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Abstract: In this paper, a sub-wavelength metal-insulator-metal (MIM) waveguide structure is 
proposed by using a cross-shape rectangular cavity, of which wings are coupled with two rectangular 
cavities. Firstly, a cross-shape rectangular cavity is placed between the input and output MIM 
waveguides. According to the mutual interference between bright and dark modes, three Fano 
resonant peaks are generated. Secondly, by adding a rectangular cavity on the left wing of the cross 
shaped one, five asymmetric Fano resonance peaks are obtained. Thirdly, six asymmetric Fano 
resonance peaks are achieved after adding another cavity on the right wing. Finally, the 
finite-difference-time-domain (FDTD) method and multimode interference coupled-mode theory 
(MICMT) are used to simulate and analyze the coupled plasmonic resonant system, respectively. The 
highest sensitivity of 1 000 nm/RIU is achieved. 
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1. Introduction 

Firstly, Fano resonance was proved to be caused 
by coherent interference between discrete state and 
continuous state in the atomic system [1–3]. 
Secondly, Fano resonance has the characteristics of 
high refractive index sensitivity, high preferred 
value, and strong field enhancement, showing 
ultra-clear and asymmetric lines. Therefore, the 
unique characteristics make Fano resonance 
applicable to various optical fields, such as filters, 
splitters, and sensors [4–10]. In particular, Fano 
resonances recently have been observed in the 
subwavelength metal-insulator-metal (MIM) 

waveguide structures. Because the plasmonic MIM 
waveguide is one of the most promising ways to 
obtain high integrated photonic circuit, Fano 
resonances in MIM waveguide structures have 
attracted many researchers’ attention [11–17]. In 
recent years, many different MIM waveguide 
structures have been designed and asymmetric Fano 
peak can be obtained in the visible to near infrared 
wavelength range [18–26]. For considering the 
development of integrated photonics and the parallel 
processing capacity with multiple Fano channels, 
people begin to explore the possibility of generating 
more Fano resonance peaks by designing compact 
MIM structures [27, 28]. 
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In this paper, three Fano resonances are firstly 
realized in a cross-shape MIM waveguide structure 
owing to the mutual interference between the bright 
and dark resonant modes. Then, two rectangular 
cavities are successively added at both ends of the 
cross-shape one to obtain more effects of mode 
interactions. Consequently, up to six asymmetrical 
Fano resonant peaks are generated in this proposed 
structure. The performance of the MIM structure is 
analyzed by the finite-difference-time-domain 
(FDTD) method and multimode interference 
coupled-mode theory (MICMT), respectively.  

2. Structure and discussion 

In Fig. 1(a), the horizontal and vertical parts of 
the cross-shape cavity resonator are considered as a 
classical end-coupled Fabry-Pero (FP) resonator, 
respectively. They can respectively provide the 
bright and dark resonant modes, of which the 
interaction can induce Fano resonance. The widths 
of the MIM waveguide and the rectangular resonator 
are represented by D. The distances between the 
cross-shape cavity and the input/output waveguide 
are denoted by g, and the lengths of vertical 
rectangular cavity and horizontal one are defined by 
L and S, respectively. During the FDTD simulations, 
the following parameters remain the same all 
through the paper: the width is D=50 nm, the length 
is L=640 nm, the lengths of the upper and below 
parts of the vertical cavity are l1=410 nm and l2=  
180 nm, respectively, and the lengths of both wings 
of the horizontal cavity are the same as S=190 nm. 
Gap (g) of 10 nm requires challenging thickness 
control of metal, but some teams have solved this 
problem. Wei [29] used the oxygen plasma etching 
technology to reduce the spacing of metal triangular 
nanoparticles in the MIM structure to 10 nm scale. 
Miyazaki et al. [30] considered a dielectric with a 
thickness of T between two noble metal plates in a 
MIM waveguide. For T values less than 10 nm, 
small wavelength plasmons with wavelength of   
10 nm can be obtained from visible light to the near 

