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Abstract

:

Heavy metal ion contamination of water supplies has significantly increased during the last century due to advances in industry and technology. Therefore, a lot of effort was put into developing chemical and physical methods for detecting and tracking the presence of these potentially harmful solutions. Despite their comparatively high sensitivity and low detection limits, these methods are hindered by complex instrumentation and tedious, expensive, and difficult chemical processes. Therefore, in this study, we present a straightforward and effective sensing method based on the graphene metasurface for detecting several classes of heavy metal ions. A graphene-metasurface-inspired optical sensor with a glass substrate is developed that can detect Cu2+ and Mg2+ with a sensitivity of 113.92 GHz/RIU and 113.9 GHz/RIU, respectively. In addition to that, the linear fitting curve for both the metal ions is established, and R2 score of 0.9997 and 0.9982 is achieved, respectively. Furthermore, the lowest value of the figure of merit (FOM) of 2.98 RIU−1 and the maximum Quality factor (Q factor) of 11.22 is obtained. The proposed structure also exhibited a low detection limit as well as a resolution of 0.52 RIU and 78.14 THz, respectively. As a result of these findings, a simple and accurate tool for detecting water contamination with heavy metals and aqueous solutions with relatively high performance is developed.
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1. Introduction


All living mechanisms require clean, uncontaminated water as a basic requirement. Water contamination is the pollution of water bodies, usually as a result of human activities, that can cause many waterborne diseases such as cholera, dengue, malaria, etc. There are a few types of water contaminants, such as physical, chemical, biological, or radiological substances or matter in water bodies such as lakes, rivers, ponds, aquifers, oceans, etc. [1,2]. Water pollution results when contaminants are introduced into these water bodies. To remove such contaminants, proper and effective water treatment is required. In order to render water suitable for the use at hand, it must first undergo treatment, which either involves the elimination of pollutants and other unwelcome components or the reduction in the concentration of those components. Heavy metals, dyes, and microorganisms in extremely low concentrations can be harmful to human health as well as the aquatic system and the environment [3]. These optical sensors are much helpful. Optical sensors are helpful in detecting water contamination [4,5].



Optical sensors are used for multiple purposes, including encrypting, encoding, and sensing-based applications. They are also used for the detection of pathogens in food [6]. They are classified into two classes: label-free and labeled. Label-free biosensors are much more in demand. Their sensing capabilities are high. Hemoglobin from blood can be detected using a label-free biosensor [7]. Viruses and bacteria can also be detected quickly and accurately using biosensors. Due to their enhanced conductivity and tuning properties, graphene-based sensors are in high demand.



P. Leonard and co-authors developed optical sensor detecting pathogens in water and food. Kulkarni et al. were the first to develop a sensor for heavy metals such as Cu2+, Hg2+, and Cr2+. The effect of copper and magnesium ions on water contamination is quite well known. They can be toxic or carcinogenic in nature and can cause many problems to human and aquatic life [8]. Drinking water containing copper and magnesium causes many health disturbances, such as headache, vomiting, nausea, liver, gastroenterological problem, etc. Such copper and magnesium concentration in water causes stress to aquatic life, and the ecosystem gets disturbed [9]. The source of water contamination of ill-treated copper is copper-based industries and magnesium-based industries. Moreover, the copper sulfate used in fungicides and pesticide contaminates the water reservoir near agricultural land [10]. Magnesium is added to the soil to correct it. Therefore, there is much important to remove copper ions and magnesium ions from these water effluents. Due to such pollution and contamination occurring in the water bodies, several techniques used, such as cementation, photocatalysis, reverse osmosis, ultrafiltration, electrodialysis, etc., are created to control copper and ions in the water [11]. By this, the water quality can be measured in a cost-effective manner without any technical expertise.



