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Index sensing characteristics of the plasmonic sensor 

based on metal-insulator-metal waveguide-coupled struc- 

ture
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A plasmonic refractive index sensor based on metal-insulator-metal (MIM) waveguide-coupled structure is proposed 

and demonstrated in this paper. The physical mechanism of the device is deduced, and the finite difference time do-

main (FDTD) method is employed to simulate and study its index sensing characteristics. Both analytic and simulated 

results show that the resonant wavelength of the sensor has a linear relationship with the refractive index of material 

under sensing. Based on the relationship, the refractive index of the material can be obtained from the detection of the 

resonant wavelength. The results show that the sensitivity of the sensor can exceed 1600 nm/RIU, and it can be used in 

chemical and biological detections. 

Document code: A Article ID: 1673-1905(2013)05-0321-4 

DOI  10.1007/s11801-013-3081-8 

 

 

                                                        

∗   This work has been supported by the National Natural Science Foundation of China (No.61275059), the Excellent Young Teachers Program of 

South China Normal University (No.2012KJ002), and the “973” Project (No.2011CBA00200). 

∗∗  E-mail: guojpgz@163.com 

Since the first surface plasmon resonance (SPR) integrated 

optical sensor was described in late 1980s[1], various inte-

grated optical SPR sensors using slab waveguide, chan-

nel waveguide and even more complex waveguide 

structure have been demonstrated[2-6], but for most of 

conventional waveguides, the diffraction limit of light 

poses a significant challenge to the miniaturization and 

ultra-density integration of optical circuits[7]. 

Plasmonic waveguides, based on surface plasmons 

polaritons (SPPs) propagating at the metal-dielectric in-

terfaces, have been considered as one of promising can-

didates to overcome the classical diffraction limit for 

their ability to guide and manipulate light at deep sub-

wavelength scales[7,8]. Compared with other types of sen-

sors, the plasmonic waveguide integrated sensor has an 

inherent advantage to achieve high integration[8,9]. 

Recently several plasmonic sensors have been inves-

tigated. Lu et al[10] designed a nanosensor based on Fano 

resonance in the double-nanoresonator system. Wu[11] 

and Chen[12] presented the experimental demonstration 

for a refractive index sensor based on the interference of 

two SPP waves in the slit metallic structure. In this paper, 

a simple and compact plasmonic sensor based on 

metal-insulator-metal (MIM) waveguide-coupled struc-

ture is proposed. The physical mechanism of the device 

is deduced. The finite difference time domain (FDTD) 

method with a perfectly matched layer (PML) absorbing 

boundary condition is employed to simulate and study its 

properties. The simulation results show that the sensitiv-

ity of the sensor is about 1000 nm/RIU, which is as good 

as other highly sensitive SPR sensors, and it may be used 

in chemical and biological detections[13,14]. 

The proposed sensor structure is shown in the inset of 

Fig.1. It is constructed by a subwavelength MIM waveguide 

side-coupled to a cavity which is filled with the material 

under sensing (MUS). The waveguide is divided into two 

segments acting as input port and output port separated by 

a metal barrier, where w and w’ stand for the widths of the 

waveguide and cavity, and L and Lbar are the lengths of the 

cavity and the barrier, respectively. wgap denotes the gap 

distance between the waveguide and the MUS cavity. The 

metal here is assumed to be silver whose frequency- de-

pendent complex relative permittivity is characterized by 

the Drude model[15], and the dielectric in the waveguide is 

assumed to be SiO2 with a refractive index n=1.47. The 

MUS cavity can be filled up with gaseous or liquid MUS 

with different methods. Gaseous MUS can be simply dif-

fused into the cavity based on gas diffusion force in vac-

uum circumstance. Liquid MUS can be filled up into the 

cavity using nano-filling technique based on capillarity 

attraction[16]. Firstly, part of the inner surface of the cavity 

is wetted by the liquid MUS. Secondly, the liquid pene-

trates into the cavity by the capillarity pumping effect, 

which makes the cavity full of the liquid MUS. 
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Fig.1 Typical transmission spectrum of the plasmonic 

refractive index sensor (The inset is the two- dimen-

sional schematic diagram with L=300 nm, h=150 nm 

and wgap=20 nm.) 