infrared. In this paper, deposition of nanometer-thick 
thin film is sufficiently feasible with conventional 
techniques. Therefore, the distance g is defined as  
10 nm. A uniform set of perfectly matched layers is 
used in the structure as absorbing boundary 
conditions. Firstly, we define the metal and 
dielectric materials as silver and air, respectively, 
and obtain the dielectric constant from the 
experimental data [31]. Specifically, there are two 
kinds of modes with wide band or narrow band. Due 
to mutual interference of light and dark modes, the 
Fano resonance of asymmetric line is produced. The 
simulated spectrum plotted with black solid lines is 
shown in Fig. 1(b), which explains that three 
transmission peaks with transmittances of ~0.4,   
~0.6, and ~0.2 are generated at 510 nm, 610 nm,  
and 890 nm, respectively. Three steep dips, which 
have the lowest transmittances of ~ 0 at 520 nm,  
620 nm, and 900 nm, occur at the right sides      
of the transmission peaks, respectively. Moreover, 
there is a Lorentz peak at 1 280 nm owing        
to FP resonance. All the simulations assume  
smooth metal surface. Although the sidewall 
roughness of the fabricated metal slot is quite   
large, this problem can be solved. Alimardani et al. 
[32] fabricated MIM tunneling diodes on various 
high and low power functional metals with different 
root mean square roughnesses by using the 
high-quality atom layer of Al2O3 deposited as the 
insulating layer. It is found that the surface 
roughness of the electrode can control the current 
and voltage characteristics of the MIM diode and 
overcome the influence of the metal working 
function. After extensive research by the authors, 
they believed that the roughness of the bottom 
electrode to be less than 20% of the thickness of the 
insulator in order to achieve nonroughness 
dominated electrical behavior.  

The factors that affect the performance of 
refractive index sensing are as follows: firstly, the 
performance of refractive index sensing is closely 
related to the electromagnetic properties of the 
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medium; secondly, the refractive index sensing 
performance is also related to wavelength, which is 
called dispersion phenomenon; thirdly, the gas 
refractive index sensing performance is also related 
to temperature and pressure; fourthly, it is also 

closely related to the arrangement of ions, in which 
the isotropic optical materials will also affect the 
refractive index sensing performance. Thus, no 
matter how the refractive index changes, one can 
detect it through the shifts of the peaks. 
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Fig. 1 Structural diagram and transmission spectra: (a) cross-shape cavity resonator structure and (b) transmission spectra of the 

basic structure based on FDTD (black solid line) and MICMT (red circle line) methods. 
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Fig. 2 Transmission spectra and sensor sensitivity under different refractive index conditions: (a) responses of the sensor for 

different refractive indices and (b) maximum FOM value of the proposed structure 
The sensing performance of the proposed 

structure is demonstrated with responding to 
different refractive indices of the dielectric marked 
white in Fig. 1(a). The geometrical parameters of the 
structure are those given in the previous section. The 
refractive index has been varied from 1 to 1.15 with 
a step of 0.05 and the corresponding responses are 
shown in Fig. 2(a). It can be seen that the Fano-like 
response is preserved at all four resonances for each 

response. The sensitivity of a sensor (nm/RIU) is 
usually defined as the shift in the resonance 
wavelength per unit variation of the refractive index 
[33]. According to the responses, the calculated 
values are 400 nm/RIU, 700 nm/RIU, and         
1 000 nm/ RIU for the Fano peaks at 510 nm, 610 nm, 
and 890 nm, respectively. The sensitivity of       
1 000 nm/RIU is higher than those of most similar 
MIM systems, meaning our system will be more 
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sensitive to small variations of the surrounding. In a 
more detailed sensing application, once the 
refractive index of the medium changes with 
temperature, concentration or pressure, the 
displacement of the resonant peak can be measured 
to calculate the refractive index change. Therefore, 
the structure can be used for sensing applications in 
different refractive index environments, such as 
biological and medical applications, where the 
sensing material is a water-based solution. Moreover, 
in the aspect of refractive index sensing, the 
advantage of multiple Fano resonance is that it can 
be used not only in the refractive index sensitive 
region, but also in the fast/slow light region. The 
proposed structure can also be used to realize the 
integration and miniaturization of the photonic loop, 
which provides some theoretical reference for 
simultaneous detection and differential sensing of 
various samples to be tested. 