Graphene is widely used for sensing and encoding-based applications due to its higher conductivity and tuning properties. By utilizing a metasurface, it is possible to lower the cost of fabricating a graphene-based biosensor while preserving its high level of stability and sensitivity [12,13]. A sensor that is based on graphene metamaterial performs exceptionally well at capturing infrared and THz wavelengths. They are cost-effective due to the ease with which they may be nanofabricated by the use of electron beam lithography, which allows them to be produced in large quantities [14]. A biosensor-based detection of deadly viruses, including COVID-19, Ebola, Zika, Influenza, etc., has been reviewed by Patel and co-investigators [15]. A graphene-based metasurface sensor for various cancer detection is also developed, and relative sensitivity, as well as absolute sensitivity, has been numerically calculated [16].



Here, we demonstrated a graphene-metasurface-inspired sensor based on a glass substrate for heavy metals detection that includes Cu2+ and Mg2+ detection. Performance optimization of the proposed structure was carried out by demonstrating structural parameter optimization. A detailed discussion on sensor structure and simulation conditions is presented in Section 2. This section also discusses the employed graphene conductivity model for the proposed study, and the performance parameters are also defined. Section 3 presents an in-depth discussion of achieved results, and the performance of the developed sensor in terms of several parameters is also carried out to demonstrate its higher performance. The summary and the concluding remarks of the study are presented in Section 4.




2. Design and Modeling


The graphene-metasurface-inspired optical sensor with glass material as a substrate is developed. The structural view, as well as the top view and the front view of the design, is presented in Figure 1a–c, respectively. The parameters for the given structure are as follows: length of the structure L1 is 8 μm, L2 is 7 μm, the height of graphene pattern is 0.34 nm, and width of the meta surface pattern MSW is 1 μm. The length of the whole structure L3 is 10 μm. substrate (glass material) thickness, Sbt, is 1.5 μm. The contaminated water samples are placed above the graphene metasurface, which is placed above the glass substrate, as presented in Figure 1c. The optical properties (i.e., RI, permittivity, permeability) of the substrate material affecting the transmission are used to calculate the optical characteristics of glass, which are taken from [17]. Other than this, the thickness of the substrate also affects the transmission [18]. The combination of glass and graphene initially appears complicated since it is difficult to generate graphene on a glass substrate using the conventional CVD method. However, a novel approach for the deposition of graphene on insulating surfaces has been presented in [19], which can produce graphene on glass without the use of a metal catalyst in about 5 min at a rate of 37 nm/min. Due to the extraordinary features of graphene, including its high conductivity and excellent tunability, it can easily detect water contamination.



2.1. Model of Graphene Conductivity


The conductivity of graphene can be defined with the help of the following Equations (1)–(4) [20]:


  ε    ( ω )  = 1 +    σ s     ε 0  ω ∇    



(1)
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   σ s  =  σ  i n t r a   +  σ  i n t e r    



(4)







Here, all the represented symbols stand for their usual meanings, and more details on them are made available in the Supplementary Material.




2.2. Sensor’s Performance Deciding Parameters


Sensor’s performance evaluation parameters are derived and can be calculated as indicated in Equations (5)–(13) [21,22,23]:


  S =   Δ f   Δ n    



(5)






  F O M =  S  F W H M    



(6)






  Q =    f r    F W H M    



(7)
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  D R =    λ r      F W H M      



(9)






  D A =  1  F W H M    
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  S R = S × D L  



(12)






  U C =   2    (  Δ f  )    0.75      (  F W H M  )    0.25    9   



(13)







All the represented symbols stand for their usual meanings, and more details on them are made available in the Supplementary Material.





3. Results and Discussion


When simulating the designs shown in Figure 1 with COMSOL Multiphysics [24], planar light along the z-axis is employed to generate a frequency that ranges from 0.1 to 1 THz. Tetrahedral meshing is what is being performed here. The transmittance plots for several structural variations, such as glass material thickness, metasurface pattern width, and the electric field intensity (EFI) confirming the attained transmittance plots with heavy metals detection is included in Figure 2, Figure 3, Figure 4, Figure 5 and Figure 6.



