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Abstract

:

We propose a spectrometer-free refractive index sensor based on a graphene plasmonic structure. The spectrometer-free feature of the device is realized thanks to the dynamic tunability of graphene’s chemical potential, through electrostatic biasing. The proposed sensor exhibits a 1566 nm/RIU sensitivity, a 250.6 RIU−1 figure of merit in the optical mode of operation and a 713.2 meV/RIU sensitivity, a 246.8 RIU−1 figure of merit in the electrical mode of operation. This performance outlines the optimized operation of this spectrometer-free sensor that simplifies its design and can bring terahertz sensing one step closer to its practical realization, with promising applications in biosensing and/or gas sensing.
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1. Introduction


Optical refractive index (RI) sensors are widely used due to their high sensitivity. Different structures for optical RI sensors have been developed over the past years, such as sensors based on optical fibers [1] and optical resonators [2,3,4,5]. Among these sensing devices, a group is based on the physical phenomenon of surface plasmon resonance (SPR). This type of biosensors is particularly used nowadays because it has proven its ability to provide a fast response in real time, without the use of markers. This stems from the singular property of surface plasmon polaritons (SPPs), to guide light along a metal/dielectric interface, and this precisely depends on the electromagnetic properties of the dielectric. More specifically, SPPs are surface waves whose characteristics are very sensitive to the dielectric medium, which is in contact with the surface of the metal. A small variation of the refractive index of this medium causes a change in the so-called resonance conditions. By measuring this change, it is then possible to detect, in real time, the presence of chemical and/or biochemical species in the vicinity of the metal surface and thus to achieve very sensitive sensors, for example, for quantitative analyzes of biomolecular reactions.



Several of these sensors involve more than one optical phenomenon to improve the capabilities (such as sensitivity, figure of merit, etc.) For instance, the sensor proposed in [5,6] combines whispering-gallery mode resonator and localized SPR (LSPR) mode, which leads to extremely high sensitivity. In [6], the proposed sensor can even realize single ion/molecule detection. For now, research groups have developed several different types of RI sensors with outstanding performance. However, most of these optical sensors require spectrometers, interferometers, prisms, or some other complex optical components. These components are usually bulky and thus not suitable for integration [7]. Therefore, novel designs that can discard these bulky elements have to be sought after, using spectrometer-free conceptions [7,8]. In [7] the spectrometer-free design is realized by measure of the transmission intensity change, while in [8], the sensor produces different reflection images as responses to the RI change. However, in [7] the measured optical intensity is usually more sensitive to noise from the source and detector than to the resonance peak. In [8], to get and analyze the reflection image, a CCD array and post-image processing are required which also increases the complexity of the system. Generally speaking, the key to the spectrometer-free design consists in finding another response to the RI change.



In our study, we propose a spectrometer-free design using graphene SPR-based structures. In fact, since the first isolation of graphene [9,10], this two-dimensional (2D) material has attracted an everlasting enthusiasm in the scientific community due to its unprecedented properties. Among these works, many have shown the importance of graphene as ideal plasmonic material [11,12,13] with excellent performance (e.g., perfect absorbers based on graphene [14,15,16,17] and high quality factor and sensitive graphene metamaterials [18]). Hence, different promising applications of graphene plasmonic structures have been put forward [19,20,21,22]. Sensing is one of these important uses of graphene, and different sensors based on this 2D material have been realized in the past few years [23,24,25]. Nevertheless, it should be emphasized that these graphene-based plasmonic sensors require complex optical components, to conveniently operate. In our work, we exploit the tunability of the graphene electrical response to realize a spectrometer-free terahertz sensor, using the electrical response of graphene sheets for molecular sensing. For instance, in [26] for example, the authors realized a spectrometer-free molecular sensing by studying the absorption of graphene sheets under different electrostatic biased chemical potentials. Under each chemical potential, there is a corresponding absorption peak in the frequency domain. By sweeping the chemical potential, the characteristic absorption peak from the analyte molecule is acquired. Finally, the corresponding resonance peak in the frequency domain may be resolved. However, the focus is more on the theoretical illustration of the concept. Here, we design an efficient sensor, adopting a somehow similar idea, using the electrical response to resolve the RI of the analyte medium. For instance, the conductivity of a graphene sheet is directly related to its chemical potential, which can be tuned using different mechanisms, e.g., electrostatic bias, chemical doping, and magnetic bias [27]. Since the graphene electrical property and the RI of the analyte (surrounding) medium are linked by the SPR mode, any change in the RI can be mapped into a change of the graphene chemical potential (or a bias voltage, in case electrostatic bias is used). Hence, a flexible realization of a spectrometer-free design may be obtained with different chemical potential tuning mechanisms. Moreover, we take into account the following considerations: Among these tuning mechanisms, chemical doping is a permanent tuning method by which we cannot continuously and reciprocally tune the chemical potential of the graphene sheet. The electrostatic biasing scheme offers, on the other hand, a fast on-off switching of the graphene SPR, and a dynamical tuning of its excitation frequency by adjusting the applied electrical voltage. By switching it off, one recovers the original graphene (undoped) sheet. Meanwhile, compared with magnetic bias, electrostatic bias doesn’t require external equipment to generate magnetic fields (the graphene sheet can be itself a part of the biasing electrode.) Therefore, we choose electrostatic biasing as our default mechanism for tuning graphene’s chemical potential.



In this work, we propose a practical spectrometer-free RI sensor design using the electrical tunability of graphene sheet. The performance of the sensor is studied both by analytical calculations and numerical simulations. The results show that this design is flexible, robust, and with better combined sensing characteristics than comparable sensors. The paper is organized as follows. In the Results section, the sensing mechanism and the design of the proposed sensor are illustrated. After that, the sensor’s performance for different chemical potentials is analyzed, including the performance-boosting methods. Then, the sensing mechanism is investigated in the optical mode of operation (working as a traditional optical RI sensor) and electrical mode of operations (working as a spectrometer-free sensor). In a sense, electrical or optical mode of operation refers to the mode of operation of the sensor, i.e., whether the frequency or the chemical potential of graphene are held constant. In the Discussion part, the effect on the sensitivity of the device by the change of the grating size are briefly discussed and the proposed sensor is compared with other related works and shown to outperform them in terms of the combined sensitivity and figure of merit. Last, the Conclusion gives a summary of the findings of this contribution.




