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Abstract

:

In this work, we have compared several configurations of surface plasmon resonance (SPR) sensors based on D-shaped tapered plastic optical fibers (TPOFs). Particularly, the TPOFs used to obtain the SPR sensors are made by a lab-built system based on two motorized linear positioning stages and a heating plate. Preliminarily, a comparative analysis has been carried out between two different configurations, one with and one without a thin buffer layer deposited between the core of TPOFs and the gold film. After this preliminary step, we have used the simpler configuration, obtained without the buffer layer, to realize different SPR D-shaped TPOF sensors. This study could be of interest in SPR D-shaped multimode plastic optical fiber (POF) sensors because, without the tapers, the performances decrease when the POF’s diameter decreases, whereas the performances improve in SPR D-shaped tapered POF sensors, where the diameter decreases in the D-shaped sensing area. The performances of the SPR sensors based on different taper ratios have been analyzed and compared. The SPR-TPOF sensors have been tested using water–glycerin mixtures with refractive indices ranging from 1.332 to 1.381 RIU. According to the theory, the experimental results have demonstrated that, as the taper ratio increases, the sensitivity of the SPR sensor increases as well, while on the contrary the signal-to-noise ratio (SNR) decreases.
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1. Introduction


The surface plasmon resonance (SPR) technique has been widely used in the last two decades as the detection principle for several sensors used in the biological and chemical sensing fields [1,2,3,4]. The SPR phenomenon occurs at the interface between a dielectric layer and a thin metal film (usually a gold film), hit by a p-polarized light. The incident light generates electron charge density waves called plasmons. An electromagnetic wave, namely a surface plasmon wave (SPW), propagates at the metal–dielectric interface. When the p-polarized light is incident on this metal-dielectric interface in such a way that the propagation constant (and energy) of the resultant evanescent wave is equal to that of the SPW, strong absorption of light takes place as a result of the transfer of energy, and a dip at a particular wavelength (resonance wavelength) appears in the output signal. The resonance wavelength is highly dependent on changes in the refractive index of the dielectric layer.



In particular, low-cost sensors based on SPR in optical fibers for the implementation of biosensors and chemical sensors constitute a very sensitive method for determining even small refractive index changes at the interface between a metal substrate and a dielectric medium (a receptor layer that interacts with a specific analyte) [5,6,7,8,9,10,11]. In order to improve the performances of these kinds of sensors, different configurations have been recently proposed [12,13,14,15,16].



Particularly, multimode plastic optical fibers (POFs) are suitable for low-cost SPR sensing systems. They are especially advantageous due to their simple setup and for the POFs’ properties, such as excellent flexibility, easy manipulation, great numerical aperture, large diameter, and the ability to withstand smaller bend radii than glass [17]. Furthermore, the appealing properties of POFs that have increased their popularity and competitiveness for telecommunications are exactly those that are important for optical sensors based on glass optical fibers, with the addition of simpler manufacturing and handling procedures. In this context, Cennamo et al. have presented several biochemical applications based on an SPR-POF platform, described in [17], by varying the molecular recognition element (MRE) [18,19,20]. Moreover, several works have been already presented on the theoretical analysis of SPR sensors in tapered optical fibers, such as [21,22,23,24]. In particular, as supposed by the theory, to improve the sensitivity of the SPR-POF sensor in biosensing, tapered plastic optical fiber can be introduced, such as that already tested in nicotine detection by SPR D-shaped tapered POFS (TPOFs) combined with a specific molecularly imprinted polymer (MIP) [21].



In the SPR D-shaped POF sensors, it has been demonstrated that when the diameter of the POF decreases from 1000 to 250 µm, the performances decrease too [25]. In fact, in an SPR D-shaped POF sensor, obtained by a multimode POF with a diameter of 250 µm, the sensitivity is about 550 nm/RIU. Moreover, when a tapered POF is present at the input or output of the SPR sensing area, different filtering of higher-order modes in plastic multimode fibers can be obtained [26]. In particular, the experimental results presented in [26] have shown that the tapered filter positioned after the SPR D-shaped POF area improves the performances in terms of refractive index range and depth of the SPR curve.



Consequently, in SPR D-shaped tapered POF sensors, when the diameter in the D-shaped sensing area changes with the taper ratio and when the shape of the tapered POF, at input/output of the SPR area, changes as well, a specific analysis is required. This work presents a detailed analysis, carried out by specific experiments, of the performances of different SPR sensors realized by D-shaped TPOFs.



Finally, in these kinds of SPR D-shaped POF sensors, the sensitivity is also a function of the D-shaped POF parameters [27].



