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Abstract

:

Surface Plasma resonance (SPR) sensors combined with biological receptors are widely used in biosensors. Due to limitations of measurement techniques, small-scale, low accuracy, and sensitivity to the refractive index of solution in traditional SPR prism sensor arise. As a consequence, it is difficult to launch commercial production of SPR sensors. The theory of localized surface plasmon resonance (LSPR) developed based on SPR theory has stronger coupling ability to near-field photons. Based on the LSPR sensing theory, we propose a submicron-sized golden-disk and graphene composite structure. By varying the thickness and diameter of the array disk, the performance of the LSPR sensor can be optimized. A graphene layer sandwiched between the golden-disk and the silver film can prevent the latter from oxidizing. Symmetrical design enables high-low concentration of dual-channel distributed sensing. As the fixed light source, we use a 632.8-nm laser. A golden nano-disk with 45 nm thickness and 70 nm radius is designed, using a finite difference time domain (FDTD) simulation system. When the incident angle is 42°, the figure of merit (FOM) reaches 8826, and the measurable refractive index range reaches 0.2317.
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1. Introduction


In the past few decades, nanostructured optical sensors and semiconductor biosensors have made great progress, while SPR-based optical sensors have also produced structures such as prism structure, photonic crystal fiber structure, and grating structure [1,2,3,4]. In recent years, the optical sensor based on local surface plasma structure is proposed, compared with the previous biosensors based on batch state [5,6,7,8,9,10]. These biosensors show the advantages of functional nanostructures and devices. Due to the coupling of gold nanoparticles on the film with local near-field light, it shows the compatibility of light and solution medium and the miniaturization of equipment, becoming one of the most promising materials in the field of optical sensing. When the gold nano-disk interacts with light, there is a coupling resonance between local surface plasmon resonance (LSPR) wave and material energy, which can be used as a sensing signal [11,12]. The generation of LSPR is due to the transfer of the free electron energy from the incident light to the specific collective oscillation mode, resulting in a strong optical absorption band for the incident light. The position of resonance peak at a certain wavelength depends on the shape, size, material, aggregation state, and distribution. LSPR can increase the intensity of the reflected wave and confine the light to the surface of the nanostructure, which makes a series of plasma biosensors possible. LSPR biosensor technology includes refractive index (RI) biosensor technology, metal surface enhanced fluorescence (SEF) technology, and surface enhanced Raman scattering (SERS) technology [13,14,15,16]. Among these technologies, RI biosensor is the simplest, because the change of body RI can be monitored by the change of position or intensity of LSPR peak with real-time and unlabeled sensing ability.



Although LSPR sensor has high sensitivity and resolution [17], the stability of measurement is a challenge. LSPR biosensor technology usually uses optical reference at the beginning of experiment. Measurement is based on the change of light intensity relative to the initial reference. Whether the ambient light and the light source are ideal transverse magnetic waves will affect the reflected intensity. Therefore, the stability of measurement conditions is a key problem in most of the methods based on intensity [18]. Based on the research of adjustable distributed SPR sensor with bimetal film, the sensor can attain two detection ranges of 1.380–1.395 and 1.500–1.520, with a FOM of 5960. When measuring the water content in honey aqueous solution, the sensitivity can reach up to 5.25 × 10−5 RIU 10−5 refractive index unit (RIU). However, the measurement range of this sensor is small, because, for ordinary liquids, the refractive index of the solution varies between 1.333 and 1.51. Singh et al. [19] designed a methanol sensor in infrared band. Through simulation and numerical analysis, they found that for methanol porosity of 20–45%, STM = 77.95–66.66 nm/RIU and FOM = 17.51–17.66/RIU. For gas detection, the quality factor of the sensor may be low, and the measurement effect is not very good relative to the liquid. However, it is possible to improve the response time and sensitivity of the sensor by controlling the composition and structure of the film and changing its optical properties. To further improve the stability and sensitivity of the detection, we propose a local surface plasmon optical biosensor with symmetrical structure of silver film graphene gold disk nanostructure [20].



