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We show here the design, fabrication, and characterization of a wedge-shaped Au thin film with an enhanced figure of merit (FOM). This is achieved by using a reflectivity change in an attenuated total reflection (ATR) setup by slightly modulating the wavenumber of the surface plasmon polariton by means of the varying thickness of the Au thin film. The wedge-shaped Au thin film is equivalent to multiple surface plasmon resonance (SPR) transducers integrated in a single chip and was fabricated by an electron-beam evaporation process with the position of the shutter controlled during the deposition. The FOM, defined as the difference between the maximum and minimum values of the normalized reflectivity change (ΔR/R) divided by the corresponding difference of the incident angles, was 8.0-times larger than that based on the reflectivity R. Also, we demonstrated that the wedge-shaped Au thin film was able to detect ethanol gas at a concentration of 0.2%, corresponding to a refractive index change of 2 × 10−5, without any surface functionalization. Since the sensing signal can be obtained with a single image from the wedge-shaped Au thin film without precise thickness control of the metal thickness, no other materials or modulation equipment is necessary, and the sensing chip can be employed in simple and highly sensitive systems.
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INTRODUCTION
Surface plasmon resonance (SPR) sensors are powerful tools for real-time highly sensitive and label-free detection of analytes with a small size and high throughput, and have been applied to biomolecule (protein, DNA) detection by monitoring the change in the refractive index (RI) on the metal surface (Liedberg et al., 1983; Liedberg et al., 1995; Homola et al., 1999; Phillips, 2008). Higher sensitivity has been required in order to measure a smaller change in the RI by smaller molecules such as gas molecules for applications in the field of security, healthcare, biomedical applications, environmental monitoring, agriculture, and food industry. A lot of approaches have been studied in SPR sensors built on propagating plasmonic eigenwave, surface plasmon polariton (SPP), or localized plasmonic eigenmode, localized surface plasmon resonance (LSPR).
Modulation of SPP by, for example, mechanical (Patskovsky et al., 2008; Shin et al., 2010), phase (Markowicz et al., 2007; Kabashin et al., 2009), and magneto-optic (MO) modulation (Sepúlveda et al., 2006; Regatos et al., 2010; Regatos et al., 2011; Manera et al., 2014; Maccaferri et al., 2015; David et al., 2015; Herreno-Fierro et al., 2016; Kaihara et al., 2019), is effective in improving the RI sensitivity, signal-to-noise ratio (SNR), and limit of detection (LOD). For these modulation configurations, external modulators are necessary leading to large-size, high-cost, and complex sensor systems. Preparation of the metal multilayer including nonmagnetic and ferromagnetic metals is necessary in SPR sensors with magneto-optic modulation. Small-size, low-cost, and simple SPR sensors without precise thickness of control of the metal film are desired. However, reports on SPR sensors satisfying these demands are limited.
We have reported modulation of surface plasmon resonance by magnetization reversal in Au/Fe/Au trilayer for achieving higher refractive index sensitivity (Suzuki et al., 2021). Instead of introducing a ferromagnetic layer, changing the metal layer thickness is effective for modulating the wavenumber of SPP without excess loss due to the ferromagnetic metal. We demonstrated SPR transducers with a wedge-shaped membrane structure on an Au thin film in the Otto configuration (Shimodaira et al., 2019). The transducers are formed of a membrane, where the space for the analyte is sandwiched between SiO2 and Au thin films, fabricated by wafer bonding of an SiO2 substrate on an Au thin film deposited on a Si substrate via ball spacers to define the thickness (t) of the space for the analyte. We confirmed the modulation of the surface plasmon resonance by observing the incident angle dependence of the reflectivity for a fixed wavelength of 1,550 nm with a focusing lens and an infrared camera. We obtained images of different positions having different t, where t is modulated owing to the inhomogeneous bonding force. From the difference of the asymmetric intensity distributions of the images from different positions, multiple SPR transducers with wedge membrane structures on the Au thin film to achieve modulation of SPP were demonstrated in a single transducer without using external modulators or an electromagnet. In sensor structures with the Otto configuration, an RI change of the analyte in a narrow space with a thickness of t ∼ 2–3 μm must be detected, so that the introduction of the analyte to the narrow space is an issue for practical applications. Modulating SPP by changing the metal thickness in the Kretschmann configuration enables the detection of analytes on the metal surface by controlling the metal layer thickness within 1 nm (Suzuki et al., 2021).
In this paper, we report the design, fabrication, and characterization of a wedge-shaped Au thin film, where the Au thickness (tAu) varies in a single sensor chip for modulating the wavenumber, enhancing the figure of merit (FOM) for RI detection in an ATR setup. The FOM, based on the reflectivity change ΔR/R of the wedge-shaped Au thin film, was 8.0 times larger than that based on the reflectivity R. We demonstrated that the SPR sensor based on the wedge-shaped Au thin film was able to detect ethanol gas at a concentration of 0.2%, corresponding to a refractive index change of 2 × 10−5, without any surface functionalization. Since the sensing signal can be obtained with a single image, and no other materials or modulation equipment are necessary for modulating the wavenumber, the sensing chip can be employed for simple and highly sensitive systems.