In order to realize the SPR sensors required for this study, in the first step we obtained TPOFs with different taper ratios, and then we used them to make D-shaped sensing areas by polishing and sputtering processes [17]. In particular, in this paper we first described the designed system used in the laboratory to realize TPOFs with different taper ratios, and then we compared the performances of these SPR sensor configurations in terms of sensitivity and signal-to-noise ratio (SNR), exploiting different water–glycerin solutions in contact with the gold film (solutions with refractive indices ranging from 1.332 to 1.381 RIU).




2. Lab-Built System to Make TPOFs


We have developed a novel automatic system to realize TPOFs. Figure 1 shows a schematic view of the realized system. In particular, it includes two motorized linear positioning stages (M150.11, Physik Instrumente (PI), Karlsruhe, Germany) connected to a computer and a heating plate (up to 100 °C). The POF is kept at a fixed height of about 1.5 cm from the heating plate (see Figure 1). The plastic optical fiber used presents a Poly(methyl methacrylate) (PMMA) core of 980 μm and a fluorinated cladding of 10 μm.



First, the fiber was kept steady on both sides upon the stages by special holders; then, the POF was heated at 100 °C along about 2 cm and was stretched by varying the movement of the two micropositioners.



The linear movement of the stages of the two micropositioners was handled by a card produced by Physik Instrumente and installed on the computer. This board is programmable through LabVIEW software (National Instruments, Austin, Texas, USA) by two “sub-virtual instruments” (sub-VIs) made available by Physik Instrumente. Starting from these two sub-VIs, we created a “virtual instrument” (VI) in LabVIEW 5.1, a custom interface where the user can select the stages’ movements in microns from two different panels and, by changing these two parameters, it is possible to obtain different taper ratios. The taper ratio was defined as the ratio between ri and r0, where 2r0 is the diameter of the tapered region and 2ri is the total diameter of the used POF (1 mm). Figure 2 shows the top view of the realized TPOF (with ri and r0).



When the length setting in the micropositioners increases, the taper ratio increases too. In this work, the taper ratio ranges from 1.3 to 1.8, depending on the chosen parameters.




3. SPR-TPOF Sensors


The SPR-TPOF sensors are based on a D-shaped sensing region of about 10 mm in length, as shown in Figure 3.



As the first step to realize these SPR sensors, we fixed the obtained TPOFs in a resin block to remove the TPOFs’ cladding and part of the core using two different polishing papers (5 and 1 μm), giving us the desired D-shaped region in a way similar to [17]. The TPOFs were realized as described in Section 2.



In a first analysis, we compared two SPR-TPOF sensors obtained with and without a buffer layer (Microposit S1813 photoresist layer of about 1.5 microns of thickness) between the core of the POF and the thin gold film in the D-shaped area [17]. To cover the core with the buffer layer (a layer with a refractive index greater than that of core) we used a spin coater [17]. Both configurations are schematically reported in Figure 3.



In all the sensor configurations, the thin gold film was sputtered on the D-shaped region using a sputtering machine (Bal-Tec SCD 500), with the sputtering process repeated three times (current of 60 mA for a time of 35 s) and a deposition step of 20 nm per step [17]. These three steps are necessary to obtain a deposition step with a low temperature.



After the first analysis, we used the configuration of the SPR-TPOF sensor without the buffer layer (Figure 3b) to study how the performances change when the taper ratio changes. In these cases, we sputtered the gold film directly on the core of the D-shaped TPOF area.




4. Experimental Setup


To test the SPR-TPOF sensors, we used the experimental setup shown in Figure 4. It is composed of a white light source illuminating the SPR-TPOF sensor and a spectrometer connected at the end of the sensor. The halogen lamp (HL-2000-LL, manufactured by Ocean Optics, Dunedin, FL, USA) exhibited a wavelength emission range from 360 to 1700 nm, while the spectrometer (FLAME-S-VIS-NIR-ES, manufactured by Ocean Optics, Dunedin, FL, USA) had a detection range of 350 to 1000 nm.



To test the SPR sensor configurations, we used different water–glycerin solutions. These solutions had been previously characterized by an Abbe refractometer (Model RMI, Exacta + Optech GmbH, Munich, Germany).




5. Experimental Results


5.1. Preliminary Test Exploiting SPR-TPOFs Sensors with and without a Buffer Layer


At an early stage, we tested two SPR-TPOF sensor configurations, one with and one without the photoresist buffer layer, to determine if the use of this intermediate layer leads to a sensitivity enhancement similar to the SPR platform based on non-tapered POFs [17]. Both SPR-TPOF sensors had the same taper ratio of about 1.8 and had been tested with different water–glycerin mixtures in contact with the gold film (the refractive index ranged from 1.332 to 1.371).