3.1. Structure Optimization


To start with, we checked the impact of Graphene Chemical Potential (GCP) on the transmittance response of the proposed sensor. To check the impact, GCP is changed from 0.1 eV to 0.9 eV with the uniform increment of 0.1 eV, and the attained response is exhibited in Figure 2 in the form of the line as well as color plots. The line plot in Figure 2a demonstrates the gradual increment in transmittance drop as the GCP enhances, and it is also noticed that for 0.1 eV and 0.2 eV, we do not attain any drop in transmittance in the considered range of frequency. It is possible that we would achieve the transmittance drops for 0.1 eV and 0.2 eV before or after the considered range of frequencies. In other words, for these two values, we achieve the perfect transmittance in the considered frequency range. Though as we increase the GCP from 0.3 eV to 0.9 eV, the transmittance drop gradually increases from 92.25% to 67.74%, as depicted in Figure 2a. In addition to that, it is also noticed that in the span of 0.4 THz to 1 THz, we observe another drop in transmittance for 0.3 eV to 0.9 eV, but the magnitude of this drop is comparatively very small compared to the first scenario. The reason behind achieving the increased transmittance drops as the GCP increases is that as we increase GCP, it increases the graphene conductivity, which as a result, provides the dipper transmittance response. Therefore, for the purpose of this study, we decided to select the 0.2 THz to 0.4 THz range for further investigation. Figure 2b demonstrates the color plot depicting the shift in the transmittance plot. It is observed that as we increase the GCP, the transmittance also moves toward the right side, and this phenomenon is confirmed for both ranges, i.e., from 0.2 THz to 0.4 THz and from 0.5 THz to 1 THz.



For further experimentation, we performed structural optimization to attain the optimal design, and to attain this, we varied the glass material thickness and the width of the metasurface pattern, and the corresponding results are presented in Figure 3. We varied the glass material thickness from 1000 nm to 1900 nm with a uniform rise of 100 nm, and its effect on transmittance is showcased in Figure 3a,b. Figure 3a,b depicts the impact of glass material thickness on transmittance drops. It is well noticed from Figure 3a that with the increasing glass material thickness, the magnitude of transmittance drop does not change. In other words, the uniform transmittance drop is acquired for every value of glass material thickness, Sbt. Therefore, for further explanation, we investigated the color plot that is exhibited in Figure 3b. The color plot clearly depicts that the transmittance response is identical, but a slight left-side movement is observed in the transmittance response. As we can observe, the transmittance response varies in 0.30 to 0.35 THz span. It is noticed that for 1000 nm, the transmittance drop of 72.61% is achieved at 0.331 THz, and for 1900 nm, the transmittance drop of magnitude 72.63% is attained at 0.323 THz. At last, we have varied the metasurface pattern width, MSW, from 4000 nm to 6500 nm with a uniform rise of 500 nm, and its impact on transmittance is exhibited in Figure 3c,d. Figure 3c reports the plot that showcases the impact of MSW on transmittance, and it is very clear from the figure that the uniform transmittance of 77.5% is obtained for the MSW values of 4500–6500 nm. The only different results are achieved for the MSW of 4000 nm, and the magnitude of transmittance attained at this point is 30.23% at 0.377 THz. At this value, the graphene metasurface’s shape changes and covers most parts of the substrate, and hence the abrupt change in transmittance is observed. As we increase the metasurface pattern width, the area covered by the graphene layer also decreases marginally, but as the GCP is fixed at 0.9 eV, we observe the almost identical and wide transmittance response for the rest of the values. While for further explanation, we provided the color plot that exhibits the one shift that is observed for 4000 nm of MSW value which is reported in Figure 3d. For the rest of the values, the magnitude of transmittance is 18.3%, and most of the responses overlap at 0.578 THz frequency; to avoid this and achieve a narrow response, we decided to keep the MSW value as 4000 nm. The optimal parameters set for the proposed graphene-metasurface-inspired sensor structure are as follows: glass material thickness, Sbt is 1500 nm, metasurface pattern width, MSW, is 4000 nm, GCP is 0.9 eV, and the rest of the parameters are as it is from Section 2.