DESIGN AND FABRICATION OF SURFACE PLASMON RESONANCE SENSOR WITH WEDGE-SHAPED AU THIN FILM
Angular Dependence of Reflectivity in the Wedge-Shaped Au Thin Tilm in Attenuated Total Reflection Setup
We prepared a wedge-shaped Au thin film on a quartz glass substrate mounted on a right-angle quartz prism, as schematically shown in Figure 1, based on the calculated incident angle dependence of the reflectivity. The RI of a dielectric on the Au film was set at 1 for gas-sensing applications. Based on our previous study (Suzuki et al., 2021), the minimum reflectivity satisfying the momentum matching condition was obtained when the Au layer thickness was 44 nm. Based on simulations, the minimum and maximum thicknesses were set at 40 and 48 nm, which includes the Au layer thickness of 44 nm. First, we prepared a wedge-shaped Au thin film (I) by electron beam (EB) evaporation. A 3-nm-thick Ti thin film and a 40-nm-thick Au thin film were deposited on the whole glass substrate (15 mm × 15 mm). Then, half of the area of the substrate was covered by the shutter inside the chamber, and an additional 8-nm-thick Au layer was deposited, so that the largest and smallest thicknesses were set at 40 and 48 nm.
[image: Figure 1]FIGURE 1 | A schematic illustration of a wedge-shaped Au thin film mounted on a quartz glass prism for the attenuated total reflection (ATR) setup used for characterization.
Figure 2 shows the angular dependence of the reflectivity from the two regions (t2 = 40 and t1 = 48 nm) in air using a He–Ne laser (wavelength λ = 632.8 nm) as a light source. As the sensing magnitude, we defined the reflectivity change ΔR/R by:
[image: image]
[image: Figure 2]FIGURE 2 | The angular dependence of the reflectivity (solid lines) from two regions (t2 = 40 and t1 = 48 nm) of the wedge-shaped Au thin film (I) and ΔR/R using reflectivity of t1 and t2 in air using an He–Ne laser (wavelength λ = 632.8 nm) as a light source. The calculated reflectivities are shown by dotted lines for reference.
The maximum ΔR/R was 0.868, which is close to the value of the double dielectrics and ferromagnetic metal (DDFM) structure (Kaihara et al., 2016; Kaihara et al., 2019). We defined the FOM based on Eq. 2 as the difference between the maximum and minimum values divided by the corresponding difference of the incident angles in order to compare the sharpness of the reflectivity R and ΔR/R.
[image: image]
For the Au thin film section of t1 = 48 nm, the maximum reflectivity Rmax was 0.813 at θ = 45°, and minimum reflectivity Rmin was 0.0174 at θ = 46.9°, so that FOM was 0.34°−1 for reflectivity R. On the other hand, the maximum reflectivity change [image: image] was 0.868 at θ = 46.8°, and the minimum reflectivity change [image: image] was −0.761 at θ = 47.4°, so that FOM was 2.7°−1 for reflectivity change ΔR/R. The FOM (sharpness) of ΔR/R was 8.0 times larger than that of R. It is important to reduce the reflectivity at a certain thickness t1 for enhancing ΔR/R to ± 1 and the FOM, based on Eq. 2. It was reported that a reflectivity of 10−5 was realized by tuning the dielectric SiO2 layer thickness and wavelength of the incident light (Kaihara et al., 2016). Furthermore, thickness control of an Au layer to 1 nm or smaller is required for finding the optimum Au layer thickness t1. To obtain the optimum t1 with higher thickness resolution in the Au thin film and improve the sharpness (Suzuki et al., 2021), we fabricated a wedge-shaped Au thin film and obtained the angular dependence of the reflectivity with a single image, as described in the next section.
