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Abstract—A highly sensitive refractive index sensor with 

normally incident optical geometry was experimentally 

demonstrated using dual resonance in a subwavelength grating 

(SWG) on a waveguide. Two eignemodes within the SWG and 

waveguide were utilized for refractive index sensing with the 

reduction of noise such as background noise. The finite-difference 

time-domain numerical method was used to estimate the refractive 

index sensing performance of our sensor. The calculated electric 

field clarified that the incident light could excite modes in the SWG 

and waveguide with normally incident optical geometry, and the 

modes formed two resonance reflection peaks. The calculation 

showed that these dual resonance peaks depended differently on 

the refractive index of the ambient around the sensor, and the 

intensity difference between both resonance peaks varied with the 

slight change in refractive index of the ambient. The sensor was 

fabricated using traditional electron-beam lithography techniques, 

and two reflection resonant peaks were experimentally obtained. 

The difference between the dual resonance peak intensities varied 

significantly with the minuscule change in refractive index of the 

ambient around the sensor, and the resolution of the refractive 

index reached 7.65 × 10–4, assuming a spectrometer intensity 

sensitivity of 1%. 

Index Terms—Refractive index sensor, subwavelength grating, 

waveguide. 

I. INTRODUCTION

ighly sensitive refractive index (RI) sensors have been

widely used in many applications such as bioassay and gas 

detection [1]. Integrated RI sensors can open new fields of 

integrated applications in Internet of Things (IoT) devices, such 

as blood sensing, cancer detection, and portable health meters. 

To realize these integrated applications, high-sensitivity, 

compactness, real-time sensing, and ease of handling without 

any special techniques are highly desirable. 

Optical RI sensors are very useful for the IoT applications 

mentioned above owing to their advantages such as rapid 
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response and immunity to electromagnetic interference. 

Extremely-high-sensitivity RI sensors have been achieved 

using surface plasmon polaritons (SPPs) at the boundary 

between metals and dielectrics [1] [2] [3] [4]. The SPPs are 

coupled with the incident light when the wavenumbers of both 

waves match. The wavenumber of the SPP strongly reflects the 

RI values of the metal and dielectric, and the RI value of the 

dielectric near the boundary is sensitively detected. Although 

SPP sensors have achieved extremely high sensitivities, a prism 

coupler, which is too bulky for integrated devices, is generally 

necessary to increase the wavenumber of the incident light 

because the wavenumber of SPPs is always larger than that of 

light in free-space. Other optical RI sensors using no prism 

couplers have also been developed using metal nanoparticles 

[5], metal nanorings [6] [7], ring resonators [8] [9], photonic 

crystals [10] [11] [12], optical microfibers [13], and 

nanogratings [14] [15] [16] [17] [18] [19]. Compact device 

sizes are quite suitable for integrated sensing applications. 

However, the use of theses sensors is restricted by the noise and 

environment around the measurement system, for example, the 

intensity fluctuation of the light source and variation in the 

background noise level. 

Recently, RI sensing techniques utilizing dual resonance in 

erbium-doped optical fibers and double-layer metal gratings 

have been investigated [20] [21]. The RI sensing techniques are 

based on dual-resonance dips (or peaks) in its transmission (or 

reflection) spectra, and the reliability and temporal stability of 

these sensors have been significantly improved because the 

influence of the fluctuation of the light source and background 

noise level can be cancelled out using the difference in output 

intensities between these resonances. Although the dual-

resonance-based RI sensors possess these advantages, the 

cumbersome fabrication process, high cost, and complex 

measurement system are still problems, for example, the nano-

structure fabrication on both sides of a thin film [20]. 

In this article, we theoretically and experimentally 
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demonstrate a dual-resonance-based RI sensor using a 

subwavelength grating (SWG)/waveguide structure fabricated 

using the traditional lithography process. The electromagnetic 

field distribution calculated using the finite-difference time-

domain (FDTD) method indicates that our proposed sensor can 

measure the minuscule changes in RI of an ambient by a very 

simple optical incidence system. The SWG/waveguide 

structure was fabricated using traditional electron-beam (EB) 

lithography techniques, and highly sensitive RI sensing was 

experimentally and successfully achieved using the dual 

resonance in the structure. 

II. DESIGN OF SUBWAVELENGTH GRATING/WAVEGUIDE FOR

RI SENSOR 

In this section, we explain the operation principle of our 

proposed RI sensor and present the design of the 

SWG/waveguide structure for RI sensing. Fig. 1 shows a 

schematic of our proposed SWG/waveguide structure. The 

SWG, whose period is shorter than the incident wavelength in 

free space, is placed on top of the clad/core/substrate waveguide 

structure. The structural parameters, such as grating period, 

grating ridge width, grating height, clad thickness, and core 

thickness, correspond to the symbols Λ, w, tSWG, tclad, and tcore in 

Fig. 1, respectively.  