3.2. Detection of Heavy Metals for Efficient and Rapid Water Treatment


In particular, high dosages of Cu2+ and Mg2+ in drinking water could cause several risks to living organisms. These threats include abdominal pain, vomiting, headache, nausea, anemia, diarrhea in small children, damage to the liver, and damage to the kidneys [25]. As a result, the identification of these heavy metals could potentially be of some importance. In this scenario, the rise in the quantity of these metals causes an increase in the refractive index of the polluted water when it is measured at room temperature (25 °C) [26]. The linear relationship for both contaminants is as follows:


   n  w a t e r + C  u  2 +     = 1.3326 + 0.029237 M − 0.0021765  M 2   



(14)






   n  w a t e r + M  g  2 +     = 1.3328 + 0.023179 M − 0.001588  M 2   



(15)







From Equation (14), we calculated the refractive indices (RIs) of Cu2+ contaminated water for different concentrations of Cu2+. The RIs of 1.33248, 1.34125, 1.34915, 1.35606, 1.36398, and 1.3706 was calculated for uncontaminated water, with 0.3 mol/kg, 0.59 mol/kg, 0.86 mol/kg, 1.18 mol/kg, and 1.46 mol/kg concentration of Cu2+ contamination, respectively and the proposed graphene-metasurface-inspired sensor was simulated for this values, and the corresponding detection results and performance analysis is correspondingly presented in Figure 4 and Table 1. Figure 4a represents the impact of various concentrations and in terms of the particular RI for that concentration calculated from Equation (14) on transmittance. The result was carried out for the frequency span of 0.25–0.45 THz, and the enhanced view of achieved results for better visibility is also presented in Figure 4b.



From Figure 4b, we have observed that the transmittance response of 76.17%, 76.08%, 76.01%, 75.94%, 75.87%, and 75.80% is achieved at 0.3591 THz, 0.3582 THz, 0.3573 THz, 0.3566 THz, 0.3558 THz, and 0.3551 THz is achieved for the Cu2+ concentration of 0 mol/kg, 0.3 mol/kg, 0.59 mol/kg, 0.86 mol/kg, 1.18 mol/kg, and 1.46 mol/kg resulting in the RIs of 1.32348, 1.34125, 1.34915, 1.35606, 1.36398, and 1.3706, respectively. The plot clearly shows that as the concentration of Cu2+ in water increases, the transmittance drop also increases, and the left-side movement in transmittance is also noticed from 0.3591 THz to 0.3551 THz resulting in the tuning of 40 GHz. It is possible that this response of the dip shifting is brought on by a change in the optical path length brought on by the concentration of Cu2+ and the condition of a constant phase shift [27]. In addition to that, the complete analysis of the spectral location of the resonance transmittance drop for Cu2+ in terms of concentration (mol/kg) and RI is carried out, and the corresponding fitted formulas with the R2 score of 0.9975 and 0.9997 is achieved, and the linear fitting formulas are as follows:


   f r  = − 0.105   R I + 0.499  



(16)






   f r  = − 0.0027   C + 0.359  



(17)







The plot exhibiting the linear fitting of resonance frequency vs. RI and resonance frequency vs. concentration is demonstrated in Figure 4c,d, respectively, with the mentioning of the linear fitting equation and R2 score.