In addition, figure-of-merit (FOM) is an 
important factor in evaluating sensor performance 
and can be expressed as [34] 

  d ( ) d ( )max
( )

T nFOM
T
λ λ

λ
 

=  
 

          (1) 

where ( )T λ  is the transmission, and 
d ( ) d ( )T nλ λ  is the transmittance change at fixed 
wavelength induced by a refractive index change. 
According to (1), it can be concluded that in order to 
obtain high FOM, ultra-low transmittance for the dip 
is preferred, and then the sharp increase caused by 
the change of index is obtained. Due to the super 
sharp asymmetric Fano line shape, the maximum 
FOM values at the Fano peaks of 510 nm, 610 nm, 
and 890 nm are achieved as high as ~31 dB, ~42 dB, 
and ~38 dB, respectively, as exhibited in Fig. 2(b). 

Secondly, as we all know, the coupled mode 
theory (CMT) [35, 36] is well-suited for analyzing 
single-mode coupling in plasmon-resonance systems 
because the coupling phase between the resonance 
mode and the waveguide can be ignored with an 
appropriate reference. However, when multiple 
mode coupling is involved, such as the structure 

proposed in Fig. 1(a), the coupling phase and 
modulus of each resonant mode are different, and 
they will affect transmission. Hence, the multimode 
interference coupled mode theory (MICMT) [35] is 
used to analyze the transmission spectrum for this 
proposed-structure, and gives the following four 
formulas: 
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where an and ωn are the normalized amplitude and 
resonant frequency of the nth resonant mode, 
respectively. an is time dependent. niτ  is the decay 
time of internal loss of nth resonant mode in 
resonator, whereas 1ncτ  and 2ncτ  are the decay 
time of the coupling between the resonator and 
waveguides. 1j

1e n
n

ϕγ  and 2j
2e n

n
ϕγ  stand for the 

normalized coefficients ( 1 1 1n nγ γ= ≈  in this paper). 

1nθ  and 2nθ  are the coupling-phases of the nth 
resonant mode. nϕ  describes the phase difference 
between the output and input ports of the 𝑛-𝑡h 
resonant mode. 

From Fig. 1(a), 1,2S +  is the normalized 
amplitude between the input and output MIM 
waveguides, respectively. Moreover, amplitude 2S +  
can be set to zero, because the surface plasmon 
polaritons (SPPs) should be emitted from the left of 
MIM waveguide. Consequently, the amplitude 
transmission coefficient can be derived as the 
following formula: 
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where 1 1 2n n n n nφ ϕ ϕ θ θ= + + −  is the coupling 
phase difference under the nth resonance mode; ω  
refers to the frequency range of the spectrum, which 
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corresponds to 500 nm to 1 600 nm in the diagram. 
Since the input and output waveguides are 
symmetrical with respect to the cross-shaped cavity 
and have a uniform width, the following conclusions 
can be drawn: 1 2nc nc nτ τ τ= =  and 1 2n nθ θ= , where 

nτ  is the number to replace 1ncτ  and 2ncτ . 
Therefore, the transmission T of the structure can be 
expressed by the following formula: 

  
( )

2

j
2 2e

j 2

n

nn
n n

ni

T t
θφ

τω ω τ
τ

= ≈
− − + +

 .      (7) 

Finally, through the analysis of the FDTD 
method and the MICMT method mentioned above, 
the Fano-resonant peaks are further studied using the 
red circle line through the MICMT method shown in 
Fig. 1(b), which is in good agreement with the 
results obtained by the FDTD method. 
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Fig. 3 Responses of phase and time delay: (a) phase 

responses and (b) delay time for the cross shaped rectangular 
cavity resonator structure, respectively. 

