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Abstract 

In this study, an optical fiber refractive index sensor 

with a multimode interference structure using localized 

surface plasmon resonance (LSPR) is proposed. The 

sensitivity of this device is enhanced by LSPR at gold 

nanoparticles attached to the surface of the sensing part 

of the silica fiber.  

 

1. Introduction 

Optical fiber telecommunication systems have spread 

rapidly; this has caused an increase in the quality and de-

crease in the cost of optical fibers. The use of optical fibers 

in sensors has received much attention because optical fi-

bers do not use electrical signals, and silica fiber is stable in 

many chemical environments.  

The evanescent waves on the surface of the fiber can be 

used for sensing the refractive index (RI) of the material 

around it. One attractive structure is the multimode inter-

ference (MMI) structure [1, 2]. The MMI structure is com-

posed of a very simple structure such as a bare multimode 

fiber (MMF) sandwiched between single mode fibers 

(SMFs). The evanescent wave around the bare MMF can 

interact with the surrounding medium; therefore, the trans-

mitting light reflects a change in the RI. On the other hand, 

because localized surface plasmon resonance (LSPR) 

changes its resonant condition when the RI around the na-

noparticle varies, the evanescent-wave absorption caused 

by LSPR also reflects a change in the RI. Therefore, com-

bining these two phenomena to measure the RI is expected 

to increase the sensitivity of sensors.  

In this study, gold nanaoparticles adhere on the MMF, 

which acts as the sensor of the MMI structure. Results 

show that the generation of LSPR in the MMI structure 

enhances the sensitivity of the RI measurement.  

2. Concept 

Multimode interference (MMI) structure 

It has been observed that the optical interference in a 

multimode waveguide produces periodic focusing points; 

this phenomenon is known as MMI [3]. As shown in Fig. 1, 

we used an unclad fiber of pure silica with a diameter of 

125 m as an MMF portion sandwiched between SMFs 

with a small core diameter of 8.2 m, which work as input 

and output fibers. The output light from the SMFs shows 

the interference signal in Fig. 2. Because the surrounding 

medium of the MMF acts as a cladding layer, variation in 

the RI of this clad induces a Goos–Hänchen shift (optical 

phase shift) in the total reflection region, resulting in a 

change in the interference signal. This change can be at-

tributed to the variation in the RI of the surrounding me-

dium.  

Localized surface plasmon resonance (LSPR) 

LSPR is an optical phenomenon generated by the col-

lective oscillation of the electron gas in metal nanoparticles 

excited by the evanescent light field. The resonant wave-

length of the LSPR depends on the RI of the surrounding 

medium, the nanoparticle size and shape, the distance be-

tween each particle, etc. Figure 3 shows an SEM image of 

the fabricated gold nanoparticles. In this study, gold nano-

particles were prepared by the citrate reduction of HAuCl4 

and adhered on the MMF with using amino functional 

silane. Figure 4 shows an absorption spectrum of gold na-

noparticles adhered on a hetero-core fiber structure [4] in 

which the evanescent waves generated outside the center 

absorption occurred around a wavelength () of 550nm, in 

Fig. 3 SEM image of gold nanoparticles. Fig. 1 Multimode interference (MMI) structure. 

Fig. 2 Output light spectra of MMI structure. 
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addition to raise of absorption in longer wavelength regions. 

These absorptions at longer wavelengths are thought to be 

caused by broader LSPR, which is caused by shape, size, 

and aggregation of nanoparticles . 

MMI + LSPR 

As described above, the transmission light intensity 

through MMI varies with RI. In other words, the wave-

length spectra shift when the RI of the surrounding material 

changes. This effect produces the difference in the light 

intensity at fixed wavelengths for different RI values. In 

addition, the adhesion of the gold nanoparticles on the 

MMF produces LSPR with evanescent light, resulting in a 

decrease in the light transmitted at the LSPR wavelength. 

The combination of these two phenomena induces an in-

crease in transmission light intensity change at the fixed 

wavelength at which MMI and LSPR are present simulta-

neously.  

When we measure dif-

ferent RI media with RI 

differences (n) between 

them, the spectral change 

can be shown schemati-

cally, as in Fig. 5. Using 

the transmission light in-

tensity difference (P) 

between the two spectra at a fixed value of , the sensor 

sensitivity (S) can be estimated using the following equa-

tion for a given optical power resolution (P) of the power 

meter. High sensitivity is obtained when P increases. 

Therefore, if we can obtain a high P value when combin-

ing MMI and LSPR, a higher sensitivity can be realized.  

3. Experimental results and discussion 

The measurement system comprises a white light 

source and an optical spectrum analyzer. This system was 

used for evaluation the transmission spectra of the sensor 

fiber. The spectral change caused by the MMI structure was 

observed in the 400–1600 nm wavelength range. 

We measured the transmission spectra of the fabricated 

sensor fiber with a sensor length (L) of 80.45 mm. The 

surrounding medium was either water (RI = 1.3325) or 

ethanol (RI = 1.3591). The transmission difference, defined 

as the difference between the transmission spectrum of 

ethanol and the transmission spectrum of water, at the sen-

sor with (1) MMI only and (2) MMI + LSPR is shown in 

Fig. 6 (a) and (b), respectively. These signals correspond to 

the intensity difference (P) under the condition in which 

the RI value changes in the transition between water and 

ethanol, which is equal to a n value of 0.0266. Because 

the light intensity below a  value of 800 nm from a white 

light source was insufficient to allow evaluation in this ex-

periment, P is presented from a  value of 800 nm and 

higher. Sensitivity is estimated from this P using the con-

ventional optical power resolution P of 0.01 dB. The 

maximum sensitivity is 4.9 × 10-5 at a  value of 1567.4 nm 

with the MMI sensor. However, the sensitivity changes to 

2.6 × 10-5 at a  value of 1461.7 nm with the MMI + LSPR 

sensor. The sensitivity is roughly twice as high when using 

LSPR.  

4. Summary 
The sensitivity of an MMI structure optical fiber refrac-

tive index sensor is successfully improved using LSPR by 

coating the fiber with gold nanoparticles. The sensitivity is 

roughly two times higher when using LSPR. 
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Fig. 6 Transmission difference (P) at the sensor with 

(a) MMI only and (b) MMI + LSPR. 
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Fig. 5 Sensitivity evaluation. 
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Fig. 4 Absorption spectrum of gold nanoparticles attached on fiber. 
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