Here, we would like to point out that the first RI corresponding to 0 mol/kg refers to pure water, i.e., water without any heavy metal contamination. Later, the absolute sensitivity (S) is calculated by considering the pure water RI as a set point, and the relative sensitivity (SR) is calculated to validate that the proposed sensor can also easily detect and separate two various concentrations of Cu2+ in the water solution. The sensor’s performance in terms of absolute sensitivity, relative sensitivity for RI, and various concentrations of Cu2+ as well as FOM, Q factor, SNR, DL, DA, DR, SR, and UC is also carried out, and the detailed analysis is reported in Table 1. With the sensor that has been presented, the highest absolute and relative sensitivities that have been reached are 107.98 GHz/RIU and 113.92 GHz/RIU, respectively. Furthermore, the detailed analysis for sensitivity in terms of concentration is carried out, and the maximum absolute as well as relative sensitivity of 3.05 GHz kg/mol and 3.10 GHz kg/mol are achieved, respectively, while excellent results for FOM (3.15 RIU−1 to 3.55 RIU−1) were attained, which are significantly more desirable for use in experimental research. The Q factor is what determines how steeply the transmittance drops down at certain points. The highest and minimum values of 11.22 and 11.06 are reached, demonstrating that the Q factor is excellent across the board for all concentrations of Cu2+ and clean water. In a similar vein, the sensor that has been described possesses the highest resolution, as shown by the low FWHM values of 32 GHz. These low values suggest a high resolution for all transmittance dips in both contaminated and clean water. We are able to acquire a DL that falls somewhere between 0.45 and 1.00 RIU with the sensor that we have created. The fact that the DA remains constant at 0.031 GHz−1 gives the impression that the suggested sensor is able to easily discern between the extremely similar drops in transmittance that occur at intervals of 0.031 GHz−1. The signal-to-noise ratio is a very small percentage, and it ranges from 0.022 to 0.028, which indicates that the signal is quite strong in comparison to the noise.



We estimated the RIs of Mg2+ contaminated water using Equation (15), and we performed this for a range of different Mg2+ concentrations. The RIs of 1.33248, 1.34072, 1.34594, 1.35438, 1.36174, and 1.36613 have been calculated for uncontaminated water, and with 0.34 mol/kg, 0.59 mol/kg, 1 mol/kg, and 1.38 mol/kg concentration of Mg2+ contamination, respectively. Additionally, the proposed graphene-metasurface-inspired sensor has been simulated for these values, and the corresponding detection results and performance analysis are exhibited in Figure 5 and Table 2. The effect that different concentrations have on transmittance is shown in Figure 5a, along with the particular RI that should be used for that concentration based on the results of Equation (15). The result was carried out for the frequency range of 0.25–0.45 THz, and an improved perspective of the results that were accomplished in order to improve their visibility is also provided in Figure 5b. From Figure 5b, we were able to determine that the transmittance response of 76.17%, 76.09%, 76.04%, 75.96%, 75.89%, and 75.85% is achieved at 0.3591 THz, 0.3582 THz, 0.3577 THz, 0.3568 THz, 0.356 THz, and 0.3555 THz for the Mg2+ concentration of 0 mol/kg, 0.34 mol/kg, 0.59 mol, 1 mol/kg, 1.38 mol/kg, and 1.62 mol/kg resulting in the RIs of 1.33248, 1.34072, 1.34594, 1.35438, 1.36174, and 1.36613, respectively. The plot demonstrates very clearly that the transmittance decrease also increases as the concentration of Mg2+ in water increases. Additionally, the left-side movement in transmittance is observed, going from 0.3591 THz to 0.3555 THz, which ultimately results in the tuning of 36 GHz. It is possible that this response of the dip shifting is brought on by a change in the optical path length brought on by the concentration of Mg2+ and the condition of a constant phase shift [27].



In addition to that, the comprehensive analysis of the spectral location of the resonance transmittance drops for Mg2+ in terms of concentration (mol/kg) and RI was carried out, and the corresponding fitted formulas with the R2 score of 0.9978 and 0.9982 were achieved. The linear fitting formulas are as follows:


   f r  = − 0.1063   R I + 0.5008  



(18)






   f r  = − 0.0022   C + 0.359  



(19)







In Figure 5c and Figure 5d, respectively, the plot demonstrating the linear fitting of resonance frequency vs. RI and resonance frequency vs. concentration is shown, together with the mentioning of the linear fitting equation and the R2 score.