In this paper, we improve the performance of LSPR sensor by controlling the size of the disk on the film, and optimize it by FDTD solutions simulation. Compared with Chen Qiang’s results, our designed LSPR sensor has a detection range of 1.321–1.335 and 1.553–1.561. For low range solutions, it can detect some solutions with lower refractive index than pure water, such as methanol solution (RI = 1.328) [21]. It is increased by 48% to FOM of 8826. In Section 2, we propose LSPR structure design and simulation. In Section 3, we analyze the structure and parameters of the device through experiments. In Section 4, we summarize our conclusions.




2. Materials and Methods


2.1. LSPR Sensor Structure Design


As the light source, we use a 10 mW He-Ne laser with wavelength 632.8 nm (see Figure 1a). Light enters the prism through the polarizer to produce total reflection. The reflected light passes through the polarizer and finally enters the optical power meter. The incident light is totally reflected through the silver film and the gold disk array on graphene [22]. When the frequency of the photon matches the overall frequency of the electrons conducted by the metal particles, the nanoparticle will strongly absorb the photon energy, and local surface plasmon resonance will occur.



The prism is placed on BK7 optical glass by vapor deposition of corresponding metal particles and engraved by laser. Between the two groups of prisms is a liquid flow cell. When the refractive index of the liquid changes, the transmittance of the light will correspondingly change [23]. The change of the light intensity generates by the detector a signal, which is transmitted to the spectrum analyzer. At last, the computer displays the corresponding concentration.



Figure 1b shows how light enters the silver film and passes through the silver film and graphene to couple with the plasmon on the surface of the gold nano-disk. The design of symmetrical structure sensor shows that there are two local surface plasmon resonances. In Figure 1b, the incident light produces LSPR on the surface where the solution and the disk structure film contact. When the incident light angle is small, it directly passes through the first part of the film structure. Because the refractive index of the solution is smaller than that of the prism, the second refraction occurs in the solution, and the angle is larger than the first incident angle. LSPR occurs on the second part of the film surface. When the incident angle increases, total reflection occurs on the prism surface, and LSPR occurs on the first film structure as the incident angle continues to increase. Two absorption peaks can be generated by changing the incident angle output normalized light intensity. The wave vector direction of the incident light is the same as that of the x-axis. The nano-disk can adjust the wave vector of the plasma wave on its surface to be equal to the wave vector of the incident light to produce local plasmon resonance.




2.2. Variable Method of Controlling Disc Thickness


In the above analysis, two LSPR can be generated by changing the incident angle. In the following simulation experiments, to facilitate our processing of simulation data, only the parameters of refractive index scanning reflect the sensor performance, thus highlighting the research focus.



LSPR sensor has four modulation modes: angle, intensity, wavelength, and phase. In this paper, the light intensity detection method is selected. Under the normalized light intensity, the ratio of the change of output light intensity to the change of refractive index is multiplied by the minimum resolution, expressed as [24]


  S =   Δ  R T    Δ n   • Δ  I V   



(1)
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(2)







The structural sensitivity is defined as the ratio of the refractive index change of the solution to be tested to the change of the light intensity [25,26]. It is the minimum resolution accuracy of the optical power meter. The comprehensive factor for evaluating LSPR sensors is the figure of merit (FOM), which is defined as the ratio of the LSPR sensor sensitivity S to the full width at half maximum (FWHM). From Equation 2, it can be seen that FWHW and FOM are inversely proportional under the condition of constant sensitivity. The FOM can be improved by reducing FWHW, thereby improving the performance of the LSPR sensor [27].



It is clear from the structure model that the half-peak width, peak value, and adjustable range of the LSPR formant directly influence the performance and resolution of the LSPR sensor. This paper studies high-low concentration distributed sensing, and optimizing the structure effectively improves the resolution. The symmetrical nano-disk structure sensor is tuned by using the corresponding change of the reflected light intensity when the concentration of the analyte changes. Both the thickness of the disc and the thickness of the dielectric layer impact on the intensity of the reflected light. The wavelength of the fixed source is adjusted by regulating the system parameters of sensor structure (disc thickness, disk diameter, incident angle, and medium thickness) to achieve tunable distributed large-scale sensing detection [28].



