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Abstract: The excitation mechanism of surface plasmon polaritons (SPPs) in a surface plasmon 
sensor with a one-dimensional (1D) Au diffraction grating on a glass substrate is studied herein. The 
sensitivity of the sensor for application to a refractometer is also characterized. The SPPs are excited 
at the following two types of interface: one between the Au grating and the glass substrate and the 
other between the Au grating and the medium. The simulation data for the transmittance spectra and 
the transmittance mapping are consistent with the experimental data even when the refractive index 
of the solution medium is 1.700. Therefore, the excitation mechanism of the SPPs in a surface 
plasmon sensor is capable of detecting the medium (n = 1.700), in which the sensor is used and 
clarified. 
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1. Introduction 

Surface plasmon resonance (SPR) is widely used 

in applications, such as detection of infinitesimal 

materials and high-efficiency photoelectric 

conversion [1, 2]. Compared with an enzyme-linked 

immunosorbent assay, SPR sensors can more easily 

detect the medium, in which they are used, from a 

small sample. SPR sensors that utilize light were 

first proposed by Nylander et al. in 1982 [3], and the 

use of a thin metal film-based sensing technique 

known as the attenuated total reflection method was 

proposed by Kretchmann [4]. Resonance results 

from the total reflection of light; hence, this method 

is affected by the relationship between the refractive 

index of a target medium and the contact portion of 

a sensor. Many harmful media such as halogen 

compounds (e.g., Br2: n = 1.640, SOCl2: n = 1.522) 

and heavy metal compounds (e.g., C14H16Pb: n = 

1.626), exhibit refractive indices greater than 1.5. 

The use of surface plasmon sensors for the safe 

detection of such media is considered advantageous 

because of their simple operation and ability to 

detect small amounts of a target for monitoring soil 

contamination and water pollution. For a target 

medium with a high refractive index (n > 1.5), the 

total reflection generally becomes impossible 

because of an incident angle limitation in the 

incidence angle of light; therefore, such a medium 

cannot be detected. 
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A solution to this problem was demonstrated in a 

study using a GaP semiconductor, which had a 

substrate with a high refractive index (n > 1.5) [5]. In 

this case, a prism is used to allow light into the 

sensor and enable the use of the attenuated total 

reflection method for the GaP substrate and a thin 

gold film; thus, the detection of a medium with a 

refractive index of 1.620 is confirmed. However, 

even after using this structure, a medium with a 

refractive index greater than 1.620 is impossible to 

detect because of the limitation of the incidence 

angle. Moreover, for a device that uses a prism to 

allow light into the GaP substrate, the structure of 

the sensor must be large, which hinders device 

miniaturization. 

We focus on a method that uses a diffraction 

grating as the structure of the sensor. With this 

method, a metal diffraction grating is used instead of 

a thin metal film, and the resonance is caused by the 

diffraction of light [6]. The diffraction grating 

method does not use total reflection; thus, the 

limitation on the incidence angle is relaxed. An 

additional advantage of this method is the flexibility 

which enables in changing the detection range and 

the excitation angle by modifying the period and 

duty ratio of the grating. Homola et al. [7, 8] 

investigated the sensitivity of SPR to the grating 

structure and the amount of processable information, 

confirming the high information processing 

capability of such structures. In addition, a target 

localization study shows that the differences in the 

region of contact between the target medium and the 

sensor affect its sensitivity [9]. 

Previous studies have primarily focused on 

materials with refractive indices below 1.500. Li   

et al. [10] showed by calculation that a high 

refractive index medium (n < 2.0) could be detected 

using a metal nanograting and reported a sensitivity 

of 51.484°/RIU. However, we experimentally 

demonstrated the detection of a high refractive index 

medium (n = 1.546–1.700) using surface plasmon 

sensors for the first time [11]. Our previous study on 

a double-layer wire grid polarizer with a grating 

structure [12, 13] showed that extraordinary 

transmission [14] occurred at the interface between 

the metal and the contact medium. Similar 

phenomena may occur in the surface plasmon sensor 

with a 1D metal grating structure. 

Based on our previous studies, these surface 

plasmon sensors being used as refractometers are 

able to measure a wide range of refractive index 

because of the dip angle of reflectance or the peak 

angle of transmittance for angular spectra, which are 

the angles of excitation of the surface plasmon 

polariton. The measurement accuracy of the film 

thickness using a non-contact thickness meter will 

be improved if the refractive index is accurately 

measured. Some methods can be used to measure 

the refractive index, such as the minimum argument 

method, critical angle method, and V block method 

for the refractometer. Compared with these 

measurements, the refractometer using surface 

plasmon sensor is superior in that prisms are 

unnecessary; the apparatus can be downsized, such 

that the measurement can be easily performed, and 

the measurement range is wide. Furthermore, some 

reports have used a refractometer using surface 

plasmon polariton [15‒18]; however, in these 

methods, optical fibers have been used, and the 

wavelength spectra have to be measured. Most of 

the reports correspond to the range of refractive 

index less than 1.5. In contrast, in our proposed 

method, the dispersions of metal and the medium are 

not necessary because this method measures the 

angular spectra with one wavelength, and we can 

directly obtain the refractive index from the peak or 

dip angle for transmittance or reflectance. The range 

of the measured refractive index will be larger than 

1.5; thus, the setup of the refractometer with a 1D 

grating structure is easy to use compared with using 

optical fiber. However, the refractometer employing 

the 1D metal grating structure has some issues. One 

is that the sensitivity at a higher refractive index is 

unknown, and the other is that the propagation 
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mechanism of the surface plasmon polariton for the 

1D metal grating structure has not been thoroughly 

studied. 