2. Results


2.1. Sensing Mechanism and Sensor Design


The sensing mechanism of the proposed sensor in this work is based on graphene surface plasmon resonance (GSPR). Under the SPR, a strong electromagnetic field, highly confined around graphene leads to a high absorption peak. Thanks to the GSPR mode’s sensitivity to small changes of the surrounding optical properties, the proposed graphene sensor may sense the refractive index of the neighboring medium.



Consider a typical GSPR based structure, e.g., a thin layer of graphene located in the middle and covered by two dielectric materials from the top and the bottom (these materials can be different.) By assuming a simple plane wave solution form and applying boundary conditions, we can obtain the dispersion relation of this sandwiched structure [28] (See Appendix A.) Also, graphene may be treated as a current sheet with corresponding boundary conditions, when the dispersion relation is derived [29].



Assuming that the medium to be characterized is on top of the graphene layer, Equation (A1) (See Appendix A) can be generalized into the dispersion relation with the permittivity (or equivalently the refractive index) of the analyte medium    ϵ 1    (   n 1   ) as a parameter:


  ω = f ( β )  |   ϵ 1    .  



(1)







In Equation (1),  f  is a function of  β  (the wavenumber along the propagation direction) with fixed    ϵ 1   . Equation (1) summarizes the basic sensing mechanism of a simple GSPR sandwich structure, whereas, a change of the medium’s refractive index leads to different dispersion relations.



Generally, coupling techniques are required to overcome the wavenumber mismatch between incident electromagnetic (EM) wave and GSPR mode. In our study, we make use of gratings in order to realize the required coupling [28]. Owing to phase-matching, the grating adds an extra term to the propagation constant, i.e.,:


  β =  k  inc   sin ( θ ) + n   2 π  p  .  



(2)







In Equation (2),    k  inc     is the incident wavenumber,  θ  is the angle of incidence,  n  is an integer number, and  p  is the period of the grating. In our study, a normally incident plane wave is used (i.e.,   θ = 0  ). Once the period and integer number n are chosen, the propagation constant is fixed, which leads to a specific GSPR mode. With a fixed  β , we can rewrite Equation (1) as:


  ω = g (  ϵ 1  )  |  β =  β 0    .  



(3)







Equation (3) shows the direct relationship between the incident wave frequency  ω  and the sensed medium permittivity    ϵ 1   , which is the basic sensing mechanism for this sensor to work in the optical mode of operation, that requires a spectrometer.



Thanks to the tunability of graphene conductivity, one has extra free variables and parameters in the dispersion relation of the GSPR structure. In [13], the conductivity and permittivity of a graphene sheet are expressed, leading to the relation between quantities e.g., mobility, chemical potential, and permittivity (see Appendix A). Then, the relationship between graphene chemical potential (   μ c   ) and its permittivity can be written as:


   ϵ g  = h ( ω ,  μ c  ) .  



(4)







Here  h  is a function of both  ω  and    μ c   . If we have a monochromatic incident plane wave, we can rewrite Equation (3) by using Equation (4) as:


   μ c  = s (  ϵ 1  )  |  β =  β 0  , ω =  ω 0    .  



(5)







In Equation (5),  s  is a function of    ϵ 1    with fixed  β  and  ω . Equation (5) shows the possibility of spectrometer-free sensing, using the tunability of graphene through its chemical potential. In fact,    μ c    can be tuned by different techniques, e.g., electrostatic biasing and chemical doping. If the former biasing is used (as done in this work) to tune the chemical potential, this sensor operates in the electrical mode of operation and leads to spectrometer-free sensing.



The graphene sensor structure is shown in Figure 1. This sensor consists of a grating coupled to a GSPR structure with a reflector, at the bottom. The basic structures of this sensor (responsible for the sensing mechanism) are the SPR sandwiched structures (the analyte medium on the top, a graphene layer, and a grating in the middle with a dielectric substrate, and the reflector on the bottom). The reflector located under the GSPR structure will reflect the transmitted energy back so that a higher absorption peak will appear which is easier to be detected by photodetectors. The geometrical parameters of this sensor are defined as, grating period  p , grating height  h , grating width  w , and distance between the reflector and the graphene layer  d . The thickness of the reflector will not affect the device performance significantly, as long as it is thick enough to reflect the transmitted energy back (the thickness  δ  in this study is chosen to be 50 nm), therefore, it can be designed flexibly according to the fabrication process capabilities. This device is designed to work for a normally-incident, transverse-magnetic (TM) polarized electromagnetic wave, as schematized in Figure 1.



In this work, we first fix the grating period   p ≈ 2  λ  GSPR   = 384.8    nm    and GSPR mode propagation constant   β ≈ 70  k 0    (for    μ c  = 700    meV   ), which corresponds to a feasible surface plasmonic resonance mode with regards to the physical dimensions of the structures to be used. Furthermore, the grating width  w  and height  h  are set to 40 nm and 50 nm, respectively. A summary of the designed dimensions is shown in Table 1. The material properties (permittivity, mobility, etc.) of the designed devices are set with reasonable values from the common nanofabrication process. For the dielectric substrate, the relative permittivity is set to 3.5. As for graphene, mobility is set to 50,000 cm2/(V·s), which is a reasonable value for graphene with good quality [30] (see Section 3.3.) The metallic reflector is chosen to be made from gold with permittivity calculated using the Drude’s model [31].




2.2. Performance Analysis and Simulation Results


To quantitatively evaluate the performance of the sensor, sensitivity, figure of merit, limit of detection and specificity are commonly used. Since our sensor is a general RI sensor that does not involve molecular detection, specificity is not applicable in this study.



