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Abstract

A high-sensitivity refractive index sensor is demonstrated for the first time, near the ultraviolet
(UV) wavelength region using a SizsNs-subwavelength grating (SWG) with a normal incident
optical geometry. Using the eigenmode within the SisN4-SWG, a high sensitivity for the refractive
index is expected by finite-difference time-domain calculation, without an oblique incident
geometry. The proposed SWG is fabricated and the high-sensitivity refractive index sensor
operating near the UV wavelength is experimentally and successfully developed. The normal
transmitted intensity through the fabricated SWG varies considerably with slight changes in the
refractive index. The experimental sensitivity of the SWG attained 1240 % per refractive index
unit (RIU) and the sensitivity shows good agreement with the calculation. These experimental
results suggest that our refractive index sensor with a normal incident geometry can measure a
refractive index change of 8.06 x 10~ RIU, if the optical detection system can measure an intensity

change of 1%.
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Highlights:
e A normal incident-type refractive index sensor with an SWG was numerically designed.
e A high-sensitivity refractive index sensor with a normal incident geometry was
experimentally developed near the ultraviolet wavelength region.
e The experimental sensitivity and resolution of the refractive index sensing reached
1240 % RIU™.
e A resolution of 8.06 x 10 was achieved for the refractive index sensing, using our

SWG, assuming a spectrometer detection limitation of 1% for the intensity changes.

1. Introduction

High-sensitivity refractive index sensors are beneficial for various applications in
several fields including bioassays, and gas and chemical sensors. These applications require high
sensitivity as well as a compact device for integration. The coupling of an evanescent wave with
surface-plasmon (SP) at metal or dielectric continuous film surfaces was widely employed for
measuring minuscule changes of the refractive index [1-6] because the coupling condition
between the evanescent wave and the SP was extremely sensitive to the refractive index of the
environment around the surface. Generally, a refractive index sensor using SP requires a prism
coupler, whose size is bulky for integration applications, for coupling light with the SP. Localized-
surface-plasmon (LSP) in metal nanoparticles was used for the development of refractive index
sensors without prism couplers [7-9]. Compact LSP refractive index sensors are suitable for
integrated devices. Several groups have reported high-sensitivity refractive index sensors using
guided-mode resonance [10,11], photonic crystals [12,13], diffraction from the phase grating [14],
an evanescent-field-coupling guided mode [15], a Bloch surface wave [16,17], and a ring
resonator [18]. However, a complex and specialized experimental setup, for example an oblique
incident geometry, is still required for the optimal performance of these sensors.

Very recently, a high-contrast SWG bio-sensor with a surface-normal-coupling optical



geometry was reported at the infrared (IR) wavelength region [19]. The high-contrast SWG is
composed of a high refractive index grating surrounded by a low refractive index medium. In a
high-contrast SWG, the normal incident light wave can excite and interact with the multiorder
eigenmodes owing to its high refractive index modulation. Utilizing this interaction, extraordinary
properties such as high polarization selectivity, high-quality-factor resonance, and ultra-
broadband high reflectivity with a large fabrication tolerance were obtained [20-25]. The
interaction between the incident light and the eigenmode also depends on the changes in the
environment around the grating because the eigenstates of the mode strongly reflect the refractive
index contrast between the grating and the surrounding material. As a result, the refractive index
of the surrounding material can be measured with a high sensitivity. Refractive index sensors were
typically used in aqueous environments such as bioassays. For these applications, a low
absorption of the light in water is desired for an improvement in the signal-to-noise (S/N) ratio.
Although light near the UV wavelength range is suitable for a high S/N ratio due to its low
absorption in water [26], the fabrication of an SWG sensor operating near the UV wavelength
region can still be technically difficult and challenging, owing to the small grating period.

In this work, a high-sensitivity refractive index sensor with a normal incident geometry
is experimentally demonstrated, using an SWG operating near the UV wavelength, for the first
time. The SWG structure is designed for the high-sensitivity refractive index sensor using the
wave number dispersion relationship, which determines the phase of the eigenmodes. We
calculated the electromagnetic filed distribution within the designed SWG, using the finite
difference time domain (FDTD) method, in order to estimate the performance of the SWG as a
refractive index sensor. Further, we fabricated the designed SWG by electron beam (EB)
lithography technique and the fabricated SWG sensor experimentally measured a fourth order-

decimal change of the environmental refractive index, without an oblique incident geometry.