The simulation was performed by using finite-difference time domain algorithm software (FDTD). In the mode of light intensity modulation, a He-Ne laser is selected and the environmental parameters are set as follows: the simulated temperature is 300 K and the standard atmospheric pressure is 101 kPa. The base material is BK7 optical glass; the light source enters at a slightly larger angle (42°) than the critical angle; the thicknesses of the gold disc layer are 40, 45, 50, and 55 nm; the thickness of the medium to be tested is 860 nm; and the tested material is deionized purified water, with a refractive index of 1.33.



As shown in Figure 2, there are two resonance peaks in the intensity absorption spectra of nano-disk arrays with different thicknesses. With the increase of the thickness of the nano-disk layer, the absorption spectra begin to shift to the direction of high refractive index, and the absorption intensity gradually decreases. The FWHM is weakened from 0.033 to 0.020. The FWHM of the gold-porous layer with a thickness of 55 nm is only 0.020, which has a narrower resonance half-width than the 45 nm thick film. The thicknesses of the disk film are 40, 45, 50, and 55 nm.



Figure 3 shows the reflection intensity curves for nano-disk films of different thicknesses. When the thickness of the gold layer is 40 or 55 nm, the double-resonance absorption peak of the reflected light intensity decreases with the increase of the thickness of the gold disk layer, and the minimum reflectance of the normalized light intensity is 0.08344. The thinner is the gold disk layer, the easier it is to excite the LSPW, showing a resonance range that exhibits a larger refractive index in the spectrum. However, as the attenuation absorption peak becomes larger, the FWHM of the resonance peak becomes wider, which brings about a decrease in the sensitivity of the LSPR sensor. According to the refractive index range of the solution, the thickness of the gold nano-disk layer is selected considering the attenuation amount, the measurement range, and the sensitivity. The above figure also shows that, as the thickness of the disk film becomes thinner, the refractive index fluctuates between 1.42 and 1.55, indicating that the reflected light intensity begins to become unstable when the disk film is too thin. It also shows that improving the performance of the LSPR sensor by reducing the thickness of the film can lead to unstable detection [29].



Figure 4 shows the electric field intensity distribution at different disk thicknesses. The thicknesses are 40, 45, 50, and 55 nm, respectively. Along the x-axis, different thicknesses of nanoporous films respond to two specific refractive index points. For the thickness of 45 nm, the refractive index points are 1.37 and 1.646, which show the maximum peak of the electric field intensity at the resonance refraction point. The peak values are 4.209 and 3.89, respectively. The electric field strength of the transverse magnetic (TM) wave is mainly concentrated on the plane where the array disk is located. The direction of propagation is exponentially attenuated. The first peak has a stronger intensity than the second peak. On the interface between the LSPR prism and the solution to be measured, the TM wave is significantly enhanced at two specific refractive index points, and the local electric field enhancement is mapped to the spectrum to produce a double resonance peak.




2.3. Variable Disk Diameter Control Method


In the previous section, we simulate and analyze the effect of thickness on the LSPR induction curve. Changing the diameter of the submicron disk in the dielectric layer also affects the LSPR curve. In the following section, we only change the parameter of the diameter and analyze the change of the LSPR induction curve.



As shown in Figure 5, for nano-disk array structures with different diameters, with the increase of the aperture diameter, the curve of absorption spectrum begins to shift to the direction of high refractive index, the absorption intensity gradually increases, and the range of measurable refractive index becomes larger. The mean bimodal resonance curve of FWHM decreases from 0.031 to 0.023. The bimodal resonance curve FWHM of the gold disk layer with a diameter of 150 nm is only 0.023, which is narrower than that of the gold disk with a relative diameter of 120 nm. Refractive index between 1.43 and 1.52 decreases the fluctuation of absorption spectrum intensity, which indicates that choosing the appropriate inner diameter of disk membrane can reduce the disturbance of absorption intensity and increase the stability of SPR system detection.