 

When a fundamental transverse magnetic (TM) mode 

is excited at the input port, part of the waves will be re-

flected at the front surface of metal barrier, while the 

other part of the waves can be coupled into the cavity 

due to the small width of the gap. The forward and 

backward waves in the cavity are almost completely re-

flected at the silver-air interfaces at both ends until a 

standing wave is formed, and then would be coupled 

forward into the output port. Therefore, the structure 

operates like a Fabry-Perot resonance cavity.  

Define Δφ to be the total phase delay per round-trip in 

the MUS cavity, which is 

 
r
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where k(ω) is the angular wavenumber of the waves in 

the cavity at frequency ω, L is the length of the cavity, 

and ψr is the phase shift of the beam reflected at one end 

of the cavity. A standing wave would exit only when the 

following resonant condition is satisfied: 
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where positive integer m is the number of antinodes of 

the standing SPPs wave. Using the relation[17] of 
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where neff is the real part of the effective index in the 

MUS cavity, whose value can be obtained by solving the 

dispersion relation of the fundamental TM mode in an 

MIM waveguide[15]: 
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where k
z1 and k

z2 are defined by momentum conserva-
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where β=βR+iβI is the complex propagation constant, 

εMUS=nMUS
2 and εm are the dielectric constants of the MUS 

and metal, respectively, and k0=2π/λ is the wavenumber of 

light in vacuum. The real part of the effective index in 

the MUS cavity neff is given by neff=βR/ k0. The relation-

ship between neff and nMUS can be calculated based on 

Eqs.(5) and (6). If the MUS cavity is filled up with dif-

ferent materials whose refractive indices are known and 

the resonant wavelength of the transmission spectrum is 

detected, the calibration curve of the sensor can be ob-

tained as the resonant wavelength versus the refractive 

index. For an unknown material, if the transmission 

spectrum is detected, its refractive index can be got by 

using the calibration curve. Thus a plasmonic sensor de-

vice can be achieved. 

In order to investigate the characteristics of the plas-

monic sensor, the FDTD method is employed to calcu-

late the transmission spectra of the proposed structure. In 

the following FDTD simulations, the grid sizes in both x 

and z directions are chosen to be 5 nm. PML absorbing 

boundary condition is used at all boundaries of the simu-

lation domain. Power monitors are set at the positions of 

P and Q to detect the incident power of Pin and the 

transmitted power of Pout, respectively. During the simu-

lation, the width of the waveguide w and the length of 

the barrier Lbar are fixed to be 50 nm and 100 nm, respec-

tively, while other parameters are changable. The width 

of the waveguide is much smaller than the wavelength so 

that only the fundamental SPPs mode can be supported[18].  

At first, we can assume that the MUS cavity is filled 

with air, whose refractive index is 1. For the structure 

with the parameters of L=300 nm, h=150 nm, w’=50 nm 

and wgap=20 nm, the transmission spectrum of the struc-

ture is shown in Fig.1. It can be seen that there is a reso-

nant wavelength at 997.3 nm with a maximum transmis-

sion about 69.9%.  

For a non-coupling air-filled MIM waveguide with the 

width of 50 nm, its effective index neff can be calculated 

to be 1.41 for incident wavelength of 997.3 nm based on 

Eqs.(5) and (6). Because the cavity length is at the order 

of the wavelength, Lpen1 and Lpen2 must be taken into ac-

count, which means the surface plasmon waves pene-

trating into the left and right sides of the resonance cav-

ity respectively. The effective cavity length of a micro-

cavity is given by the sum of the optical length of cavity 

and penetration depths on both sides. Thus Eq.(4) may be 

modified to be 
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where Leff =neff L+Lpen1+Lpen2, and the penetration depth 

can be calculated by the relationship[19] as 
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When the obtained effective cavity length is substitut-

ing to Eq.(7), the phase shift at the wavelength λ=997.3 

nm can be determined to be ψr=0.078π for m=2. Simi-

larly, other resonance wavelengths can be calculated by 

substituting m with other values. If the length of MUS 

cavity is chosen properly, there would be only one 

transmittance extremum in the wavelength range from 

700 nm to 1800 nm of interest, which may be helpful to 

improve the performance of the sensor. 