2. SWG design for the refractive index sensor

Figure 1 shows the schematic of the SWG structure. The SWG was arranged on a glass
substrate with a shorter period than the incident wavelength and the grating was surrounded by
material with a refractive index, n,. The incident light was assumed to be a p-polarized plane wave
in which the electric field was perpendicular to the grating stripes. The incident wavelength ()

was set to 380 nm because of its low absorption in an aqueous environment [26].
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Figure 1 Schematic the SWG refractive index sensor

The operating principle of the refractive index sensor, using the SWG, is as follows: In
the SWG, the eigenmode exists as a solution for Maxwell’s equations in the periodic refractive
index distribution. If the refractive index contrast between the grating ridges and air gaps is large,
the incident light excites not only the fundamental mode but also the higher-order modes owing
to a large modulation of the refractive index. These modes are coupled with each other at the
interface between the SWG and the optical glass, and the transmitted light through the SWG is
expressed by the interference between these modes [21,22]. If these eigenmodes are anti-phase
and cancel each other’s amplitudes at the interface between the SWG and the optical glass, the
transmitted light intensity through the SWG becomes nil. The transmitted light intensity

sensitively varies with the changes in the environmental refractive index around the SWG because



the eigenmode phases strongly depended on the refractive index contrast between the grating and
the surrounding material. As a result, slight changes in the refractive index of the surrounding
materials can be measured, without an oblique incident geometry.

Based on the above operating principle, we designed the SWG for the refractive index
sensor using the wave number dispersion curve of the eigenmode, which determined the phase of
the mode [22]. Sufficient refractive index contrast between the grating ridges and air gaps is
required for the excitation of the higher-modes to measure the refractive index because the
interference between the modes cannot be obtained without the higher-order modes. On the other
hand, we predicted that a refractive index contrast, which is too large, is not suitable for refractive
index sensing because such a contrast saturates the eigenmode phase shift and induces
insensitivity to slight changes in the surrounding refractive index. Thus, we selected Si3N4, whose
refractive index value is moderate and satisfies the above requirements, as the SWG material (the
refractive index of Si3Ny is 2.0847 at a 380-nm wavelength) [27]. In addition, Si3N4 is chemically
stable for various environment and is suitable for the SWG sensor material. We also considered
the dependency of the dispersion curve on the ns value, which is closely related to the sensor
sensitivity. The sensitivity of this proposed sensor device is subject to propagation properties of
the excited eigenmodes, because the dependency of the mode phase on variation of the
environmental refractive index strongly influences on the interference between the modes. The
phase shift of the mode is not constant for changes in ns because of the corresponding nonlinear
variations of the dispersion curve [22]. If the dispersion curve varies considerably with slight
changes in ns, the mode phase also shifts rapidly. Thus, a high sensitivity for the sensor can be
expected, without an oblique incident system.

Based on this, grating parameters such as the grating period (A), grating height (H), and

the grating width (w) were designed using the wave number dispersion curve of the eigenmode



in order to obtain a high sensor sensitivity. As a result, these parameters were set to A =215 nm,
H =150 nm, and w = 150 nm, respectively.
To estimate the sensor performance of the designed SisN4+-SWG, the electromagnetic

filed distribution of the SWG was calculated by the FDTD method (Fullwave: R-soft).
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Figure 2 FDTD numerical calculation model of the SWG refractive index sensor

Figure 2 shows the FDTD numerical calculation model. In this model, the Si;N4 grating ridges
were arranged on an optical glass and the ridges were surrounded by a medium with a refractive
index, ns. The length of the grating stripe along the y-direction was assumed to be infinite because
the actual length was considerably larger than the incident wavelength. 20 number perfect
matched layers (PMLs) and the periodic boundary condition (PBC) were employed for the z- and
x-directions, respectively. The calculation region was defined as the boundaries depicted in Fig.
2. The vertical and lateral sizes of the calculation region were 1550 nm and 860 nm, respectively
and the region was divided into 2 nm x 2 nm square cells. The incremental time step was 0.4656

x 1013s. A p-polarized incident plane wave with a wavelength of 380 nm was made to normally