Furthermore, in the application of fast or slow 
light technology, the phase response is a key factor, 
which can be attributed to the significant effect of 
resonance peaks and drops. It is important to note 
that the phase response is calculated using FDTD 
solution software from the electromagnetic field 
information obtained by the output port monitor. 
More details of the phase responses and the group 
delays for this structure are shown in Fig. 3. 
Especially, the phase changes between 500 nm and  
1 600 nm are shown in Fig. 3(a), which shows phases 
are shifted from 3.1π to 3.5π at the wavelength range 
from 510 nm to 520 nm, from 1.8π to 2.5π at the 
wavelength range from 620 nm to 650 nm, and from 
0.75π to 1.3π at the wavelength range from 890 nm 
to 900 nm, respectively. Actually, the phase shifts 
are attributed to Fano resonances; consequently, the 
spectral regions of phase shifts are determined by 
the wavelength ranges of Fano windows. One can 
compare the wavelengths of Fano windows in   
Fig. 1(b) to that of phase shifts in Fig. 3(a), then it 
can be found that they occur at the same wavelength 
range. Specifically, phase continuity will be 
disrupted within the Fano window, but it changes 
linearly at other wavelengths. Furthermore, 
according to the relationship between the group 
delay τ and the phase shift θ, we can obtain the 
delay time through the condition: 

( ) 2d 2 dcτ λ λ θ π λ= − . By calculating the phase 
response in Fig. 3(a), the variation of delay time with 
respect to wavelength is achieved in Fig. 3(b). It can 
be seen that group delays of ~–0.05 ps, ~–0.22 ps, 
and ~–0.03 ps are obtained during three descent 
periods, respectively. In addition, we can know that 
group delays of ~0.35 ps and ~0.18 ps are obtained at 
the two peaks, respectively. Obviously, positive and 
negative delay time, which are preferred in slow/fast 
light area, are obtained at the wavelengths around 
each Fano peak and dip, respectively. Intuitively, 
additional positive delay time is pursued in the slow 
light communication system. Alternatively, the fast 
light system will employ the negative delay time 
characteristic. Generally speaking, in addition to the 
refractive index sensing, one can properly use the 
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Fano window for the requirement of slow/fast light 
communication. 

In Fig. 4(a), the parameters are similar to that in 
Fig. 1(a), but a rectangular cavity is added at the left 
end. The width of the rectangular cavity is D=50 nm, 
the length of the rectangular cavity is H=370 nm, 
and the coupling distance is g=10 nm. Specifically, a 
large wide-band bright mode, which emerges in the 
left rectangular cavity, will interact with the dark 
mode in the cross-shape one. Due to the mutual 
mode interference, Fig. 4(b) shows the transmission 
spectrum of the structure, which generates five Fano 
resonant peaks. Obviously, the simulated spectrum 
plotted with black solid lines is shown in Fig. 4(b), 
which explains that five transmission peaks with 
five transmittances of ~0.30, ~0.41, ~0.38, ~0.24, 
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Fig. 4 Structure diagram and transmission spectra:        

(a) mutually perpendicular rectangular cavity and left end 
coupled rectangular cavity resonator structure and (b) 
transmission spectra of the basic structure based on FDTD 
(black solid line) and MICMT (red circle line) methods. 
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Fig. 5 Responses of phase and time delay: (a) phase 

responses and (b) delay time for the cross shaped rectangular 
cavity and left end coupled rectangular cavity resonator 
structure, respectively. 

and ~0.38 are generated at 510 nm, 590 nm, 680 nm,  
890 nm, and 1 150 nm, respectively. Five steep dips, 
which have the lowest transmittance of ~0 at    
520 nm, 620 nm, 690 nm, 900 nm, and 1 160 nm, are 
generated to the right of the transmission peaks, 
respectively. There are also two Lorentz peaks at   
1 290 nm and 1 500 nm. Similarly, through the 
analysis of FDTD method and MICMT method, the 
Fano-resonant peaks are further investigated by the 
MICMT method shown in Fig. 4(b) using red circle 
line, which agrees well with the result of FDTD 
method. 