Angular Dependence of Reflectivity in the Wedge-Shaped Au Thin Film in Attenuated Total Reflection Setup Based on Surface Plasmon Resonance Image
In order to improve the FOM, it is important to find the position showing the minimum reflectivity within the wedge-shaped Au thin film. We prepared another wedge-shaped Au thin film II (tAu: 40–50 nm) by EB evaporation. Details of the preparation process were reported in our previous paper (Suzuki et al., 2021). We measured the thickness of the wedge-shaped Au thin film II by a stylus profiler. The smallest thickness was 34 nm, which was measured at one edge of the substrate, and smaller than the designed smallest thickness of tAu = 40 nm. The largest thickness was 48 nm, which was measured at the other edge, and smaller than the designed largest thickness of tAu = 50 nm. The reason for the thickness difference is that the deposited film thickness is slightly smaller than the designed thickness and Au film deposited by EB evaporation contains the inhomogeneity of the thickness within the glass substrate (15 mm × 15 mm). The reflectivity was measured by a CMOS camera (2,448 × 2,048 pixels, 16 bits) equipped with a cylindrical focusing lens (focal length: 30 mm) for measuring the incident angle dependence of the reflectivity in air with a single image, as shown in Figure 3. A light-emitting diode (λ = 632 nm) was used as a light source, with a band pass filter having a bandwidth of 1 nm. The conversion factor from pixels to incident angle was estimated to be 0.005°/pixel by slightly rotating the sample with a stepping motor. Figure 4 shows the luminance distribution from the wedge-shaped Au thin film. A dark area can be found between the bright areas, corresponding to the minimum reflectivity. With increasing tAu, the position of the dark area shifted toward a smaller x (incident angle). Figure 5 shows the reflected light intensity along the x direction at y = 950, 1,000, 1,050, and 1,100. The minimum reflectivity was observed at y = 950 and monotonically increased with increasing y from 950 to 1,100 (designed thickness tAu = 40–50 nm). The thickness showing the minimum reflectivity was smaller than the minimum designed thickness (t2 = 40 nm) of the wedge-shaped Au film (II). Therefore, the deposited Au layer thickness in the wedge-shaped Au thin film (II) was slightly larger than that of (I). The reflected light intensity and ΔR/R are plotted in Figure 6 based on the luminance distributions of y = 950, 1,000, 1,050, and 1,100 in Figure 5. The difference of maximum and minimum reflectivity change was largest for the combination of the luminance distributions of y = 950 and 1,100, owing to the largest difference of the minimum reflectivity. When the luminance distributions at y = 950 and 1,100 were adopted as the angle dependence of the reflected light intensity for different Au film thickness, the maximum reflectivity change [image: image] was 0.656, and minimum reflectivity change [image: image] was −0.131. The difference of the position showing [image: image] and [image: image]is 109 pixels (0.547°), so that FOM was 1.4°−1 for reflectivity change ΔR/R, which is smaller than that (2.7°−1) of the wedge-shaped Au thin film (I). The reason for the smaller FOM is that the minimum reflectivity is slightly larger at y = 950 of the wedge-shaped Au thin film (II) than that of (I). Further improvement requires the reduction of the minimum reflectivity by preparing a wedge-shaped Au thin film with a wider thickness range (tAu = 30–60 nm), including the thickness showing the minimum reflectivity, than the wedge-shaped Au film (II).
[image: Figure 3]FIGURE 3 | A schematic illustration of the ATR measurement setup with a cylindrical focusing lens and CMOS camera for measuring the surface plasmon resonance (SPR) from the wedge-shaped Au thin film. tAu denotes the designed Au layer thickness.
[image: Figure 4]FIGURE 4 | The luminance distribution from the wedge-shaped Au thin film (II) in air.
[image: Figure 5]FIGURE 5 | The reflected light intensities along the x direction at y = 950, 1,000, 1,050, and 1,100 based on Figure 4.
[image: Figure 6]FIGURE 6 | Reflected light intensity and ΔR/R as a function of the position of the image x based on the luminance distributions of y = 950 and 1,100 in Figure 5.
DISCUSSION
It is important to reduce the minimum reflectivity by realizing the momentum matching condition by selecting the optimum thickness of the Au layer for the wavelength of the incident light in order to enhance the sharpness. It was found that thickness control of as small as 1 nm is necessary for satisfying the condition. In the measurement setup in Figure 3, the minimum reflectivity was determined by the minimum luminance level (number of bits) and dark current of the CMOS camera, which are smaller than the minimum reflectivity observed in Figure 4. From the shift in position showing the minimum reflectivity along the y direction, the thickness resolution was determined by the nominal thickness change (10 nm) divided by the difference in position (150 pixels), corresponding to 6.6 × 10−2 nm/pixel. It is possible to realize thickness control smaller than 0.1 nm without precise setting of the thickness during EB evaporation, which will contribute to the further enhancement of the FOM.
