide causes destructive interference and most
of the input energy cannot pass through the bus waveguide. The ultra-
narrow Fano spectral line indicates that high on-off contrast ratio can
be achieved and has potential application in ultrafast optical switches
or filters.

The Fano resonance can be tuned by the geometrical parameters of
the ring resonator or the metal nanowall. The effect of gap gon the
transmission spectra is studied. Here, the other geometric parameters
are the same as above in the simulation calculation, when gap
g =20, 25, 30 nm, the transmission spectrum is displayed in Fig. 4. It
can see that when the gap g increases, the transmittance becomes
smaller, and at the same time the linewidth becomes also smaller. In
particular we found when g > 70 nm, the Fano resonance disappeared
since the coupled strength is so small. Therefore, the high contrast ratio
and narrow linewidth can be tuned by changing the gap g. As the
discrete states is induced by the ring resonator. The effect of the radius
of ring resonator on the transmission spectra is investigated and the
results validating it can affect the spectral. Keep the other parameters
the same as above, from Fig. 5 it can be observed that the Fano peak
wavelength red shift when the outer radius of the ring resonator in-
creases from 320 nm to 325, 330, 335, and 340 nm. This is because in
the proposed Fano resonance, the two discrete states are provided by
the side coupled ring resonator, the position of two Fano peaks is di-
rectly affected by the positions of the two resonant modes of the ring
resonator.

In the proposed Fano resonance, the continua state is induced by the
metal nanowall, the effect of the thickness of the metal nanowall on the
transmission spectra is calculated. From Fig. 6, it can be seen that when
the thickness of the metal nanowall increase, the transmittance of the
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Fig. 4. The transmission spectra of the plasmonic Fano system with different
gap distances g.
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Fig. 5. The transmission spectra of the plasmonic Fano system with different
ring cavity radius R.
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Fig. 6. The transmission spectra of the plasmonic Fano system with different
thickness of metal nanowall s.
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Fig. 7. (a) The transmission spectra of the plasmonic Fano system with different temperatures to ethanol filled in the ring cavity. FDTD simulations of the time
averaged magnetic field (H,) (A = 905nm) intensity distribution when (b) T =100 °C (¢) T =60 °C (d) T =20 °C (e) T = —20 °C.

Fano resonance becomes smaller, and the Fano resonance effect be-
comes weaker, especially when the thickness of the metal nanowall
increases to 80 nm, the continua state is almost disappeared, and the
transmission spectrum takes on a symmetric Lorentzian linestyle. The
above characteristics indicate that we can tune the Fano resonance by
changing the thickness of the metal nanowall.

The refractive index of the ethanol can be tuned by the temperature,
therefore the Fano resonance peaks can be tuned by the temperature.
Fig. 7(a) shows the transmission spectra of the plasmonic Fano system
with different temperatures to the ring cavity. According to our
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simulations, as the temperature of the ethanol increases, the Fano re-
sonance wavelength is blue shifted. A 41 nm change of FR 1 has been
achieved by increasing the temperature from T = —20 °C to T = 100 °C,
the corresponding frequency shift is about
Af = 258.1THz — 249.3THz = 8.8THz. FDTD simulations of the time
averaged magnetic field (905 nm) intensity distributions are presented
in Fig. 7(b)-(e). Taking the Fig. 7d as an example, it is the field dis-
tributions at the resonant wavelength (transmission peak 905 nm) of
the left Fano resonance. It can be see a standing wave pattern with
strong field intensities is excited in the ring resonator. There are eight
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Fig. 8. a. The schematic of the plasmonic Fano system consisting of two side coupled ring resonators and a metal nanowall. b. The transmission spectrum of the two
same ring resonators side coupled Fano system (7 = T). c. shows the corresponding Magnetic field distributions (IH|) at the peaks and dips wavelength. The other
geometrical parameters of the proposed plasmonic Fano structure were set as w = 50 nm, R = 320 nm, r = 270 nm, g = 20 nm, s = 15 nm.

anti-nodes in the standing wave pattern, revealing that a high order
resonant mode (eight order oscillation) is excited in the ring resonator.
For the eight order oscillation, at the connection part between the MIM
waveguide and the ring resonator is a node, as shown in Fig. 7d. It
makes the power flow of the node in the ring resonator difficult to be
leaked in to the MIM waveguide, and thus the power of the eight order
mode is trapped in the ring resonator. Therefore, the eight order re-
sonant mode is a strong trapped mode with a narrow response spectrum

(FR 1). By increasing the temperature, the refractive index n of the
ethanol decrease, the optical length of the ring resonator (s = 2nr.sRe
(nes)) decrease as well, where n.4 refers to the effective refractive index
of the ring resonator, which can be solved by the dispersion equation,
Tof is the effective radius of the ring resonator. The resoannce condition
of the cavity mode is mA = s, m = 1, 2... There, the resonant frequency
and the quantity of transmitted light will be varied with the tempera-
ture. Therefore, the proposed plasmonic waveguide structure can be
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Fig. 9. The transmission spectrum of the side coupled two ring resonators with
different temperatures T, of ethanol in the lower resonator, and the temperature
of ethanol in upper resonator are fixed at I; = 0 °C.

used as a tunable Fano resonance devices.