In this study, the theoretical calculation is 

performed using transmittance mapping obtained by 

the rigorous coupled-wave analysis (RCWA) method 

and our experimental data. 

2. Simulation and experimental results 
of transmittance 

The dependence of transmittance and reflectance 

on the incidence angle is characterized using a 

red-light laser (= 635 nm). Figure 1 shows the 

schematic diagram of the fabricated sensor. The 

thickness of Au h is 40 nm. p denotes the grating 

period. The duty ratio of the grating is 0.5. The 

simulation is performed using the RCWA method 

with the commercial software, rcda-1d 

(SourceForge). In the simulation, the angle spectra 

of transmittance and reflectance and transmittance 

mapping for the incident angle and period are 

created.  
 

SiO2 substrate 

h = 40 nm 

p 

Au

 

Fig. 1 Schematic diagram of the fabricated sensor structure. 

We attempt to detect a mixed solution of 

1-iodonaphthalene and sulfur (n = 1.700). Figure 2 

shows the incidence angle spectra of transmittance 

for a medium with periods of 500 nm and 300 nm. In 

the 500 nm case with sulfur, the transmittance peaks 

occur in the angular spectrum at 7.15° and 17.35°. 

For the medium, the angle corresponding to a dip in 

reflectance is the same as that corresponding to a 

peak in transmittance. In the 300 nm case with sulfur, 

the peaks occur at 16.60° and 27.35°. The two types 

of transmittance peaks in these spectra are assumed 

to occur because of two different modes for exciting 

the SPPs. 
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Fig. 2 Simulation results for the transmittance as a function 

of the incidence angle for a mixed solution of 
1-iodonaphthalene and sulfur. Grid periods of (a) 500 nm and  
(b) 300 nm. 

The distribution of the magnetic field |Hy| and 

the transmittance mapping, which is the relationship 

among the period, incidence angle, and 

transmittance, is created through the RCWA method 

to confirm the SPP origin. Figures 3(a) and 3(b) 

show the distribution of the magnetic field in the 

case of a mixed solution of 1-iodonaphthalene and 

sulfur for a period of 500 nm. At 17.35°, the 

magnetic field is concentrated at the interface 

between Au grating and the solution. However, at 

7.15°, it is concentrated on the interface between Au 

and the glass substrate. Figures 3(c) and 3(d) show 

the distributions of the magnetic field in the case 

with a period of 300 nm. At 16.60°, the magnetic 

field is concentrated on the interface between the Au 

grating and the solution, while at 27.35°, it is 

concentrated at the interface between Au grating and 
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the glass substrates. Thus, we assume that the SPPs 

are excited at these two types of interface. 
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Fig. 3 Distribution of the magnetic field in the case of a 

mixed solution of 1-iodonaphthalene and sulfur: (a) grid period 
of 500 nm at 17.35°, (b) grid period of 500 nm at 7.15°, (c) grid 
period of 300 nm at 16.60°, and (d) grid period of 300 nm at 
27.35°. 

The peak angle of the transmittance is 

characterized for various refractive indices of the 

medium (n). Figure 4 shows the angular spectra of 

the transmittance between 0° and 50°. As shown in 

Figs. 2 and 3, two types of peaks appear in these 

spectra. One type corresponds to the interface 

between the Au grating and the glass substrate, 

which is called the A peak, and the other type 

corresponds to the interface between the Au grating 

and the medium, which is called the B peak. The 

A-peak angle is almost constant even if the 

refractive index of the medium is varied. However, 

the B-peak angle shifts when the refractive index of 

the medium changes. Therefore, we have to use the 

B peak to detect the medium using this sensor 

because the peak shift occurs under changes of the 

refractive index. 
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Fig. 4 Simulation results for the transmittance as a function 

of the incident angle spectra between 0° and 50° for a varying 
refractive index: (a) period of 500 nm and (b) period of 300 nm. 
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Next, the samples are fabricated using an 

electron beam lithography system (CABL-8000, 

CRESTEC). Au sputtering is performed after 

electron beam lithography. Finally, the lift off 

process is conducted. Figure 5 shows the scanning 

electron microscope (SEM) images of the fabricated 

sample. Following this, the dependence of 

transmittance and reflectance on the incident angle 

is characterized using a red-light laser ( = 635 nm). 