enter the designed SWG. The incident light propagated along +z direction from the surrounding
material to the glass substrate. The transmitted intensity at the observation plane was evaluated
by a Poynting vector, when the value of ns was varied. Figure 3 shows the transmitted light
intensity through the designed SisN4-SWG as a function of the ns value. The value, ny = 1.3406,
corresponds to that of pure water [26] and the transmitted intensities in Fig. 3 were normalized at
this value. In Fig. 3, the transmitted intensity rapidly decreases with minuscule changes in the
refractive indices in the region, ns= 1.3406—1.3900. The inclination of the transmitted intensity
per refractive index unit (RIU) indicates the sensor sensitivity. We obtained various sensitivities
for the designed SisNs-SWG, as shown in Fig. 3; they were 1449% RIU™!, 1232% RIU!, and
2195% RIU™! for the ny = 1.3406-1.3420, ns = 1.3440-1.3470, and ns = 1.3500-1.3900 refractive
index ranges, respectively. These results imply that the refractive-index-sensing resolution with
the SWG attains a value of 8.116 x 10 RIU at least, if the optical detection system can measure
an intensity change of 1%. The variation in the sensitivity maybe owing to the nonlinear variation
of the dispersion curve, for changes in n,. These numerical results indicate that a high-sensitivity
refractive index sensor near the ultraviolet wavelength can be successfully achieved, without an

oblique incident optical geometry.
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To reveal the origin of the high sensitivity of the designed SisN4-SWG, the magnetic
field distribution within the SWG at low (ns = 1.3900) and high transmitted intensity conditions
(ns = 1.3406) are depicted in Figs. 4 (a) and (b), respectively. The magnetic field intensity is
normalized by that of the light source. The green square indicates the grating ridges. For the low
transmitted intensity condition in Fig. 4(a), the magnetic field distribution inside the SWG
indicates that the field amplitude within the grating ridges and air gaps at the interface between
the SWG and the optical glass are out of phase and cancel each other. As a result, the transmitted
field intensity is nil. In contrast, the amplitudes at the grating ridges and air gaps at the high
transmitted intensity condition (ns = 1.3406) are in phase and the transmitted field intensity
becomes considerably larger than that in the low transmitted intensity condition, as shown in Fig.
4(b). These calculated fields can explain the origin of the high sensitivity of the designed SWG
sensor. The phases of the existing modes closely reflect the refractive index contrast between the
grating ridges and the surrounding media. The interference between the modes is determined not
only by the phase of the individual modes but by those of all the existing modes also. Thus, the
transmitted intensity is highly sensitive for slight changes in ns, even with a normal incident
optical geometry because the phase shifts of the all the existing modes contribute to the
interference, for changes in n.
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Figure 4 Magnetic field distribution at (a) low and (b) high transmittance conditions. The
intensity was normalized by that of the light source. The green squares indicate the grating

ridges.



3. Experimental results and discussion

We fabricated the designed SisN4+-SWG structure with A =215 nm, H = 150 nm, and w
=150 nm on an optical glass substrate using the chemical vaper deposition (CVD), EB lithography,
and inductive coupled plasma (ICP) etching techniques. A 150 nm-thick film of SisN; was
deposited on the glass substrate by CVD. A 100-nm thick EB resist film was spin-coated on the
Si3N; film. The grating pattern was drawn by EB lithography and a patterned resist was developed.
The grating area was 0.9 mm x 0.9 mm and approximately 4200 lines were present in this area.
An 80 nm-thick Ni film was evaporated on the patterned resist as an etching mask and the resist
was removed. ICP etching using CHF; gas was used to form the SisNs-SWG. After the etching
process, the Ni-mask was removed by nitric acid aqua. A scanning electron microscope (SEM)
image of the fabricated SWG is shown in Fig. 5. The fabricated grating period and the grating
stripe width were 215 nm and 150 nm, respectively. Figure 5 also shows that the sidewall of the
fabricated SWG is rough and non-ideal rectangle shape, and the fluctuation of the grating stripe

width is about 30 nm.