Similar to the analysis above, phase shifts are 
achieved because of the Fano resonances in Fig. 4(b), 
and negative group delay and positive group delay 
are obtained in the Fano dips and peaks in Fig. 5, 
respectively. Taking several phase changes and 
group delay in Fig. 5 as examples, phase changes 
occur at 510 nm and 620 nm, respectively, 
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corresponding to Fano resonance depression in   
Fig. 4(b). In the wavelength ranges of 510 nm to  
520 nm and 620 nm to 650 nm, the phase ranges from 
3.1π to 3.5π and 2.2π to 2.6π, respectively. Then, the 
group delay can be calculated, and the maximum 
delays at 510 nm and 620 nm are –0.21 ps and 0.19 ps, 
respectively. More detailed results are shown in 
Table 1. Consequently, the unique properties within 
these Fano resonant windows will play a significant 
role in the development of fast or slow light 
technologies in communication. 
Table 1 Phase-shifts and group-delays corresponding to Fig. 4. 

  Wavelength range Wavelength range Wavelength range

Phase 
shifts 
and 

group 
delays 

Positive 
delay 

520 nm–530 nm 560 nm–570 nm 620 nm–650 nm 

0, 0.39 ps 0, 0.59 ps 0.4π, 0.19 ps 

890 nm–900 nm 1 000 nm–1 010 nm 1 150 nm–1 160 nm

0.55π, 0.19 ps 0, 0.18 ps 0.5π, –0.03 ps 

Negative 
delay 

510 nm–520 nm 530 nm–550 nm 570 nm–580 nm 

0.4π, –0.21 ps 0, –0.09 ps 0, –0.41 ps 

680 nm–690 nm 910 nm–920 nm 1 020 nm–1 030 nm

0.6π, –0.22 ps 0, –0.07 ps 0, –0.05 ps 

Likewise, in Fig. 6(a), a rectangular cavity is 
added at the right end for obtaining more Fano 
channels, while other parameters are the same as 
that in Fig. 4(a). The width of the rectangular cavity 
is D=60 nm, the length of the rectangular cavity is 
G=370 nm, and the coupling distance is g=10 nm. 
Similarly, due to the mode interferences from the 
right cavity and the cross-shape one, the simulated 
spectrum plotted with the black solid line is shown 
in Fig. 6(b), which explains that six transmission 
peaks with transmittances of ~0.22, ~0.34, ~0.41, 
~0.20, ~0.23, and ~0.58 are generated at 510 nm,  
620 nm, 680 nm, 890 nm, 950 nm, and 1 150 nm, 
respectively. Six steep dips, which have the lowest 
transmittances of ~0 at 520 nm, 650 nm, 690 nm,  
900 nm, 960 nm, and 1 160 nm, are generated at the 
right of the transmission peaks, respectively, and 
there is a Lorentz peak achieved at 1 400 nm. 
Similarly, through the analysis of FDTD method and 
MICMT method, the Fano-resonant peaks are 
further investigated by the MICMT method shown 
in Fig. 6(b) using red circle line, which agrees well 
with the result of FDTD method. 

 

D

Silver Air 

g g 

G
H

 

D 

(a) 
 

Tr
an

sm
iss

io
n 

 
Wavelength (nm) 

 

0.2

0

0.4

0.6

0.8

500  700  900  1 100   1 300  1 500

FDTD 
MICMT

(b)  
Fig. 6 Structure diagram and transmission spectra:        

(a) mutually perpendicular rectangular cavity and two ends 
coupled rectangular cavity resonator structure and           
(b) transmission spectra of the basic structure based on FDTD 
(black solid line) and MICMT (red circle line) methods. 