In Figure 6, the reflective intensity curves of 120, 130, 140 and 150 nm diameters are shown. In Figure 3 shows that the thicker is the film, the weaker is the minimum reflection intensity, and the smaller is the FWHW. At the same thickness, we only change the inner diameter of the disk, and we find that the minimum point and the full width of the half peak of the reflected light intensity curve almost do not change. However, the value of refractive index at the minimum of two absorption peaks increases because of the right offset of the second reflection minimum. The inner diameter of the gold disk does not change the performance of the SPR sensor. From the shift of the reflection intensity curve in the above figure, we can conclude that the refractive index of the LSPR detection solution can be adjusted by changing the inner diameter of the gold disk.





3. Discussion and Result


3.1. Comparing with Three Kinds of Structures


We analyzed the influence of the thickness and diameter of the disk on the reflected light intensity carried out under a single condition. This paper determines the sensor structure through simulation and structural performance analysis, such as prism + discs, prism + silver film + discs, and prism + silver film + graphene + discs. Figure 7 shows the single-sided structure of the three sensors.



Figure 8 shows the reflected light intensity curves of the three structures under the same condition. In this experiment, the thickness of the solution is set as 850 nm, the thickness of the disk is set as 50 nm, the diameter is set as 120 nm, and the thickness of the silver film is set as 50 nm. Other parameters are the same as the ones in Figure 2. As shown in Figure 8, the prism + disc model can measure the solution in a larger range, but the absorption peak is smaller, thus the FOM is also smaller. The prism + silver film + disc structure has a larger absorption peak and a smaller measurement range; therefore, the FOM is larger. The performance of the prism + silver film + graphene + disc structure is between the other two models. The results in Figure 8 show that the prism + silver film + disc structure is the best. However, the silver film in the prism + silver film + disc structure is directly exposed to the solution, and contact with the gold disc would accelerate the indicated oxidation, which affects the stability of the measurement.



As reported in Table 1, the FOM of prism + silver film + disc is the biggest, reaching 3069, while the minimum value is for prism + disc at 772. The value of prism + silver film + graphene + disc structure is 1391. The analyses presented in Table 1 and Figure 8 are consistent. Considering the stability (oxidation resistance) and performance of the measurement, we choose prism + silver film + graphene + disc. The prism + silver film + graphene + disc structure is used in the following discussion.




3.2. Comparison after Changing the Thickness and Diameter of the Disk Layer


In the above analysis, we can improve the performance of the LSPR sensor by changing the thickness of the disk film and the inner diameter of the disk. In the theoretical analysis of symmetric structure SPR sensing, we define the sensitivity of the LSPR sensor as the intensity of the light intensity corresponding to the refractive index change of the unit sample (the ratio of the change in the intensity of the substance to be measured to the amount of change in the refractive index) [30]. Sensitivity is one of the SPR performance indicators. In the above theory, we introduce FOM to evaluate the comprehensive performance of LSPR sensors. Therefore, we simulated the reflection intensity curve after changing the diameter of the gold disc at different thicknesses by FDTD solutions software. The FOM under each SPR sensing structure type was then calculated from the corresponding reflection intensity curve [31].