Figure 5 SEM image of the fabricated SisN4s-SWG



We measured the transmitted light intensity through the SWG by varying n, to evaluate
the sensor performance. The experimental measurement set up is shown in Fig. 6. A xenon lamp
was used as the near UV light source and a collimation lens was placed in front of the lamp. The
incident light was p-polarized by the polarizer. The diameter of the incident light through the iris
was approximately 0.8 mm. To estimate the sensitivity of the fabricated SWG for changes in n,
ethanol solution diluted by pure water was used. The fabricated SWG was placed in a plastic cell
filled with ethanol solution and p-polarized incident light with a wavelength of 380 nm was made
to normally enter the grating. The mass concentration of ethanol was increased and the transmitted
intensity through the SWG was measured by a spectrometer, and this measurement was done at

room temperature.
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Figure 6 Experimental measurement setup

Figure 7 shows the transmitted intensity as a function of n,. The value of n, in Fig. 7 is derived
from the mass concentration of water and ethanol; the refractive indices, Nwater and Nethanol, WeTE
obtained from literature (nwater =1.3406, Nemanoi=1.3753) [26,28]. The error bars depict the standard
deviation over three measurements. In Fig. 7, a maximum transmitted light intensity is observed
at ny = 1.3406 (in pure water), which rapidly decreases with a slight increase in ns. The
transmittance at ns~=1.3406 was also about 94% of that through the glass substrate at same

experimental conditions. Different sensitivities were obtained with a range of n, values and the
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experimental sensitivity of the sensor reached about 1240 % RIU™! for ns =1.3464—1.3545.The
experimental results demonstrate extremely good agreement with those calculated by the FDTD
method. The experimental sensitivity was slightly higher than the calculated one. The origin of
the deviation maybe the non-ideal vertical shape and the rough sidewalls of the grating, resulting
from the ICP etching process. These results also indicates that our SWG structure resistant to
fabrication errors as mentioned in previous publication [29], and the SWG is useful for
overcoming the technically difficultly in the fabrication process of a shorter wavelength operating
devices. On the other hand, the flat response of the sensitivity is observed at ny = 1.3425 to 1.3450.
We consider the origin of the flat response as follows. The flat response range corresponds to the
refractive index region, where the sensor sensitivity changes from 1449%RIU to 1232%RIU as
shown Fig.3. This indicates the excited modes inside SWG have different phase dependences on

the ns, respectively,
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Figure 7 Experimental transmitted intensity through the fabricated SisN4-SWG as a function of
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because the wave number dispersion curve of the mode, which determines the mode phases,
nonlinearly varied for n,. If the relative phase relation between the modes slightly changed
regardless of the phase variation of the individual modes, the interference between the modes is
almost unchanged. As a result, the flat response of sensitivity is occurred.

The experimental sensitivity of the fabricated SWG corresponds to a sensor resolution
of 8.06 x 10 RIU, without an oblique incident geometry, if the spectrometer can measure a 1%
change in the light intensity. This is first experimental demonstration of a high-sensitivity
refraction index sensor with a normal incident geometry, using an SWG operating near the
ultraviolet wavelength region. The high sensing resolution and sensitivity of the fabricated SizNy-
SWG are comparable with those of refractive index sensors using SP resonance [2,6], guided-
mode-resonance [10,11], and photonic crystals [12]. The SWG sensor demonstrated in this work
does not require an oblique geometry and special measurement techniques; hence, compactness
and high sensitivity can be realized simultaneously. Moreover, a high-sensitivity sensing of the
refractive index can be achieved in various aquatic measurement situations because the SWG
sensor is operated near the UV wavelength, with an extremely low attenuation in water. Thus, our
SWG sensor is suitable for integration and practical use in many applications requiring refractive

index sensing.

4. Conclusion

In conclusion, a high-sensitivity refractive index sensor with a normal incident geometry
was experimentally demonstrated, using an SWG structure near the UV wavelength region. The
SWG structure was designed using the wave number dispersion relationship, which determines

the phase of the eigenmode. The electromagnetic field distribution within the designed SWG was
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calculated by the FDTD method to estimate the sensor performance of the SWG. The calculation
results demonstrated that the transmitted intensity through the SWG sensitively varied with slight
changes in the refractive index of the surrounding material. The designed SWG was fabricated by
the CVD, EB-lithography, and ICP-etching techniques. The transmitted light intensity through
the fabricated SWG varied rapidly on increasing the refractive index of the surrounding material.
The experimental sensitivity reached 1240 % RIU™ indicating that this SWG sensor can measure
a refractive index change of 8.06 x 10 RIU, if the optical detection system can measure an
intensity change of 1%. This is first report of a high-sensitivity refractive index sensor with a
normal incident geometry, using an SWG operating near the UV wavelength. This sensor is

suitable for the various integration applications requiring refractive index sensing.
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