In the optical mode of operation, we use the common definition of sensitivity, figure of merit (FoM) and detection limit (DL) [32] for optical RI sensor, i.e.,:


   {    S =   Δ λ ( nm )   Δ n ( RIU )   ,     F o M =   S ( nm / RIU )   F W H M ( nm )   ,     D L =   R ( nm )   S ( nm / RIU )   ,      



(6)




where the sensitivity  S  is defined as the ratio between the peak shift in wavelength and its corresponding refractive index change and the   F o M   is defined as the sensitivity over the peak full width at half maximum (  F W H M  ). From the very definition of FoM, one can see that it is easier to distinguish between two resonance peaks under a certain RI change provided that the sensor has a higher FoM. Therefore, FoM is a critical characteristic related to the resolution of the sensor and a high FoM is desirable for enhanced sensitivity. Except from FoM, the resolution of the spectrometer and the noise parameters also determine the resolution of the sensor [32], which describe the ability to accurately determine the spectral shift. With the resolution of the sensor, we can define the detection limit of the sensor which equals the resolution divided by the sensitivity.



As this graphene sensor has an additional spectrometer-free working mode (i.e., the electrical mode of operation), we use a similar approach to define the counterpart sensitivity, FoM and DL in that scenario, i.e.,:


   {    S =   Δ  μ c  ( meV )   Δ n ( RIU )   ,     F o M =   S ( meV / RIU )   F W H M ( meV )   ,     D L =   R ( meV )   S ( meV / RIU )   .      



(7)







In this study, only calculations and simulations are done to examine the sensor performance. Hence, the noise level (including noise from the excitation laser, photodetector and auxiliary electric circuit) and spectral resolution (including the resolution of the tunability of excitation laser and the spectrometer) may not be acquired without an experimental implementation. Moreover, without loss of generality, only sensitivity and figure of merit will be calculated to evaluate the performance of the sensor.



After setting up the basic definitions, we can start by analyzing the sensitivity under different graphene chemical potentials by analytical means [solving Equations (3) and (5)] and finite-elements based simulations (using COMSOL Multiphysics®) with designed  β  and  p . The sensitivities from both equations and simulations are obtained when the relative permittivity of the analyte medium is varied around the central value 3.5. Practically, in Equations (3) and (5) both  g  and  s  cannot be solutions expressed in a direct analytical formula. Therefore, during the solving process, the values of both sides of Equation (A1) are calculated with different sets of variables. By finding the minimum error between both sides, the relation between variables can be acquired numerically.



For the simulations, we treat the whole sensor structure as a repeated sequence of unit-cells (shown in Figure 2). To characterize the whole structure, we make use of periodic boundary condition (PBC) at both sides of the unit-cell. In addition, the top and bottom boundaries are set as port 1 and port 2, respectively and the plane wave excitation is enforced at port 1. The scattering parameters (S-parameters) are calculated to evaluate the relationship between incident and reflected wave intensity. The simulations are performed both with reflector and without reflector, respectively. For the simulations with a reflector, a preliminary simulation is done in order to optimize the distance between graphene and the reflector so that we obtain the highest absorption peak.



As can be seen from Figure 3a, when    μ c    is varied from 700 meV to 1600 meV, the calculated optical mode of operation sensitivity for the ideal GSPR structure decreases. Meanwhile, the simulated optical mode of operation sensitivity for the device structure (GSPR and grating) shows the same trend as the calculated one. However, the existence of gratings slightly changes the GSPR mode, which leads to the small discrepancy between simulations and analytical results by solving Equation (A1). Besides, the results with and without the metallic reflector are identically the same, which shows that the inclusion of the reflector will not evidently influence the sensitivity of the device. The sensitivity results for the electrical mode of operation are shown in Figure 3b. On the contrary, the sensitivity for the electrical mode of operation increases with increasing chemical potential. The simulation results also have the same trend as the calculated results with deviation due to the existence of gratings. In order to have perfect agreement between the simulation results and analytical results, one needs to add the effect of the grating, but this will make the problem insolvable analytically. However, the results of Figure 3 illustrate the sensing mechanism of the proposed device and give the trend of the sensitivity versus    μ c   .



Afterwards, all the simulated sensitivities and FWHMs, FoMs for both optical mode of operation and electrical mode of operation under different graphene chemical potentials are calculated and shown in Figure 4. For both modes, the FoMs increase linearly with the graphene’s chemical potential. Different from the sensitivities for both modes, the FWHMs and FoMs become slightly deteriorated due to the existence of the reflector.



The FWHM is also simulated versus different graphene chemical potentials. Figure 4a shows that the FWHM decrease as    μ c    increases for both cases, with and without reflector. Different from the optical mode of operation, as can be seen from Figure 4b, the FWHM of the electrical mode of operation is almost independent of the change of    μ c   .



Figure 5a shows the absorption spectrum for different scenarios: for a structure with graphene’s chemical potential    μ c  = 700    meV    and no reflector, the absorption peak corresponding to the design  β  is denoted by ①. For the case of    μ c  = 1500    meV    and no reflector, the corresponding peak is ②. After including the reflector, the peak ② increases dramatically and transforms into peak ③, which almost reaches perfect-absorption [33]. Generally, by adding the gold reflector and simultaneously by increasing    μ c   , we can realize stronger absorption. The simulation results after adding the reflector to the device in the case of   700    meV    chemical potential are shown in Figure 5b,c, for the optical and electrical mode of operations respectively. Since we add the reflector (transmission through port 2 is 0), the reflection equals the total incident power subtracted by the absorption, therefore, the reflector results in stronger absorption and converts the absorption peak to a reflection dip, which is easier to measure practically.



Summarizing all the observations above, a higher graphene’s chemical potential leads to better FoMs for both optical mode of operation and electrical mode of operation and better sensitivity for the electrical mode of operation, while decreasing the sensitivity for the optical mode of operation. (i.e., for the optical mode of operation, the choice of chemical potential will lead to a trade-off between sensitivity and FoM.) The inclusion of the reflector will not affect the sensitivity and FoM alike, but it helps to realize stronger absorption peak (or weak reflection dip), which may reduce the constraint on sensitivity of the detecting devices such as photodiodes. Therefore, for the final design, graphene chemical potential is chosen to be 1500 meV with a gold reflector on the bottom structure.