Figures 7(a) and 7(b) show the phase responses 
and delay time corresponding to the structure in  
Fig. 6(a), respectively. Owing to Fano resonance, 
phase shifts are achieved within the Fano windows. 
In addition to the sensing applications, since there 
are multiple Fano peaks in the proposed structure, 
one can use the normal and abnormal dispersion 
performances in other areas, such as multi-channel 
optical communication system. Taking several phase 
changes and group delay in Fig. 7 as examples, 
phase changes occur at 510 nm and 620 nm, 
respectively, corresponding to Fano-resonance 
depression in Fig. 6(b). In the wavelength ranges of 
510 nm to 520 nm and 620 nm to 650 nm, the phase 
ranges from 3.1π to 3.5π and 2.2π to 2.6π, 
respectively. It also shows that obvious phase will 
occur within the Fano window, but the phase curve 
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Fig. 7 Responses of phase and time delay: (a) phase 

responses and (b) delay time for the cross shaped rectangular 
cavity and two ends coupled rectangular cavity resonator 
structure, respectively. 

is quite smooth at other wavelengths. According to 
the relationship between the group delay τ and the 
phase θ, the group delay can be calculated, and the 
maximum delays at 510 nm and 620 nm are –0.10 ps 

and 0.49 ps, respectively. More detailed results are 
shown in Table 2. Similarly, the unique properties 
within these Fano resonant windows will be 
preferred in the slow/fast light technologies in 
communication. 

Table 2 Phase-shifts and group-delays corresponding to Fig. 6. 

  Wavelength range Wavelength range Wavelength range

Phase 
shifts and 

group 
delays

Positive 
delay

550 nm–560 nm 620 nm–630 nm 680 nm–690 nm
0, 0.40 ps 0.4π, 0.49 ps 0.6π, 0.29 ps 

890 nm–900 nm 950 nm–960 nm 1 380 nm–1 390 nm
0.55π, 0.18 ps 0.6π, 0.09 ps 0, 0.03 ps 

Negative 
delay

510 nm–520 nm 560 nm–570 nm 630 nm–640 nm
0.3π, –0.10 ps 0, –0.30 ps 0, –0.28 ps 

690 nm–700 nm 900 nm–910 nm 970 nm–990 nm
0, –0.22 ps 0, –0.05 ps 0, –0.03 ps 

To understand the principle of the mode 
interaction that causes Fano resonance, Fig. 8 shows 
twelve magnetic field distributions of magnetic field 
distributions matching the structure in Fig. 5(a). At 
the inclination wavelength, the magnetic field of the 
rectangular cavity at the right end is almost zero, as 
shown in Figs. 8(b), 8(d), 8(f), 8(h), and 8(l), 
respectively. Moreover, there is almost no SPP 
energy in the output MIM waveguide. The opposite 
distribution details can be found in Figs. 8(a), 8(c), 
8(e), 8(g), 8(i), and 8(k), which illustrate the 
magnetic fields at the peak wavelengths. Besides, 
due to the strong interference between cross-shape 
cavity and the rectangular cavities on both sides, 
large magnetic field energy ratio causes multiple 
Fano resonances. 
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Fig. 8 Magnetic field distributions for the cross shaped rectangular cavity and two-end coupled rectangular cavity resonator:     

(a) peak at 518 nm, (b) dip at 525 nm, (c) peak at 614 nm, (d) dip at 620 nm, (e) peak at 665 nm, (f) dip at 680 nm, (g) peak at 890 nm, 
(h) dip at 898 nm, (i) peak at 975 nm, (j) dip at 1 015 nm, (k) peak at 1 164 nm, and (l) dip at 1 185 nm. 
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3. Conclusions 

Transmission characteristics of SPPs-based 
MIM waveguides in the cross-shape rectangular 
cavity and two end-coupled rectangular cavity 
resonators have been proposed and investigated. The 
results show that all the cavities can effectively 
provide the bright or dark modes that interact with 
each other and up to six Fano resonant peaks have 
been achieved. In addition, the negative and positive 
group delays are also observed in Fano windows, 
and the proposed structure can not only be used in 
the refractive index sensing area, and also be used in 
the fast/slow light region. The performances of the 
proposed structure have been investigated by FDTD 
simulation and analyzed by MICMT. It can be 
considered that the proposed structure has broad 
application prospects in the field of on-chip optical 
sensing. 
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