Figure 5a,b shows the SPR spectra, normalized to the reference spectrum (obtained with air as the surrounding medium) [17] at different water–glycerin solutions for the configurations with and without buffer layer. Figure 5c presents the resonance wavelength variations (Δλ), calculated with respect to the water (1.332) as a function of the refractive index (n), along with the linear fitting to the data for both the configurations (with and without buffer layer). The linear fitting of the data can be used to approximate the sensitivity of the sensor. In Figure 5c, each experimental value is the average of five subsequent measurements, and the respective standard deviations (error bars) are shown too.



In fact, if an alteration of the refractive index (δn) produces a variation of the resonance wavelength (δλ), sensitivity at a fixed refractive index (n) can be defined as [28,29]:


  S  ( n )  =   δ λ   δ n      [    n m   R I U    ]   



(1)







So, from Equation (1) and Figure 5c, the sensitivity can be approximated with the slope of the linear fitting, and it is approximately equal to 1800 nm/RIU for both configurations. Therefore, in terms of sensitivity, these results establish that the buffer layer is not necessary for the SPR-TPOF sensors because it does not improve the performances even if the shape of the resonance gets worse. The shapes of these SPR curves are relative to the high value of the taper ratio (about 1.8). As will be shown in the next section (Section 5.2), the full width at half maximum of the SPR curves increases when the taper ratio increases.



Through these preliminary experimental results, we verified that the simple sensor configuration without the buffer layer can be used to study how several taper ratios produce different performances.




5.2. SPR-TPOF Sensors without Buffer Layer and with Different Taper Ratios


In Figure 6, three pictures of different configurations of SPR-TPOF sensors are presented. After having obtained different TPOFs in terms of taper ratio using the developed system described in Section 2 to make the SPR sensors, we used the same procedure already described in Section 3 (configurations without the buffer layer) to obtain these three SPR-TPOF sensors by fixing different TPOFs in resin blocks, polishing them, and sputtering the same gold film on their D-shaped area (1 cm long). The images in Figure 6 were acquired by Dino-Lite digital microscope (AnMo Electronics Corporation, Taiwan). Configurations “A”, “B”, and “C” present taper ratios of about 1.3, 1.4, and 1.5, respectively.



The performances of this kind of sensor are usually determined by parameters like sensitivity and signal-to-noise ratio (SNR) [17], so different water–glycerin mixtures with refractive indices ranging from 1.332 to 1.381 were used to test the produced SPR-TPOF sensor configurations.



Figure 7 shows the SPR spectra, normalized to the reference spectrum, for (1) configuration “A”, (2) configuration “B”, and (3) configuration “C” when several water–glycerin mixtures are used in contact with the gold film.



In these SPR-TPOF sensor configurations, when the refractive index increases, the resonance wavelength increases as well, and the shape of the SPR curve changes too. However, the shape and the resonance wavelength change in a different way when the taper ratio changes, as shown in Figure 7. In particular, when the taper ratio increases as the refractive index increases, both the resonance variation and the full width at half maximum of the SPR curve increase as well.



The variation in resonance wavelength with respect to the water (1.332) as a function of the refractive index, along with the quadratic fitting to the experimental data, is reported in Figure 7d for all three configurations. In Figure 7d, each experimental value is the average of five subsequent measurements, and the respective standard deviations (error bars) are shown too. In Figure 7d, instead of the linear fitting, the quadratic fitting of data has been shown in order to improve the accuracy. In particular, for the three tested configurations, the fitting curve and the parameters are reported in Equation (2) and in Table 1, respectively.


  ∆ λ = B 2    n 2  + B 1   n + i n t e r c e p t  



(2)







So, from Equation (1) and the fitting Equation (2), also reported in Figure 7d, it is possible to calculate the sensitivity for each configuration, as reported in Figure 8. Configuration “C”, which corresponds to the higher taper ratio (about 1.5), presents the higher sensitivity. This result was expected because as the taper ratio increases, the sensitivity increases as well, such as reported in the theoretical approach [22].



Finally, a comparative analysis has been carried out considering the signal-to-noise (SNR) parameter, which can be defined as [28,29]


  SNR   ( n )   =    [     δ λ       δ λ    S W      ]   n   



(3)




where      δ λ    S W     is the spectral width of the SPR curve corresponding to the same reference level of the transmitted power and can be calculated as the full width at half maximum (FWHM) of the SPR curve.



Figure 9 reports both (1) FWHM and (2) SNR defined in Equation (3) as functions of the refractive index for all three configurations. As can be seen, configuration “C”, which has shown to have the better sensitivity, presents the highest values of FHWM and the worst SNR. This duality between sensitivity and SNR is a well-known result, and it depends on the influence of the higher-order modes over both parameters [28].