The simulation results of the chosen design, based on the abovementioned assumptions, are shown in Figure 6a,b where the reflection coefficient of the optical mode of operation and the electrical mode of operation are given, respectively. It is clear that the minimum reflection coefficients for both cases are nearly zero (perfect-absorption), which are even better than the results of Figure 5b,c. The perfect-absorption is realized by optimizing the distance between the graphene and reflector (here   d = 1244   nm). Next, we can calculate the sensitivity and FoM from Figure 6a,b. The calculated sensitivity and FoM for the optical mode of operation are 1566.03 nm/RIU and 250.6 RIU−1, respectively. For the electrical mode of operation, the sensitivity and FoM are 713.21 meV/RIU and 246.8 RIU−1, respectively. Figure 6c plots the electric field intensity of the device at the resonance peak, shown for one period of the grating (there are four wave nodes corresponding to two wavelengths of the GSPR mode). When the device is operating at the resonance peak, the fields are, as expected, highly confined within a narrow area around the graphene layer due to the property of GSPR.



To further investigate the feasibility of this device for a realistic configuration, an additional simulation is performed with a finite device structure (finite number of unit-cells of the grating). In this scenario, the device consists of only 40 units. A background normally-incident plane wave impinges on the device and the total scattered power density is calculated (by integrating the Poynting vector in the far-field over a closed surface enclosing the structure). The simulation results for the scattering cross-section (SCS) are shown in Figure 7.



From Figure 7a, it can be observed that with the finite structure, the peaks in the optical mode operation are slightly redshifted in comparison to those of Figure 6a (i.e., for the infinite periodic structure), while the peaks in the electrical mode of operation shown in Figure 7b are almost the same as those of Figure 6b. The sensitivities and FoMs calculated from Figure 7a,b are 1561.5 nm/RIU, 269.2 RIU−1, and 713.4 meV/RIU, 250.5 RIU−1, respectively, which are very close to those calculated from Figure 6a,b. Additionally, from Figure 7c, it can be clearly seen that the finite structure device has the same optical mode as the infinite periodic one. Generally, it can be concluded that the device with finite periodic structure operates in the same way as the infinite periodic structure and possesses the same performance (in terms of sensitivity and FoM.)



In order to investigate the sensor’s performance under significant RI changes, an additional simulation is performed with large analyte medium refractive index change. Figure 8a depicts the peak-shift for different medium RIs. As can be seen, when the RI increases, the resonance peak redshifts (i.e., towards lower frequencies). Further, when the RI has a value that is very far from the original design value (n = 1.87), the absorption strength drops, because the reflector position is fixed and optimized to the original design. In other words, we can optimize the reflector distance according to different sensing cases. Figure 8b shows the relation between the peak wavelength and the corresponding medium refractive index. This sensor can retain a relative linear performance spanning different RIs. The sensitivity under large RI change is 1286.68 nm/RIU according to the linear fitting, shown in Figure 8b.





3. Discussion


3.1. Geometrical Optimization


In the previous sections, we analyzed the role of graphene’s chemical potential and reflector position on the GSPR sensing mechanism. The objective of the following discussion is to understand the influence of the geometric parameters of the grating on the sensor’s performance.



To investigate the influence of the grating’s width, several simulations with varying widths are performed, as before. In each simulation, the distance between the reflector and the graphene layer is optimized to obtain the highest resonance peak. As can be seen from Table 2, the narrower the grating is, the better the performance of the GSPR sensor. This improvement is more obvious for the FWHM, that is halved (from 6.3 nm to 3 nm) when the grating’s width is almost halved (from 40 nm to 18 nm), which is a huge improvement. However, the same geometrical change leads to an improvement of only around 5% of the sensitivity (see Table 2). It should be also emphasized that shrinking the width of the grating to the nanometer scale, puts a high constraint on currently available nanofabrication technology. Therefore, a trade-off between the performance of the sensor and the fabrication complexity has to be met.



In the same vein, we investigate the influence of the grating’s height and the corresponding optimized reflector distance on the spectrometer-free GSPR sensor. The results are summarized in Table 3. When the height is divided by two, the performance in terms of FWHM and sensitivity is almost unaltered. This can be explained by the fact that the electromagnetic field is highly confined within a short distance around the graphene (plasmonic) layer, due to the GSPR effect. Thus, the electromagnetic fields do not sense, in a certain way, the thickness of the grating, if these are larger than the confinement distance (few nanometers, in this case). Therefore, it can be concluded that the performance of the sensor is insensitive to the grating height, and this parameter can be flexibly designed, according to the nanofabrication process.




3.2. Performance Comparison


To demonstrate the advantage of this sensor, we make a comparison of the device’s performance with other state of the art recent works. Since the novelty of this sensor comes from its electrical mode of operation, and due to the lack of sensors to compare with, in this specific regime, and as our sensor operates in both modes, this comparison is done in the optical mode of operation, without loss of generality. For instance, in [34], a terminal optical fiber SPR sensor is proposed. In this design, the medium that supports the SPR mode is gold with carbon nanotube and Pt nanoparticles. This sensor can achieve a high sensitivity of 5923 nm/RIU but possesses a relatively low FoM, while in Ref. [35], the opposite situation occurs. This single layer guided-mode resonant sensor in [35] features with a high FoM of 690 RIU−1. In [36], the performance of the proposed sensor is not outstanding, however, it is insensitive to the incident wave polarization. In [37,38,39], the sensors come with good sensitivity but relatively low FoM.



The performance data for the considered sensors are plot in Figure 9. Higher sensitivity means larger change under certain RI variation, which releases the requirement of the spectrometer. Higher FoMs result in sharper peak and less overlap between peaks under small RI change, which relaxes the demand on the distinction of the peaks. Usually, the peak distinction process is done by peak-fitting or other algorithms that require data processing. As can be seen, the sensor proposed in our study has a more balanced operation (good sensitivity and FoM, simultaneously), which relaxes both the requirements of the spectrometer and peak distinction process. This comparison illustrates that our sensor has a comparable/better performance even in the traditional optical mode of operation, in addition to its operation in the electrical (spectrometer-free) mode.