. 
Fig. 1.  Schematic of SWG/waveguide structure. 

We assume that the p-polarized incident light, whose electric 

field is perpendicular to the grating stripe (red arrow in Fig. 1), 

is normally incident on our structure. When the light is incident 

on our structure, only the zeroth diffraction orders (transmission 

and reflection) carry the energy of the light, while the other, 

higher diffraction orders cannot; in other words, the higher 

diffraction orders are evanescent. In this case, two resonances 

can occur in our structure in certain conditions. One can be 

found in the SWG structure and the other can be obtained in the 

waveguide structure. Inside the SWG, its periodic RI 

distribution induces sets of Bloch eigenmodes as solutions to 

Maxwell’s equations. In particular, a high RI contrast between 

the grating and the ambient excites not only the fundamental 

eigenmode but also the higher-order eigenmodes [22] [23]. The 

excited eigenmodes interfere with each other during the round 

trip along the SWG, and the interference determines the optical 

responses of the SWG structure, such as transmission and 

reflection [23]. The transmission coefficient of the zeroth 

diffraction order 0 is given by [22] [23] [24] 

𝜏0 = (
𝜂𝛾0

𝑘0
⁄ )

−2
∑ (𝑎𝑚 + 𝑎𝑚

𝜌
)𝑚 Λ−1 ∫ 𝑓𝑚(𝑥)𝑑𝑥

Λ

0
. (1) 

Where, the symbols k0 0  are the wavenumber of the incident 

light, the wavenumber of the zeroth diffraction order, and the 

impedance of vacuum, respectively. The symbols of am and a
m 

represent the coefficients of the forward (+z) and backward (-

z) propagating modes. The subscript m is order of the mode in

the SWG. The function fm(x) is lateral (x-direction) field profile

of the mode at the interface between SWG and SiO2. According

to (1), the average lateral field among the period  determines

the transmittance coefficient of the zeroth diffraction order. If

the eigenmodes destructively interfere to cancel out the zeroth

transmitted diffraction order, the energy of the incident light

fully returns back [24] [25] [26] [27] [28] [29] [30]. As a result,

a resonance peak is obtained in the reflection spectra of our

structure.

Another resonance is obtained in the clad/core/substrate 

waveguide structure shown in Fig. 1. Waveguide modes can be 

coupled with higher-order diffractions (we consider first-order 

diffraction in this work) by the SWG when the wavenumber 

matching conditions between both are satisfied [18] [31] [32] 

[33] [34] [35]. During waveguide mode propagation along the

core layer, a part of the excited waveguide modes is reradiated

by the SWG into the incident side. When the reradiated waves

are in-phase with the reflected zeroth diffraction order,

constructive interference occurs between both waves. As a

result, a sharp peak appears in its reflection spectra.

The conditions of these resonances vary with the change in 

RI value of the ambient around the structure because the 

wavenumbers of the eigenmodes in the SWG and in the 

waveguide strictly depend on the ambient RI. Thus, the 

reflection intensities at these resonances vary depending on the 

RI value of the ambient. We also expect the resonances to have 

a different dependence on the RI value of the ambient because 

the SWG is directly surrounded by the ambient while the 

waveguide is not. Hence, the intensity difference between the 

resonances also changes the RI value of the ambient. 

Based on the sensing principles mentioned above, we 

designed the SWG/waveguide structure for RI sensing. First, 

we selected visible light from about 400 to 600 nm as the 

wavelengths of the incident light owing to their low absorption 

in water and ease of experimentation, because RI sensors are 

often used in aqueous environments. For the resonance in the 

SWG, a high RI contrast between the grating and surrounding 

material is necessary to excite higher-order Bloch eigenmodes 

[22] [23]. We employed Si3N4 as the SWG material because of

its suitable RI value (Si3N4 RI value is about 2 around visible

wavelength region) for the excitation of the higher-order modes

and very low absorption coefficient in the visible region [36].

In addition, the SiO2/Si3N4/optical glass substrate (D 263 T eco

Thin Glass: SCHOTT) was chosen as the clad/core/clad

waveguide structure. The RI values of SiO2 were taken from the

literature [37]. The SWG was designed to obtain reflection peak

spectra in the visible wavelength region using the wavenumber
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dispersion relation, which defines the phase of eigenmodes in 

the SWG [23] [24]. The waveguide structure was also designed 

to match the wavenumber of the waveguide mode with that of 

the first-order diffracted light in the visible wavelength region 

[18] [32]. The designed structural geometries were set to  = 

300 nm, w = 210 nm, tSWG = 210 nm, tclad = 40 nm, and tcore = 

100 nm. 