In Figure 9, we can see that the difference in FOM is small when the thickness of the film is 45 and 50 nm. The disk diameters were 120, 130, 140, and 150 nm, respectively, and the film thickness was 45 nm, resulting in FOM of 8348, 8624, 8826, and 8364, respectively. The FOM with thickness of 40 nm is 8348, 8624, 8826, and 8364, respectively. The FOM of 40 and 55 nm is lower than for 45 and 50 nm. For the 55-nm disk layer, the FOM of thicker film is from the relationship between the thickness of the front and the intensity of the reflection spectrum. The intensity of the reflection line is weakened, and the sensitivity is lowered. From Equation (2), the sensitivity is proportional to FOM, thus FOM is small. For the 40-nm disk layer, we can see that the FWHW is the largest (Figure 3). From Equation (2), FWHW is inversely proportional to FOM, thus FOM is small. It can be seen in the Figure 9 that, when the thickness of the gold nano-disk layer is 45 nm and the disk diameter is 140 nm, the maximum quality factor is 8826. At this point, we can conclude that the best performance is achieved when the golden disk layer thickness is 45 nm with a diameter of 140 nm.



Figure 10 shows the structure diagram of one side of the sensor chip. The bottom layer is prism structure, which is used to reflect the light twice and generate a secondary resonance [32]. The silver film on the top improves the sensitivity of the sensor, but silver can be easily oxidized by the solution. we have coated a layer of graphene on the silver film, which prevents the silver film from contacting with the solution to oxidize and improves the film layer coupling coefficient.




3.3. Dielectric Layer Thickness Influence on the LSPR Sensing Curve


According to the above model parameter study, it is determined that the thickness of the gold nano-disk layer is 45 nm and the disk diameter is 140 nm. Changing the thickness of the dielectric layer of the solution to be tested can adjust the linear sensing range of the sensor. When the thickness of the solution layer is between 820 and 980 nm, the quasi-linear RI sensing region is 1.294–1.737; the refractive index shown by the broken line in Figure 11 is 1.475; the dielectric layer is thinned; and the resonance peak curve has a low refractive index. The direction offset can be linearly fitted to a smaller area. However, the normalized reflected light intensity does not change, and the FWHW has almost no change, that is, the thickness of the adjustment medium does not affect the sensitivity of the sensor. To some extent, the sensor that forms the surface of the SPR film from nanogold disks is tunable. When the distance between the two layers is changed, the measurement range of the SPR sensor is changed. In the intensity resonance spectrum, the lowest point of the normalized reflected light intensity is the horizontal reference axis (horizontal double arrow) [33]. When a certain light intensity value corresponds to four refractive index points on the intensity spectrum, the refractive index rising region on the right side of the minimum light intensity refractive index point is selected as a fitting sensing channel, and the light intensity value on the spectral line is effectively positioned. Resonance sensing refractive index points improve detection accuracy and efficiency.




3.4. Effect of Incident Angles on SPR Sensing Curve


A group of structures with a thickness of 860 nm on the solution is selected, and the remaining parameters remain unchanged. The parameters of incident angle of the light source increases from 41 to 45, and the normalized light intensity minimum remains basically unchanged, all around 0.112. The shape and size of the curve remains almost unchanged, and the curve follows the incident angle in Figure 12. Increasing the horizontal shift to the direction of increasing refractive index, the full peak half width does not change. The offset of the angle reflection intensity curve is changed less than the offset of the reflected light intensity curve, which changes the thickness of the disc layer to be tested. This structure is shown to be more sensitive to angular of change. In the actual measurement process, to achieve the best linear fit matching of the RI detection range, we can first adjust the thickness of the solution to be measured (large range of coarse adjustment) and then control the angle of incidence (small range of fine adjustment).




3.5. Linear Fitting Model


Extensive detection of water content in aqueous solutions has always been a problem in industry. By the “Lichtennecher” equivalent refractive index method, at 20 °C, the relationship between the water content of the honey aqueous solution and the refractive index satisfies y = −0.0025x + 1.537 [34], where x is the percentage of water content and y is the corresponding RI value. The RI of honey aqueous solution increases with the decrease of water content of honey aqueous solution and vice versa. The quantity varies from 1.287 to 1.537, and the coverage of conventional LSPR detection system is small. The structure of the detection system realizes a single inspection, multi-point sensing, to make up for the shortcomings of traditional instruments in large-scale refractive index detection. It can also improve sensitivity and resolution. The diameter of the golden nano-disk layer is 140 nm, the incident angle is 42°, the thickness of the dielectric layer is 860 nm, and the LSPR is excited by intensity modulation. As shown in Figure 13a,b, the LSPR structure proposed in this paper stimulates two collimated sensing channels in the RI range. The low RI channel range is 1.321–1.333 and the large channel range is 1.553–1.560. Fitting data points by least squares shows that the fitting coefficients are all greater than 0.99 and the maximum slope is 93.96. Among them, the low channel can be used to detect transparent solutions such as methanol solution. The high channel can be used to detect viscous and turbid solutions (such as honey in water) [35].