3.3. Mobility, Gating, and Advantages of the Sensor


A mobility of 50,000 cm2/(V·s) was assumed in this work [27,40,41,42], however, if graphene features a relatively lower mobility (lower quality), the SPR will be degraded and may exhibit a broader reflection dip, which leads to a lower FoM. Also, the size of the gratings has an effect on the device performance. Since the SPR mode is highly confined around the graphene layer, the height of the grating will not have an obvious effect on the device operation. However, the width of the grating will influence the SPR mode. Therefore, the grating width used in the simulations is well traded-off between device performance and nanofabrication technology limits.



Furthermore, an important practical aspect of the proposed sensing method is the control of graphene’s Fermi level (or chemical potential). One possible way may be to use the metal-reflector as a second electrode and that this may result in high voltages. However, we are inspired by the experimental setup demonstrated in [21] where similar devices were investigated with voltages up to few hundred volts, used to tune the chemical potential of graphene. We believe that such setup can be feasible with our device. However, it is also possible to use different configurations, i.e., using extraordinary optical transmission electrodes (EOT) as was suggested for example in [21,43]. These electrodes can be made transparent in the frequency domain of interest and conserve their conductivity.



Additionally, in practical applications, the laser source used to excite our device has a finite linewidth of its power spectrum rather than an ideal monochromatic spectrum. Therefore, we qualitatively examine the device performance under the excitation of a finite linewidth source (See Appendix B). The calculation reveals that the effect by a finite linewidth of the source on the sensitivity of the device is negligible. However, the figure of merit will be degraded by the broader band of the source.



To sum-up, the proposed sensor has performance that overcomes classical (optical) biosensors, and its advantages over the state-of-the-art sensors are summarized below:




	(1)

	
Spectrometer-free: The design does not require the use of a spectrometer, which relaxes the design and reduces its complexity, via the electrical mode of operation.




	(2)

	
Higher performance: The GSPR sensor possesses simultaneously a high FoM and sensitivity. This equips the proposed design with a higher precision in detection, in the terahertz range.




	(3)

	
Geometry robustness: The operation is insensitive to the height of the grating, which gives more flexibility in the design and robustness regarding the imperfections in nanofabrication.




	(4)

	
Dynamic tunability: The spectral location of the EM absorption peak can be tuned by changing    μ c   . This shows that the same device can be optimized for different frequency ranges (with reconfigurability, by use of electrostatic biasing).











4. Conclusions


In this paper, a spectrometer-free sensing design is proposed and characterized through optical numerical simulations. This sensor consists of a GSPR structure with gratings for coupling to incident EM waves and a metallic reflector to boost the performance to have a higher absorption peak. The sensor can operate in both optical mode of operation and electrical mode of operation. The device’s performance for different graphene chemical potentials is investigated. These simulations assume a relative permittivity of the analyte medium varying around 3.5 and a chemical potential    μ c  = 1500    meV    is chosen for the final design. In the optical mode of operation, a sensitivity and FoM of 1566.03 nm/RIU and 250.6 RIU−1, respectively were demonstrated. On the other hand, for the electrical mode of operation, these were 720.75 meV/RIU and 287.2 RIU−1. In addition, a finite-size device (consisting of only 40 unit-cells) is also characterized and it is subsequently shown that it has almost the same performance as the infinitely periodic structure. The robustness of the sensor with respect to geometric variations was further investigated, and the results show that this device can be further optimized with a smaller width but at the expense of the complexity of the fabrication process. Last but not least, a comparison of the proposed sensor’s capabilities with similar works is drawn, and it is demonstrated numerically that the combination of the four advantages (mentioned in the discussion section) significantly increases the sensitivity and FoM of the proposed device in comparison with the listed designs.



The new proposed device made of graphene is an important step for sensing for several reasons. On the one hand, this simple technique shows that it is possible to perform a complex analysis on a single device, without the need of a spectrometer, whereas it usually requires many different processes. On the other hand, it shows the unprecedented potential of graphene in sensing, which may lead to several possible applications in biosensing, e.g., for biomolecules, polymers, and many other substances.
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Appendix A. Dispersion Relation and Graphene Conductivity


In [28], the dispersion relation of a three-layer sandwich structure is derived:


   {     e  − 2 t  k g    =   (    k g     ϵ g    +    k 2     ϵ 2    ) (    k g     ϵ g    +    k 1     ϵ 1    )   (    k g     ϵ g    −    k 2     ϵ 2    ) (    k g     ϵ g    −    k 1     ϵ 1    )     ( a )      k i 2  =  β 2  −  k 0 2   ϵ i    ,   i = g , 1 , 2   ( b )      



(A1)







In Equation (A1),  t  is the thickness of the graphene layer,    k 1   ,    k g   ,    k 2    are the wavenumbers in the perpendicular direction for top dielectric, graphene layer, and bottom dielectric, respectively.    ϵ i    (     n i     ) is the permittivity (refractive index) in the corresponding region,  β  is the propagation wavenumber parallel to the graphene layer, and    k 0    is the free-space wavenumber.



Then, the conductivity and permittivity of graphene can be expressed as [13]:


     σ  intra   =   i  e 0    2   k B  T   π  ℏ 2  ( ω + i 2 Γ )   [    μ c     k B  T   + 2 ln (  e  −    μ c     k B  T     + 1 ) ] ,      σ  inter   ≈   i  e 0    2    4 π ℏ   ln [   2 |  μ c  | − ( ω + i 2 Γ ) ℏ   2 |  μ c  | + ( ω + i 2 Γ ) ℏ   ]   ,  k B  T < < |  μ c  | ,     Γ =    e 0    (  c  300   )  2    2 μ  μ c    ,     σ =  σ  intra   +  σ  inter   ,      ϵ g  = 1 + i  σ   ϵ 0  ω t   .    