We numerically calculated the electromagnetic field 

distribution in our designed structure using the FDTD method 

(Fullwave: Rsoft, Synopsys) in order to estimate the RI sensing 

performance of our sensor. The cross-section of the calculation 

model is illustrated in Fig. 2. In this model, the Si3N4-SWG was 

placed on the SiO2/Si3N4/optical glass waveguide structure. The 

SWG was surrounded by ambient, with na being the RI value. 

We assumed that the model size for the y-direction was infinite 

because the length of our actual structure along the y-direction 

was much larger than the incident wavelength.  

 

Fig. 2.  Cross-section of FDTD calculation model. 

 

We also considered an infinite number of grating stripes and 

employed a periodic boundary condition (PBC), for the x-

direction. Under PBC, the electric and magnetic field of the 

light are given by  

 

𝐹(𝑥) = 𝐹(𝑥 + Δ) (2). 

 

Here, F(x) in (2) are the electric or the magnetic field of the 

light, and the fields infinitely repeat with period . The symbol 

 is defined by the length of the calculation region for x-

direction. A perfectly matched layer (PML), was applied as the 

boundary condition for the z-direction. PML boundary was 

defined as a highly lossy material, and all energy of the light 

entering into the PML is perfectly aborted. The impedance of 

PML was also adjusted to occur no reflection at the boundary. 

The dashed lines in Fig. 2 indicate each boundary, and the 

square area surrounded by the boundaries represents the 

calculation region. To converge the numerical FDTD 

calculation, the spatial grid and incremental time interval were 

set to 2 nm and 4.6 x 10–13 s, respectively. The light source was 

placed at the upper structure. A p-polarized plane wave with its 

electric field perpendicular to the grating stripe was normally 

incident on the SWS/waveguide structure. The monitor, in 

which the Poynting vector of the electromagnetic field was 

calculated, was placed behind the light source. The magnitude 

of Poynting vector is defined as  

 

𝑆(𝑟, 𝑡) = [𝐸(𝑟, 𝑡)𝐻(𝑟, 𝑡)]. (3) 

 

Where, S(r, t) is magnitude of Poynting vector, and the E(r, t) 

and H (r, t) indicate the electric and magnetic field of the light. 

The symbol r and t are spatial coordinate and time, respectively. 

We calculated the reflected intensity at the monitor via the 

Poynting vector when the value of na varied.  

 

Fig. 3.  Normalized reflection spectra of the SWG/waveguide at na = 1.336. 
 

Fig. 3 presents the normalized reflection spectra of the 

SWG/waveguide at na = 1.336. The case of na = 1.336 

corresponds to pure water ambient around the structure [38]. As 

shown in Fig. 3, dual reflection peaks are obtained at 476 nm 

(Peak 1) and 522 nm (Peak 2). Fig. 4 illustrates the dependence 

of the intensity difference between Peak 1 and Peak 2 on na. The 

range of na in the calculation are 1.336 to 1.35.The intensity 

difference is also normalized by the intensity of Peak 1, so it 

indicates the relative intensity difference with respect to the 

intensity of Peak 1. The dashed line is the least-squares method 

fit.  

 

As shown in Fig. 4, the intensity difference increases with 

the na value, and we find two inclination regions for the change 

in na. We consider that these different inclinations can be 

attributed to the nonlinear dependence of the wavenumber 

dispersion relation of the Bloch eigenmode and waveguide 

mode [23] [24] [32]. In the high-sensitivity region (white region 

in Fig. 4), the calculation result indicates that the change in 

intensity difference per refractive index unit (RIU) reaches 

1233 %/RIU, and this sensitivity indicates that our sensor can 

measure a change of 8.11 × 10–4 RIU with a very simple 

normal-incidence system, assuming the spectrometer intensity 

sensitivity is 1%. 
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Fig. 4.  Dependence of the relative intensity difference between Peak 1 and 

Peak 2 on na. 

 

 

To provide deep insight into the dependence of these 

resonances on na, the calculated electric field distributions 

around the SWG/waveguide structure are presented in Fig. 5. 

Figs. 5 (a) and (b) show the electric field distribution for the x-

component (Ex) at Peak 1 and Peak 2 with na = 1.336 at a certain 

time, respectively. The green squares represent the grating bars. 