The transmittance is obtained by the ratio of the 

light power intensity in the case where no sample is 

present and that in the case where a sample changes 

the incident angle of light. 

 

500 nm 

(a) 
 

 

300 nm 

(b) 
 

Fig. 5 SEM images of the fabricated samples: (a) period of 
500 nm and (b) period of 300 nm. 

The incident light intensity is constant. The 

details of the fabrication and the optical 

characterization are documented in [5] and [11]. 

Figure 6 presents the incident angle spectra of 

transmittance for a medium (a mixed solution of 

1-iodonaphthalene and sulfur) for periods of 500 nm 

and 300 nm. In the 500 nm case with sulfur, two 

transmittance peaks occur in the angular spectrum at 

7.56° and 17.60°. In the 300 nm case, these peaks 

occur at 16.95° and 29.19°. From the result of Fig. 3, 

these peaks are identified as the A peak and the B 

peak. Similar with the simulation, the full width at 

half maximum (FWHM) of the B peak for the   

300 nm period is narrower than that for the 500 nm 

period; therefore, the simulation data are reasonable. 
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Fig. 6 Experimental results for the transmittance as a 

function of the incidence angle between 0° and 50° for a varying 
refractive index: (a) period of 500 nm and (b) period of 300 nm. 

3. Discussion using transmittance 
mapping and dispersion relationship 
calculated via the RCWA method 

Transmittance mapping, which is the 

relationship of the period, incident angle, and 
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transmittance, is created using the RCWA method 

when the refractive index of the medium is 1.70 to 

discuss the abovementioned results. Figure 7 shows 

the transmittance mapping with the relationship 

between the incident angle and the grating period, 

which includes two curves. The peak incidence 

angle varies with the grating period. Two kinds of 

curves exist in this mapping. Based on the 

dispersion curve of the surface plasmon for the 

diffractive grating, and the relationship between the 

surface plasmon and the incident light, they are 

respectively calculated as  

sp 1 2 1 2( / ) /k c mK             (1) 

0 spsin (2 / )sink n k            (2) 

where 1 and 2 are the permittivities for metal and 

insulator, respectively,  is the angular frequency of 

light, K is the wave number of the grating, m is the 

arbitrary integer, c is the velocity of light, k is the 

wave number of the incident light, n is the refractive 

index of the medium, 0 is the wavelength in 

vacuum, and  is the incident angle of light. 
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Fig. 7 Transmittance mapping obtained using the RCWA 

method. 

One curve is related to the SPP excitation at the 

interface between Au and glass (corresponding to 

the A peak), while the other is related to that at the 

interface between the Au grating and the medium 

(corresponding to the B peak) [13]. The former 

curve related to the A peak is located almost at the 

same position because the peak angle does not 

change with the refractive index. However, the 

curve related to the B peak changes with the 

refractive index. The experimental data are plotted 

in the mapping and consistent with these curves. In 

Figs. 4 and 6, the reason for the A peak on the left 

for 500 nm and that for the B peak on the left for the 

300 nm period gratings are the angle of the A peak 

for 500 nm being lower than that for the B peak and 

the angle of the A peak for 300 nm being higher than 

that for the B peak (Fig. 7). Similar results are 

obtained using the transmittance mapping in the 

wire grid polarizer [19]. Therefore, in the SPP 

sensor with an Au grating structure, the SPPs are 

excited at the two kinds of interface. 

We calculate the dispersion curves, ksp and ksin, 

of a propagation-type surface plasmon based on the 

simulation using the RCWA method. 
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Fig. 8 Transmittance mapping with the dispersion curve 

obtained using the RCWA method: (a) period of 500 nm and   
(b) period of 300 nm. 
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Figure 8 shows the transmittance mapping with 

the relationship between the light energy and the 

wavenumber of the SPP. The ordinate axis indicates 

the energy level, while the abscissa axis indicates 

the wave number. The line that slantingly develops 

from ~11 (/μm) is a light line. Figure 8 presents the 

white locuses. The dispersion curves are almost 

identified using (1), and the SPP-excitation point 

(denoted by a dot) can be obtained from the 

cross-section between the dispersion curve and the 

straight line (h = 1.95 eV). The SPP-excitation 

angle can be obtained using (2). This angle is mostly 

consistent with the experimental and simulation data; 

therefore, the propagation-type SPP is excited in this 

structure. 

4. Conclusions 

In this study, a theoretical calculation is 

performed using transmittance mapping obtained via 

the RCWA method and our experimental data to 

consider the application of a surface plasmon sensor 

to a refractometer. 

The transmittance mapping shows that the SPPs 

are excited to two types of interface, namely the 

Au-glass substrate and the Au-medium. The latter 

should be used to detect the medium using the SPPs. 

We confirm the detection of the medium of the 

refractive index as n = 1.700. The mechanism of this 

sensor is also cleared using transmittance mapping. 

Therefore, the potential for the application of a 

refractometer in the high-refractive index region is 

obtained. 
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