(A2)







In Equation (A2),    σ  intra    ,    σ  inter     and  σ  (is −2.8  1 ×  10−7+  6.06 ×  10−4i S/m under our working frequency of 46.05 THz with    μ c  = 1500    meV   ) represent intra-band conductivity, inter-band conductivity, and total conductivity of graphene, respectively.    e 0    is the elementary electronic charge,    μ c    is the chemical potential of graphene,  μ  is the electron mobility of graphene,    ϵ 0    and    ϵ g    (−2.  36 ×  102 − 1.1  0 ×  10−1 i under our working frequency of 46.05 THz with    μ c  = 1500    meV   ) are the vacuum permittivity and graphene relative permittivity, respectively. With both Equations (A1) and (A2), the GSPR properties can be analyzed. From a qualitative point of view, some simple conclusions can be made about how the conductivity and effective permittivity of graphene sheet may affect the sensor performance. If we keep the same resonance mode (i.e., fixed  β  defined by the gratings) and consider that  β  is much larger than    k 0   , we can conclude that    k 1   ,    k g   ,    k 2    remain almost unchanged, then the effective permittivity of the graphene sheet    ϵ g    has to remain unchanged. Therefore, a higher conductivity will lead to a higher resonant frequency. Also, a higher conductivity will lead to a resonance with less damping. (i.e., smaller FWHM).




Appendix B. Device Performance Under Finite Band Excitation


The proposed device operates under moderate optical intensity, therefore, it can be treated as a linear system (nonlinear effects can be neglected). Considering the whole sensing system, it consists of the excitation source, the sensing device, and the detector (As shown in Figure A1). Therefore, the overall response (optical power    P o    sensed by the detector) that we may read from the detector is the integration of the product of the power frequency response of each individual component in the system over the entire frequency domain, i.e.,:


   P o   |   ω c  ,  ϵ 1  ,  μ c    =    ∫ 0 ∞    p i   |   ω c     S  11    |   ϵ 1  ,  μ c    r d ω    .  



(A3)
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Figure A1. Systematic composition of the sensing setup in frequency domain. 
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If we further consider a finite spectrum of the source, the integration domain is:


   P o   |   ω c  ,  ϵ 1  ,  μ c    =    ∫   ω l     ω h      p i   |   ω c     S  11    |   ϵ 1  ,  μ c    r d ω    .  



(A4)







In Equation (A4),    ω h   ,    ω l    are limiting frequencies of the source power spectrum. For the sake of simplicity, we assume that the source power spectrum is a normal distribution function (with standard deviation equals to 0.02 THz and 0.01 THz [44,45]) and an ideal detector (  r = 1  ). With    S  11     from the simulation,    P o    can be calculated using Equation (A4), then the device performance with finite band excitation can be acquired:



As can be seen from Table A1, the finite band of the source will have a negligible effect on the sensitivity but an effect on the figure of merit. However, as the quality of laser source being improved, it’s possible to have comparable performance as the monochromatic case.
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Table A1. Calculated sensitivity and FoM under the finite band excitation.
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Mode of Operation

	
Sigma (THz)

	
FoM (RIU−1)

	
Sensitivity






	
Optical

	
0.02

	
149.7

	
1557.1 nm/RIU




	
0.01

	
204.8

	
1556.6 nm/RIU




	
Electrical

	
0.02

	
148.9

	
714.5 meV/RIU




	
0.01

	
204.1

	
714.4 meV/RIU











References


	



Jing, J.-Y.; Li, S.-Y.; Wang, X.-Z.; Zhu, Q.; Meng, F.-L.; Wang, Q. A D-type fiber based symmetrical long-range surface plasmon resonance sensor with high quality factor. Measurement 2019, 140, 395. [Google Scholar] [CrossRef]

	



Chen, C.; Hou, X.; Si, J. Design of a multi-analyte resonant photonic platform for label-free biosensing. Nanotechnology 2019, 30, 275501. [Google Scholar] [CrossRef]

	



Lee, K.L.; Hsu, H.Y.; You, M.L.; Chang, C.C.; Pan, M.Y.; Shi, X.; Ueno, K.; Misawa, H.; Wei, P.K. Highly Sensitive Aluminum-Based Biosensors using Tailorable Fano Resonances in Capped Nanostructures. Sci. Rep. 2017, 7, 44104. [Google Scholar] [CrossRef] [PubMed]

	



Liu, D.; Fu, W.; Shao, J.; Wang, J.; Zhang, Q.; Han, B.; Teng, D. Plasmon-Induced Transparency and Refractive Index Sensing Based on a Trapezoid Cavity Coupled with a Hexagonal Resonator. Plasmonics 2018, 14, 663. [Google Scholar] [CrossRef]

	



Zhang, J.; Li, J.; Tang, S.; Fang, Y.; Wang, J.; Huang, G.; Liu, R.; Zheng, L.; Cui, X.; Mei, Y. Whispering-gallery nanocavity plasmon-enhanced Raman spectroscopy. Sci. Rep. 2015, 5, 15012. [Google Scholar] [CrossRef] [PubMed]

	



Baaske, M.D.; Vollmer, F. Optical observation of single atomic ions interacting with plasmonic nanorods in aqueous solution. Nat. Photonics 2016, 10, 733. [Google Scholar] [CrossRef]

	



Hackett, L.P.; Ameen, A.; Li, W.; Dar, F.K.; Goddard, L.L.; Liu, G.L. Spectrometer-Free Plasmonic Biosensing with Metal-Insulator-Metal Nanocup Arrays. ACS Sens. 2018, 3, 290. [Google Scholar] [CrossRef]

	



Lin, F.C.; See, K.M.; Ouyang, L.; Huang, Y.X.; Chen, Y.J.; Popp, J.; Huang, J.S. Designable Spectrometer-Free Index Sensing Using Plasmonic Doppler Gratings. Anal. Chem. 2019, 91, 9382. [Google Scholar] [CrossRef]

	



Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Katsnelson, M.I.; Grigorieva, I.V.; Dubonos, S.V.; Firsov, A.A. Two-dimensional gas of massless Dirac fermions in graphene. Nature 2005, 438, 197. [Google Scholar] [CrossRef]

	



Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric Field Effect in Atomically Thin Carbon Films. Science 2004, 306, 666. [Google Scholar] [CrossRef]

	