The yellow square represents the light source. Only reflected 

light from the SWG/waveguide structure exists in the area 

above the light source. The field amplitudes were normalized 

by those of the incident light. For Peak 1, an about 2.3-times 

greater Ex than that of the incident light exists in the SWG. The 

amplitude in the grating bar and air gap is out-of-phase and 

cancels each other out to make the average of the Ex field nearly 

zero. This implies that the eignemodes in the SWG performed 

destructive interference at the bottom of the SWG. As a result, 

the transmitted field amplitude is very low, and most of the 

incident light reflects back. This condition corresponds to the 

low transmission condition of the SWG [23] [24], and this result 

indicates that Peak 1 is attributed to the resonance in the SWG. 

In contrast, the amplitude of the Ex component at Peak 2 is 

much lower than that in the case of Peak 1, as shown in Fig. 5 

(b). The amplitude of Ex in the grating bar and air gap is in-

phase, which indicates that constructive interference, which 

leads to a highly transmitted light intensity, occurs at the bottom 

of the SWG. However, the transmitted light intensity is low, and 

the reflected intensity becomes high. We show the electric field 

distribution for the z-component (Ez) in Fig. 5 (c) to investigate 

this highly reflected intensity at Peak 2. For the case of Peak 2, 

an about 14-times greater Ez component than that of the incident 

light exists in the waveguide structure despite the fact that the 

incident light propagates along the z-direction. This implies that 

the higher-order evanescent diffraction couples with the 

waveguide mode, which propagates along the x-direction. A 

part of the excited waveguide mode reradiates into the incident 

side by the SWG. The phase of the reflected light (zeroth 

diffraction order) and the reradiated waves is in-phase and 

reinforces each other (see the region above the light source in 

Fig. 5 (b)). As a result, a reflection peak is obtained and these 

results indicate that Peak 2 is attributed to the waveguide mode. 

The calculation results also reveal the difference in the 

dependence of these resonances on na. The SWG is directly 

surrounded by the material with na, while the waveguide 

structure is separated from the ambient by the SiO2 clad layer. 

Thus, the dependences of Peak 1 and Peak 2 on na are different, 

and the RI sensing can be demonstrated using the intensity 

difference between these peaks. 

Fig. 5.  Electric field distribution of (a) x-component at Peak 1, (b) x-
component at Peak 2, and (c) z-component at Peak 2 with na = 1.336 at a 

certain time. The amplitude of the fields has been normalized to that of the 

light source. 

 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

The proposed SWG/waveguide structure was fabricated 

using the traditional EB lithography technique to demonstrate 

RI sensing by dual resonance. The fabrication processes are 

illustrated in Fig. 6.  
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Fig. 6.  Fabrication processes of the SWG/wavelength structure. 

 

 

First, the Si3N4 film with a thickness of 100 nm was 

deposited on the optical glass substrate using chemical vaper 

deposition techniques. A 40-nm SiO2-film was evaporated on 

the Si3N4-film, and a 210-nm Si3N4 film was also chemically 

deposited on the SiO2 film. After that, EB resist film 

(ZEP520A: Zeon) with a thickness of 100 nm was spin-coated, 

and the sample was baked at 120 ℃ for 30 min. The grating 

pattern was drawn into the surface of the resist film by EB 

lithography, and the pattern was developed at 20 ℃ (ZED50N: 

Zeon). Next, Ni film with a thickness of 50 nm was evaporated 

onto the developed grating pattern as a metal mask for chemical 

etching. Inductively coupled plasma (ICP) etching with CHF3 

gas was employed to form the Si3N4 SWG, and the Ni mask was 

finally removed by diluted nitric acid. Fig. 7 shows a scanning 

electron microscope (SEM) image of the sample surface. The 

fabricated sample possesses a 300-nm grating period and 210-

nm grating width, and the fabricated structural area size is 300 

m × 300 m. 

 

Fig. 7.  SEM image of the fabricated sample surface 

 

The normal reflection spectra of the fabricated sample were 

measured when the RI value of the ambient around the structure 

was changed. The measurement system is illustrated in Fig. 8, 

where the dashed region shows the measurement system around 

the sample in detail. Light from a halogen lamp was collimated 

by a plano-convex lens, and the light was p-polarized. The p-

polarized light was focused on the sample surface using an 

objective lens (×20 NA: 0.46). The irradiated area was about 

100 m × 100 m. The sample was placed in a plastic cell, 

which was filled with pure water. To evaluate the RI sensing 

performance, reflection spectra from the sample were measured 

using a spectrometer (USB4000: Ocean Optics) when ethanol 

was added into the pure water. Reflection at the bottom of the 

plastic cell was prevented by a blacked Al film placed under the 

cell. The measurement have been done at room temperature. 