SENSING CHARACTERISTICS OF TRANSDUCERS BASED ON A WEDGE-SHAPED AU THIN FILM
Measurement Setup and Difference in Images Upon Ethanol Gas Injection
We measured the ethanol gas sensing characteristics by using the wedge-shaped Au thin film (II) as a transducer without any surface functionalization. Figure 7 shows a schematic diagram of the experimental setup for detecting the difference in the acquired images (distribution of the reflected light intensity) when ethanol gas was injected. We introduced diluted ethanol gas with a concentration of 0.2–2.0 vol.%, and observed the shift of the SPR images. The ethanol gas was generated by a bubbler, which was composed by a flask filled with ethanol liquid and a gas inlet for N2 gas injection. The generated ethanol gas was diluted by introducing another N2 gas in order to control the concentration by changing the mixing ratio of the N2 gas for generating ethanol gas and the N2 gas for dilution. The diluted ethanol gas was introduced to the sample surface, while keeping the temperature of the ethanol liquid at 14°C, based on the saturation vapor concentration of 4 vol.% at 14°C. The total flow rate was kept constant at 2 L/min. Before changing the ethanol concentration, we introduced pure N2 gas without ethanol for 1 min in order to desorb any ethanol molecules on the sample surface and purge the remaining ethanol gas inside the inlet tube. The concentration change of 0.2 vol.% corresponds to a refractive index change of 2 × 10−5. We recorded an image under each ethanol gas concentration. Figure 8 shows differential images of (A) 2.0–0 vol.%, and (B) 0.2–0 vol.% as grayscale images. The luminance differences were magnified 100-times to clarify them. White and black parts can be seen at the middle of the images corresponding to the reflectivity change owing to the surface plasmon resonance. The influences of the light intensity and mechanical drift were negligible in sensing these concentrations. The difference of the images can be distinguished for the two concentrations. The results of quantitative evaluation will be given in the next sections.
[image: Figure 7]FIGURE 7 | A schematic illustration of the experimental setup for ethanol gas detection using the wedge-shaped Au thin film. Inset is a photograph of the sensing chip and gas inlet tube.
[image: Figure 8]FIGURE 8 | Differential images of (A) 2.0–0 vol.%, and (B) 0.2–0 vol.% as gray-scale images. The luminance differences were magnified 100-times for clarity.
Change in ΔR/R Upon Ethanol Gas Injection
We calculated the reflectivity changes ΔR/R when injecting ethanol gas and pure N2, based on the Angular Dependence of Reflectivity in the Wedge-Shaped Au Thin Film in Attenuated Total Reflection Setup Based on Surface Plasmon Resonance Image section, and investigated the influence of improved FOM for ΔR/R based on the wedge-shaped Au thin film (II). Figure 9 shows ΔR/R for ethanol gas concentrations of 0–2.0 vol.%, as a function of the pixel position along the horizontal direction. Figure 10 summarizes the change of ΔR/R [δ(ΔR/R)] as a function of the ethanol gas concentration. δ(ΔR/R) monotonically increased with increasing concentration. The shift of the image Δx owing to the change of the angle showing minimum reflectivity by SPR is also plotted as a reference in Figure 11. The amount of shift Δx was averaged over five lines along the horizontal direction of the image and is thus not an integer, in order to read out the signal more precisely. δ(ΔR/R) was distinguished for the concentrations of 0, 0.2, 0.6, 1.0, and 2.0 vol.%. The limit of detection was limited by the lowest concentration in the present ethanol gas generating equipment, which was 0.2 vol.%. On the other hand, Δx was 1.4 pixels for 0.2 vol.%, which is close to an image shift of 1 pixel (a shift in incident angle of 0.005°). Therefore, ΔR/R gives a better sensing magnitude with a wedge-shaped Au thin film than the angle showing the minimum reflectivity within the measurement setup.
[image: Figure 9]FIGURE 9 | ΔR/R for ethanol gas concentrations of 0–2.0 vol.% as a function of the pixel position along the horizontal direction.
[image: Figure 10]FIGURE 10 | δ(ΔR/R) as a function of the ethanol gas concentration.
[image: Figure 11]FIGURE 11 | The shift of the image Δx owing to the change of the angle showing the minimum reflectivity as a function of the ethanol gas concentration.
CONCLUSION
We fabricated a wedge-shape Au thin film for modulating the wavenumber of surface plasmon polaritons by using the varying thickness of the Au in a single chip, in order to improve the thickness controllability for reducing the minimum reflectivity and to enhance the sharpness (FOM), defined as the normalized reflectivity change ΔR/R from the reflectivities at two positions on the Au thin film with two different thicknesses. With a combination of the wedge-shaped Au thin film, a focusing lens, and a CMOS camera, a thickness resolution as small as 6.6 × 10−2 nm/pixel was obtained, enabling improved thickness controllability. The maximum reflectivity change ΔR/R was 0.868, and the FOM was larger than that based on the reflectivity R, meaning that ΔR/R in the wedge-shaped Au thin film in this study results in a better sensing magnitude than R. Detection of ethanol gas at a minimum concentration of 0.2% (RI difference of 2 × 10−5) was demonstrated without any functionalization. It is possible to improve ΔR/R, the FOM, and RI sensitivity by preparing a wedge-shaped Au thin film with a wider thickness range. An SPR sensor based on a wedge-shaped Au thin film does not need external modulators or precise thickness control of the metal film and has a smaller footprint and higher sensitivity than conventional SPR sensors, and can therefore be applied to a wide range of sensing applications.
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