Chen, P.-Y.; Argyropoulos, C.; Farhat, M.; Gomez-Diaz, J.S. Flatland plasmonics and nanophotonics based on graphene and beyond. Nanophotonics 2017, 6, 1239. [Google Scholar] [CrossRef]

	



Grigorenko, A.N.; Polini, M.; Novoselov, K.S. Graphene plasmonics. Nat. Photonics 2012, 6, 749. [Google Scholar] [CrossRef]

	



Koppens, F.H.; Chang, D.E.; de Abajo, F.J.G. Graphene plasmonics: a platform for strong light-matter interactions. Nano Lett. 2011, 11, 3370. [Google Scholar] [CrossRef]

	



Thongrattanasiri, S.; Koppens, F.H.; de Abajo, F.J.G. Complete optical absorption in periodically patterned graphene. Phys. Rev. Lett. 2012, 108, 047401. [Google Scholar] [CrossRef]

	



Amin, M.; Farhat, M.; Bağcı, H. An ultra-broadband multilayered graphene absorber. Opt. Express 2013, 21, 29938. [Google Scholar] [CrossRef]

	



Perrakis, G.; Tsilipakos, O.; Kenanakis, G.; Kafesaki, M.; Soukoulis, C.M.; Economou, E.N. Perfect optical absorption with nanostructured metal films: design and experimental demonstration. Opt. Express 2019, 27, 6842. [Google Scholar] [CrossRef]

	



Chen, P.Y.; Farhat, M.; Bagci, H. Graphene metascreen for designing compact infrared absorbers with enhanced bandwidth. Nanotechnology 2015, 26, 164002. [Google Scholar] [CrossRef]

	



Cen, C.; Chen, Z.; Xu, D.; Jiang, L.; Chen, X.; Yi, Z.; Wu, P.; Li, G.; Yi, Y. High Quality Factor, High Sensitivity Metamaterial Graphene-Perfect Absorber Based on Critical Coupling Theory and Impedance Matching. Nanomaterials 2020, 10, 95. [Google Scholar] [CrossRef]

	



Christensen, J.; Manjavacas, A.; Thongrattanasiri, S.; Koppens, F.H.L.; de Abajo, F.J.G. Graphene Plasmon Waveguiding and Hybridization in Individual and Paired Nanoribbons. ACS Nano 2012, 6, 431. [Google Scholar] [CrossRef]

	



Gan, X.; Mak, K.F.; Gao, Y.; You, Y.; Hatami, F.; Hone, J.; Heinz, T.F.; Englund, D. Strong Enhancement of Light–Matter Interaction in Graphene Coupled to a Photonic Crystal Nanocavity. Nano Lett. 2012, 12, 5626. [Google Scholar] [CrossRef]

	



Lee, S.H.; Choi, M.; Kim, T.T.; Lee, S.; Liu, M.; Yin, X.; Choi, H.K.; Lee, S.S.; Choi, C.G.; Choi, S.Y.; et al. Switching terahertz waves with gate-controlled active graphene. Nat. Mater. 2012, 11, 936. [Google Scholar] [CrossRef]

	



Vakil, A.; Engheta, N. Transformation Optics Using Graphene. Science 2011, 332, 1291. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigo, D.; Limaj, O.; Janner, D.; Etezadi, D.; de Abajo, F.J.G.; Pruneri, V.; Altug, H. Mid-infrared plasmonic biosensing with graphene. Science 2015, 349, 165. [Google Scholar] [CrossRef]

	



Verma, R.; Gupta, B.D.; Jha, R. Sensitivity enhancement of a surface plasmon resonance based biomolecules sensor using graphene and silicon layers. Sens. Actuators B Chem. 2011, 160, 623. [Google Scholar] [CrossRef]

	



Wang, P.; Liang, O.; Zhang, W.; Schroeder, T.; Xie, Y.H. Ultra-sensitive graphene-plasmonic hybrid platform for label-free detection. Adv. Mater. 2013, 25, 4918. [Google Scholar] [CrossRef] [PubMed]

	



Marini, A.; Silveiro, I.; de Abajo, F.J.G. Molecular Sensing with Tunable Graphene Plasmons. ACS Photonics 2015, 2, 876. [Google Scholar] [CrossRef]

	



Hanson, G.W. Dyadic Green’s Functions for an Anisotropic, Non-Local Model of Biased Graphene. IEEE Trans. Antennas Propag. 2008, 56, 747. [Google Scholar] [CrossRef]

	



Maier, S.A. Plasmonics: Fundamentals and Applications; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2007. [Google Scholar]

	



Bludov, Y.V.; Ferreira, A.; Peres, N.M.R.; Vasilevskiy, M.I. A primer on surface plasmon-polaritons in graphene. Int. J. Mod. Phys. B 2013, 27, 1341001. [Google Scholar] [CrossRef]

	



de La Fuente, J. Properties of Graphene. Available online: https://www.graphenea.com/pages/graphene-properties#.XeJaNOgzY2w (accessed on 10 January 2020).

	



Ordal, M.A.; Long, L.L.; Bell, R.J.; Bell, S.E.; Bell, R.R.; Alexander, R.W.; Ward, C.A. Optical properties of the metals Al, Co, Cu, Au, Fe, Pb, Ni, Pd, Pt, Ag, Ti, and W in the infrared and far infrared. Appl. Opt. 1983, 22, 1099. [Google Scholar] [CrossRef]

	



White, I.M.; Fan, X. On the performance quantification of resonant refractive index sensors. Opt. Express 2008, 16, 1020. [Google Scholar] [CrossRef]

	



Wang, Y.; Chen, Z.; Xu, D.; Yi, Z.; Chen, X.; Chen, J.; Tang, Y.; Wu, P.; Li, G.; Yi, Y. Triple-band perfect metamaterial absorber with good operating angle polarization tolerance based on split ring arrays. Results Phys. 2020, 16, 102951. [Google Scholar] [CrossRef]

	



Jiang, X.; Wang, Q. Refractive index sensitivity enhancement of optical fiber SPR sensor utilizing layer of MWCNT/PtNPs composite. Opt. Fiber Technol. 2019, 51, 118. [Google Scholar] [CrossRef]