4. Conclusions


The simulation results of FDTD solutions show that the displayed double resonance peaks are caused by the second attenuation reflection of symmetric prism. The thickness and diameter of the symmetrical nano-disk array, the minimum attenuation of the double resonance peaks, and the half width of the full peak are analyzed synthetically, and the optimal resonance curve of the nano-disk array with different thickness and diameter is determined. The stability of the sensor was improved by adding graphene between the nano-disk and the silver film. Adding graphene can improve the stability of the system, which means that the solution oxidation of silver film is avoided from graphene coating, increasing the reliability of the system. Ultra-high strength graphene improves the performance of LSPR sensor. However, the effect of graphene thickness on the experimental results is not studied in this paper. By adjusting the incident angle of the source and the thickness of the solution layer, the matching of the wave front conditions in a wide RI range can be realized.



The LSPR sensor effective detection index range is 0.23177. For the low refractive index part, thin solution such as alcohol can be detected and, for the high refractive index part, dense colorless solution such as titanium tetrachloride can be detected. Overcoming the defect that the single-point LSPR detection system can detect a small refractive index range. The correlation coefficient of the fitting line of the sensor is superior to 0.98. High refractive index may not be of much use in current conditions, but it may play a role in biology to measure high refractive indices in the future. The LSPR sensor evidences that the proposed structure can achieve a wide range of measurement. In comparison with the traditional prism single point detection system, the LSPR sensor improves the detection efficiency of the sensor, realizes fast and accurate sensor measurement, and widens the method of developing a more practical and accurate tunable distributed LSPR sensor detection system. Additionally, the LSPR sensor provides theoretical and experimental basis for further quantitative analyses of specific molecular concentrations.
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Figure 1. (a) Schematic diagram of the LSPR with prism; and (b) a fragment of the membrane with symmetrical sensing chip. 
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Figure 2. Absorption intensity curve of gold disk film with different thickness. 
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Figure 3. Reflected intensities for different spacing between. 
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Figure 4. Distribution of electric field intensity under different thicknesses. 
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Figure 5. Reflection intensity of different apertures with the same thickness. 
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Figure 6. Reflective intensity of gold disks with different diameters at 45 nm thickness. 






Figure 6. Reflective intensity of gold disks with different diameters at 45 nm thickness.



[image: Symmetry 12 00841 g006]







[image: Symmetry 12 00841 g007 550] 





Figure 7. Three kinds of prism with one side structure. 
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Figure 8. Reflection intensity curves of three structures. 
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Figure 9. Quality factor for different thicknesses and diameters. 
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Figure 10. Local surface plasma with d1 = 45 nm, d2 = 140 nm, d3 = 3.35 nm, and d4 = 35 nm. 
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Figure 11. Reflectance intensity curves for different solution media thicknesses. 
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Figure 12. Reflected light intensities versus refractive indexes for different incident angles. 
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Figure 13. Fitting line of two sensing channels with double resonance peaks. (a) Refractive index of low concentration (b) Refractive index of high concentration. 
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Table 1. Parameters of three kinds of structures.
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	Three Kinds of Structure
	ΔRT
	Δn
	FWHW
	FOM





	prism + disc
	0.6022
	0.328
	0.024
	772



	prism + silver film + disc
	0.8171
	0.242
	0.011
	3069



	prism + silver film + graphene + disc
	0.6914
	0.276
	0.018
	1391
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