To resume discussing the obtained experimental results, Table 2 shows an overview of the calculated performance parameters at a fixed refractive index of 1.35 for all three tested SPR-TPOF sensor configurations. Moreover, in Table 2, we have also reported the parameters obtained by different configurations of SPR D-shaped POF sensors based on non-tapered POFs [17,25]. In this table, the different performances of the configurations based on the same buffer layer deposited on a D-shaped POF when the POF’s diameter is 1000 µm as reported in [17,25] are due to the different depths of the “D” area [27].





6. Conclusions


Several configurations of SPR sensors in TPOFs have been implemented and experimentally tested and compared. First, we compared two configurations (with and without a buffer layer) to determine the influence of this intermediate layer on the sensor’s performances. Once the simpler configuration was chosen, we implemented and tested three different SPR sensors based on different TPOFs, made by a lab-built system, with taper ratios ranging from 1.3 to 1.5.



We determined that with the increase of the taper ratio, the sensitivity increased as well. However, this improvement in sensitivity led to a deterioration in terms of signal-to-noise ratio. In particular, all three SPR-TPOF sensors presented FWHM values very similar to that obtained exploiting a non-tapered, small-diameter POF (250 µm), but with triple the sensitivity [25]. Moreover, all the SPR-TPOF sensors showed better performances (sensitivity and SNR) with respect to the worst case obtained by an SPR-POF sensor with a nonoptimized D-shaped area [25,27]. Consequently, the obtained results demonstrate that this approach can be used for biosensing applications when a bioreceptor or a biomimetic receptor is used on the gold film, as already demonstrated in [17,25].
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Figure 1. Schematic lab-built system used to realize tapered plastic optical fibers (TPOFs). 
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Figure 2. Top view of a TPOF made by lab-built system. 
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Figure 3. Surface plasmon resonance (SPR)-TPOF sensors: (a) configuration with buffer layer and (b) configuration without buffer layer. 
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Figure 4. Experimental setup used to test SPR-TPOF sensors. 
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Figure 5. SPR spectra, normalized to reference spectrum, of (a) SPR-TPOF configuration with buffer layer and (b) without buffer layer. (c) Resonance wavelength variations (Δλ) with respect to the water (1.332) vs. the refractive index for the configurations with and without buffer layer, along with the linear fitting to the data and with the error bars. Linear fitting equation for the configuration with buffer layer: Δλ = 1801.8 n − 2414.5 (R2 = 0.95). Linear fitting equation for the configuration without buffer layer: Δλ = 1774.2 n − 2336.3 (R2 = 0.97). 
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Figure 6. SPR-TPOF sensor images acquired from a digital microscope. (a) Configuration “A”, taper ratio 1.3; (b) configuration “B”, taper ratio 1.4; (c) configuration “C”, taper ratio 1.5. 
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Figure 7. SPR spectra, normalized to reference spectrum, of (a) configuration “A”, (b) configuration “B”, and (c) configuration “C”. (d) Plasmon resonance wavelength variation (Δλ) with respect to water (1.332) as a function of the refractive index, along with quadratic fitting to the data, for each configuration. 
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Figure 8. Sensitivity as a function of refractive index for all SPR-TPOF sensor configurations. 
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Figure 9. (a) Full width at half maximum (FWHM) and (b) signal-to-noise ratio (SNR) as a function of refractive index for all SPR-TPOF sensor configurations. 
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Table 1. Parameters of the quadratic fitting of data, Equation (2), for sensor configurations A, B, and C.
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	Configuration
	B2
	B1
	Intercept
	Adj. R-Square





	A
	11,301.90
	−29,023.40
	18,607.20
	0.9997



	B
	11,819.05
	−30,274.00
	19,355.60
	0.9995



	C
	12,665.17
	−32,483,31
	20,797.75
	0.9977
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Table 2. Performance parameters when the refractive index is 1.35 RIU for SPR sensors in D-shaped POFs exploiting different taper ratios or different configurations.
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	Configuration
	Taper Ratio
	Sensitivity [nm/RIU]
	FWHM [nm]
	SNR





	“A”
	1.3
	1450
	67
	7.4



	“B”
	1.4
	1600
	76
	3



	“C”
	1.5
	1700
	90
	2.6



	D-shaped POF (250 µm) [25]
	1 (non-tapered)
	550
	~70
	1.75



	D-shaped POF (1000 µm) [25]
	1 (non-tapered)
	1325
	~200
	0.85



	D-shaped POF (1000 µm) without buffer layer [17]
	1 (non-tapered)
	~2400
	~180
	0.98



	D-shaped POF (1000 µm) with buffer layer [17]
	1 (non-tapered)
	~2500
	~150
	2.33
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