	



Qian, L.; Wang, K.; Zhu, W.; Han, C.; Yan, C. Enhanced sensing ability in a single-layer guided-mode resonant optical biosensor with deep grating. Opt. Commun. 2019, 452, 273. [Google Scholar] [CrossRef]

	



Yildirim, D.U.; Ghobadi, A.; Soydan, M.C.; Gokbayrak, M.; Toprak, A.; Butun, B.; Ozbay, E. Colorimetric and Near-Absolute Polarization-Insensitive Refractive-Index Sensing in All-Dielectric Guided-Mode Resonance Based Metasurface. J. Phys. Chem. C 2019, 123, 19125. [Google Scholar] [CrossRef]

	



Azarian, A.; Sheikhy, L. Dark Plasmon with a High Figure of Merit in a Single Au Triangular Nano Frame. J. Clust. Sci. 2019, 30, 1633. [Google Scholar] [CrossRef]

	



Tavousi, A.; Mansouri-Birjandi, M.A.; Janfaza, M. Graphene Nanoribbon Assisted Refractometer Based Biosensor for Mid-Infrared Label-Free Analysis. Plasmonics 2019, 14, 1207. [Google Scholar] [CrossRef]

	



Tabassum, R.; Kant, R. Mechanistic understanding of excitation of surface plasmons in a fiber-optic SPR sensor utilizing Al/Cu bimetallic configuration: mode field approach. Phys. Scr. 2019, 94, 125012. [Google Scholar] [CrossRef]

	



Chen, J.H.; Jang, C.; Xiao, S.; Ishigami, M.; Fuhrer, M.S. Intrinsic and extrinsic performance limits of graphene devices on SiO 2. Nat. Nanotechnol. 2008, 3, 206. [Google Scholar] [CrossRef]

	



Akturk, A.; Goldsman, N. Electron transport and full-band electron-phonon interactions in graphene. J. Appl. Phys. 2008, 103, 053702. [Google Scholar] [CrossRef]

	



Geim, A.K.; Novoselov, K.S. The rise of graphene. In Nanoscience and Technology: A Collection of Reviews from Nature Journals; World Scientific: Singapore, 2010; p. 11. [Google Scholar]

	



Fang, Z.; Thongrattanasiri, S.; Schlather, A.; Liu, Z.; Ma, L.; Wang, Y.; Ajayan, P.M.; Nordlander, P.; Halas, N.J.; García de Abajo, F.J. Gated Tunability and Hybridization of Localized Plasmons in Nanostructured Graphene. ACS Nano 2013, 7, 2388. [Google Scholar] [CrossRef]

	



Hinkov, B.; Hayden, J.; Szedlak, R.; Martin-Mateos, P.; Jerez, B.; Acedo, P.; Strasser, G.; Lendl, B. High frequency modulation and (quasi) single-sideband emission of mid-infrared ring and ridge quantum cascade lasers. Opt. Express 2019, 27, 14716. [Google Scholar] [CrossRef]

	



Peng, Y.; Wei, X.; Nie, Z.; Luo, X.; Peng, J.; Wang, Y.; Shen, D. High-power, narrow-bandwidth mid-infrared PPMgLN optical parametric oscillator with a volume Bragg grating. Opt. Express 2015, 23, 30827. [Google Scholar] [CrossRef]








[image: Sensors 20 02347 g001 550] 





Figure 1. Cross-view of the proposed sensor structure, with its different geometrical parameters, and the normally incident plane wave excitation (polarization and wavevector.). 
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Figure 2. Simulation settings, showing the unit-cell and its boundary conditions. 
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Figure 3. Simulated (triangles and stars) and analytically calculated (solid lines) sensitivity versus graphene chemical potential for (a) the optical mode of operation and (b) the electrical mode of operation. 
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Figure 4. Simulated results versus graphene chemical potential for (a) FWHM in the optical mode of operation, (b) FWHM in the electrical mode of operation, and (c) FoM in both optical and electrical mode of operations. 
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Figure 5. (a) Absorption spectrum for different scenarios. (b) Reflection coefficient (   S  11    ) for the device with reflector working in the optical sensing mode with    μ c  = 700    meV    for different permittivities. (c) Reflection coefficient for the device with reflector working in the electrical sensing mode with the same    μ c  = 700    meV   . 
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Figure 6. (a) Reflection coefficient for the sensor (with reflector) working in the optical mode of operation with    μ c  = 1500    meV   . (b) Reflection coefficient for the same device working in the electrical mode with the same chemical potential. (c) Simulated electric field intensity at GSPR peak for    ϵ 1  = 3.5   (   n 1  = 1.87  ). 
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Figure 7. (a) SCS for a device with 40 unit-cells and reflector working in the optical mode of operation with    μ c  = 1500    meV   . (b) Scattered power density for the same device working in the electrical mode of operation with the same chemical potential. (c) Simulated electric field intensity at the GSPR peak when    ϵ 1  = 3.5   (   n 1  = 1.87  ). 
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Figure 8. (a) Reflection coefficient for the device with infinite periodic structure and reflector working in the optical mode of operation with    μ c  = 1500    meV    under large medium refractive index change. (b) Peak wavelength versus corresponding medium refractive index and its linear fitting. 
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Figure 9. Performance comparison of FoM and sensitivity of the sensor proposed in this study to similar other sensors. The star denotes the current study. 
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Table 1. Designed sensor geometry (See Figure 1).
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	Geometry Dimensions
	Value (nm)





	p
	384.8



	w
	40



	h
	50



	  δ  
	50



	d
	1244.4
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Table 2. Simulated sensitivity and FWHM for different grating widths (see Figure 1).
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	Grating Width (nm)
	FWHM (nm)
	Sensitivity (nm/RIU)





	40
	6.3
	1566.03



	26
	4.5
	1603.8



	18
	3
	1641.5
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Table 3. Simulated sensitivity and FWHM for different grating’s heights.
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	Grating Height (nm)
	FWHM (nm)
	Sensitivity (nm/RIU)





	50
	6.3
	1566.03



	25
	6.25
	1566.04











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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