One way to realize multiple Fano resonance is to introduce another
side coupled ring resonator in the above structure. For symmetry
structure, as can be seen from Fig. 8a, the two ring resonators have the
same size. When the ethanol temperature in the two ring resonators are
the same (7} = T), the transmission spectrum is shown in Fig. 8b, it can
be seen that two Fano resonances appear in the transmission spectrum.
The Magnetic field distributions (H|) at the peaks and dips wavelength
are shown in Fig. 8c. The field distributions are symmetry due to the
proposed symmetrical structure. However, by introducing asymmetry,
when the ethanol temperature in the two ring resonators are not the
same (T; # T5), the ethanol temperature in the upper resonator is set
T, = 0°Cand keep unchanged, but the ethanol temperature in the lower
resonator T, changes from 100 °C to 60 °C, 0°C, —60°C and —100 °C.
The transmission spectra are shown in Fig. 9, it can be seen that there
are four Fano resonances in the spectra. In order to investigate the
physical mechanism of the four Fano resonance, the Magnetic field
distributions (IH,l) at the peaks and dips wavelength are shown in
Fig. 10 when T, = —100 °C. Obviously, it can be seen that the field
energy is confined in the upper resonator when the wavelength are
930 nm, 938nm, 1222nm and 1236 nm. While the field energy is
confined in the lower resonator when the wavelength are 904 nm,
912nm, 1187 nm and 1200 nm. When the ethanol temperature in the
lower resonator T, decreases, the Fano resonances (904nm and
1187 nm) keep unchange, but the other two Fano resoannces (930 nm
and 1222 nm) show an obvious red shift behavior. This phenomenon
indicates that the Fano resonances (904 nm and 1187 nm) are related to
lower resonator and the Fano resoannces (930 nm and 1222 nm) are
related to upper resonator. Moreover, the sensitivity of the proposed
temperature sensor is calculated and the results is 0.31 nm/°C, which is
bigger than the value reported in the paper [34,35]. Another way to
introduce asymmetry is to change the size of the lower ring resonator,
we set the size of upper resonator R = 320 nm, r = 270 nm and keep
unchanged, but the size of the lower resonator changes from
R=325nm,r=275nm to R =330 nm , r = 280 nm, R =
335 nm , r = 285 nm, R =340 nm , r = 290 nm and R=
345 nm , r = 295 nm. The evolution of quadruple Fano resonances are
shown in Fig. 11. The above quadruple Fano resonance can be tuned
independently by using different temperatures in the two resonators or
ring size. Due to the physics origin as an interference phenomenon and
the sharp asymmetric line shape, the devices based on Fano resonance
have shown a large sensitivity and figure of merit (FOM), which can be
used in sensors, switch and slow light. Since spectral transmittance
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Fig. 10. Magnetic field distributions (H,|) of the plasmonic system when T; = 0
°C and T, = —100 °C at the Fano resonance dips and peaks.
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Fig. 11. The transmission spectrum of the side coupled two ring resonators with
different sizes of the lower resonator, and the size of upper resonator is fixed at
R =320 nm, r = 270 nm.
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drops sharply from peak to dip, the asymmetric spectral shape induced
by Fano resonance is capable of retrieving high sensitive temperature
measurements, the sensitivity of the proposed temperature sensor is
0.31 nm/°C, which is bigger than the paper [34,35].

4. Conclusions

In this paper, the Fano sharp line shape has been investigated nu-
merically in plasmonic waveguide systems which consist of a metal
nanowall and ring cavity. Ethanol in the ring cavity which can been
used to modulate the Fano resonance. Numerical calculation results
indicate that the Fano resonant wavelength, transmittance and line
width can be tuned by the geometric parameters. Such as the thickness
of the metal nanowall, the radius of the ring cavity, the gap between the
MIM waveguide and ring cavity. Moreover, the Fano resonance can also
be tuned by the temperature of the ethanol. Multiple Fano resonance
can be tuned by controlling the temperature of ethanol or the ring size.
The above results can find potential applications in highly integrated
circuits, optical switch, plasmonic nanosensor and slow light devices.
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