 

Fig. 8.  Measurement system. The area surrounded by dashed lines shows 

details of the measurement system around the sample. 

 

 

Fig. 9.  Normalized reflection spectra from the fabricated sample surrounded 

by pure water. 

 

Fig. 9 shows the normalized reflection spectra from the 

fabricated sample surrounded by pure water. We can find dual 

reflection peaks at wavelengths of 455 nm (Peak 1) and 544 nm 

(Peak 2), and these peak positions show good agreement with 

the calculation results. However, the reflected intensity at Peak 

2 is significantly lower than that at Peak 1 compared to the 

calculation results. We considered that the lower intensity of 

peak 2 is attributed to the fabrication error of the SWG. The 

actually fabricated sample contains a fabrication error, such as 

a nonideal rectangular grating and a fluctuation in grating bar 

width (see Fig. 7), whereas the calculation model assumes an 

ideal structural shape. The fluctuation in structural geometry of 

the fabricated sample relaxes the resonance conditions because 

the wavenumbers of the Bloch and waveguide modes were 

broadened because of the disorder of the periodicity of the SWG. 

Especially, the resonance in the waveguide (Peak 2) is 

considerably influenced by the fabrication error, because this 

resonance condition requires that all reradiated waves from the 

waveguide are in-phase to the zeroth diffraction order [18]. 
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Thus, the intensity of Peak 2 significantly deviates from that in 

the FDTD calculation model.  

Fig. 10.  Dependence of relative intensity difference between Peak 1 and Peak 

2 on the refractive index values of the ambient around the sample. The 

refractive index values were measured by using refractometer. The error bars 

show the error range among three measurements. The dashed line represents a 

linear fit by the least-squares method. 

 

Figure 10 also illustrates the dependence of the relative 

intensity difference between these peaks on the refractive index 

value of the ambient around the sample. The refractive index 

values in Fig. 10 were experimentally measured using a 

refractometer. The data in Fig. 10 are average value during three 

measurements. The error bars also show the error range among 

the three measurements, and we confirm the repeatability of the 

refractive index measurement. The dashed line in Fig. 10 shows 

the linear fitting by the least-squares method for rough 

evaluation of the sensitivity. The intensity difference was also 

normalized by the intensity of the peak at the wavelength of 455 

nm. In the case of pure water ambient (ethanol concentration of 

0), the intensity difference between the two reflection peaks is 

about 40%, and the difference increases with the ethanol 

concentration. This experimental tendency of the dependence 

on na coincides with the calculated results. The intensity change 

per RIU reaches 1306 %/RIU. This indicates that a change of 

7.65 × 10–4 RIU can be measured with a very simple and 

compact optical system when we assume that the optical 

measurement system can detect a 1% intensity difference.  

 This sensitivity is higher than the calculated FDTD. This can 

be explained as follows. The resonance condition in the 

waveguide is strongly influenced by the broadening of the 

wavenumber of the waveguide modes because of the 

fabrication error. The wavenumber broadening degrades the 

sensitivity of the waveguide resonance for the change in the 

ambient, while the fabrication error has a weaker effect on the 

SWG resonance [39]. Thus, the intensity difference between 

Peak 1 and Peak 2 becomes high compared to that in the 

calculation.  

 

 

The sensitivity of our RI sensor is comparable to other RI 

sensors that use photonic crystals [11], gratings [14] [16] [17], 

and optical fibers [21]. Moreover, our sensor in this work does 

not require a cumbersome fabrication process, complex optical 

system, or specialized techniques. Thus, our sensor has great 

potential for use in integrated RI sensing applications in IoT 

devices owing to its simple fabrication, compact device size, 

and ease of handling. 

IV. CONCLUSION 

We proposed and successfully demonstrated a high-sensitivity 

RI sensor using dual resonance in a SWG/waveguide structure. 

The calculated electric field indicated that the proposed 

SWG/waveguide structure can measure a minuscule RI change 

with a very simple normal-incidence system. The 

SWG/waveguide structure was fabricated on an optical glass 

substrate using the traditional EB lithography technique, and 

the reflection spectra from the fabricated sample exhibited dual-

resonance reflection peaks in visible wavelength region. The 

intensity difference between these peaks varied significantly 

with the increase in ethanol concentration in the pure water 

ambient around the sample. This result demonstrates that our 

sensor can be practically used in integrated sensing applications 

for IoT devices owing to its high sensitivity, simple fabrication, 

compact device size, and ease of handling. 
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