Now the cavity can be filled with different materials 

whose refractive indices have been known. Fig.2(a) 

shows the simulated results of transmission spectra of the 

sensor structure for different refractive indices while the 

geometric parameters of sensor are kept as the same as 

those in Fig.1. The resonant wavelengths show a red shift 

as the refractive index n is increased. When the refractive 

index is increased from 1.0 to 1.6, the resonant wave-

length shifts from 997.3 nm to 1602.1 nm. Fig.2(b) dis-

plays the linear relationship between the resonant wave-

length and the refractive index. It can be seen that the 

shift of resonant wavelength as a function of the refrac-

tive index is equal to 996.6 nm per refractive index unit 

(RIU), which is moderate compared with other SPR on- 

chip platforms[14]. 
 

 
(a) 

 
(b) 

Fig.2 (a) Simulated reflection spectra of the sensor for 

different refractive indices nMUS with L=300 nm and 

w’=50 nm; (b) The resonant wavelength versus the 

refractive index of the MUS 
 
When the MUS cavity is filled with an unknown ma-

terial, if the resonant wavelength of the sensor is meas-

ured to be 1250 nm, from Fig.2(b), the refractive index 

nMUS is obtained to be 1.261. At the same time, according 

to Eqs.(5) and (7), substituting L=300 nm and resonant 

wavelength λ=1250 nm for m=2, the refractive index 

nMUS is calculated to be 1.263 when assuming the phase 

shift to be unchanged as ψr=0.078π. Therefore, the theo-

retical analysis fairly agrees with the simulation result. 

Fig.3 displays the resonant wavelength of the sensor as 

a function of the MUS cavity refractive index nMUS for 

different cavity widths and lengths. Fig.3(a) shows that the 

change rate of dλ/dn for the narrower MUS cavity is 

higher than that for the wider one. It can be seen more 

clearly in Fig.3(b). The sensitivity of the sensor drops 

from 1010 nm/RIU for 50 nm-width cavity structure down 

to 840 nm/RIU for 100 nm-width cavity one. What is 

more, the sensitivity drops much faster at narrower cavity 

while just changes slightly at wider ones, which is obvious 

especially when the width exceeds 100 nm. Fig.3(c) and (d) 

illustrate the resonant wavelength and the sensitivity of the 

sensor as a function of the refractive index of the MUS for 

different cavity lengths. The sensitivity of the sensor in-

creases with the increase of the cavity length. So the per-

formance of the sensor can be enhanced by lengthening 

and narrowing the MUS cavity. For example, the sensitiv-

ity of the sensor with the cavity L=550 nm and w’=50 nm 

is 1687 nm/RIU, which is twice of that with the cavity 

L=300 nm and w’=150 nm (798 nm/RIU). However, nar-

rowing down the MUS cavity can increase the difficulty in 

fabrication and make it more challenging to inject the 

MUS into the cavity. At the same time, the simulated re-

sult reveals that the transmission loss is significantly large 

when L>1000 nm[18]. On all accounts, the suitable geomet-

ric parameters of the MUS cavity should be chosen to ob-

tain a desired sensitivity. 
 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Fig.3 Resonant wavelength of the transmission spec-

trum versus the refractive index n of the MUS cavity (a) 

with different widths and the fixed length of 300 nm 

and (c) with different lengths and the fixed width of 50 

nm; The sensitivity of the sensor (b) with fixed cavity 

length of 300 nm versus the cavity width and (d) with 

fixed cavity width of 50 nm versus the cavity length 

 

In conclusion, a plasmonic refractive index sensor 

based on MIM waveguide-coupled structure is intro-

duced and demonstrated. The resonant wavelength of the 

sensor has a linear relationship with the refractive index 

of MUS. The sensitivity of the sensor can be improved 

by lengthening and narrowing the MUS cavity. The 

simulation results show that the sensitivity of the sensor 

can exceed 1600 nm/RIU if properly designed. The sim-

ple structure has a compact size with hundreds of nano-

meters in width and length. Thus the device can be an 

important step to a fully integrated surface plasmon 

lab-on-chip solution, which means that it may be used in 

high-resolution chemical and biological detections. 
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