In this context, we would like to point out that the first RI, which corresponds to 0 mol/kg, relates to pure water, which may be understood to mean water that is free of any pollution from heavy metals. After that, the absolute sensitivity (S) is calculated by using the pure water RI as a set point, and the relative sensitivity (SR) is calculated to validate that the proposed sensor can also easily detect and separate two different concentrations of Mg2+ in the water solution. Both of these calculations are performed in order to validate that the proposed sensor can detect and separate the two different concentrations of Mg2+. In addition, the performance of the sensor was evaluated in terms of absolute sensitivity, relative sensitivity for RI, and various concentrations of Mg2+, FOM, Q factor, SNR, DL, DA, DR, SR, and UC, and the comprehensive analysis is presented in Table 2. With the sensor that has been presented, the highest absolute and relative sensitivities that may be reached are 109.22 GHz/RIU and 113.9 GHz/RIU, respectively. Furthermore, the detailed analysis for sensitivity in terms of concentration is carried out, and the maximum absolute as well as relative sensitivity of 2.65 GHz kg/mol is achieved for both cases. While excellent results for FOM (from 2.98 RIU−1 to 3.55 RIU−1) have been attained, which are significantly more desirable for use in experimental research. The Q factor is what determines how steeply the transmittance drops down at certain points. The highest and minimum values of 11.22 and 11.07 are reached, demonstrating that the Q factor is excellent across the board for all concentrations of Mg2+ and clean water. In a similar vein, the sensor that has been described possesses the highest resolution, as shown by the low FWHM values of 32 GHz. These low values suggest a high resolution for all transmittance dips in both contaminated and clear water. We are able to acquire a DL that falls somewhere between 0.72 and 0.95 RIU with the sensor that we have created. The fact that the DA remains constant at 0.031 GHz−1 gives the impression that the suggested sensor is able to easily discern between the extremely similar drops in transmittance that occur at intervals of 0.031 GHz−1. The signal-to-noise ratio is a very small percentage, and it ranges from 0.016 to 0.028, which indicates that the signal is quite strong in comparison to the noise. Consequently, a comprehensive analysis of the spectrum location of the transmittance drops as it relates to fluctuations in the amounts of Cu2+ and Mg2+ is also presented. In this case, the transmittance drops of Cu2+ and Mg2+ exhibit a reaction that is analogous to that which is caused by changes in concentration. Cu2+ is highly responding compared to Mg2+ due to the rapid increase in the RI. This is because the increase in the RI in the case of Cu2+ is caused by the presence of Cu2+. A response such as this would be of interest if it helps the proposed system achieve the advantage of selectivity between the various categories of heavy metals. At last, a comparison of the proposed graphene-metasurface-inspired sensor with the available sensors has been performed and is reported in Table 3 in terms of sensitivity, FOM, Q factor, and applications.




3.3. Electric Field Intensity Responses


Later, to validate the achieved transmittance response of the proposed graphene-metasurface-inspired sensor, an EFI response has been recorded, and the results are exhibited in Figure 6 for both Cu2+ and Mg2+ detection for various frequency values. Figure 6a–f represents the EFI plots for Cu2+ detection for 0.34 mol/kg concentration, and the EFI plot for 0.3 THz, 0.3582 THz, and 0.4 THz are presented for top and front views.



Figure 6a depicts the top view of the EFI plot for 0.3 THz, and it is observed that a very minor amount of electric field (EF) is concentrated on the edges of the inner pattern and the opposite side of the outer pattern while from the front view exhibited in Figure 6b clearly shows no amount of EF is present on the glass substrate. This response is in confirmation with the obtained near-perfect transmittance response at this particular frequency. While for 0.3582 THz, we are achieving the drop in transmittance at this particular point for Cu2+ concentration of 0.34 mol/kg, and the associated EFI plots are presented in Figure 6c,d. Figure 6c depicts the top view, which demonstrates the higher quantity of EF field concentration on the inner metasurface pattern as well as the opposite sides of the outer metasurface pattern, which agrees with the obtained drop in transmittance that depicts some amount of EF absorbed by the structure, and hence the EF field concentration is high at this particular frequency, and the front view also depicts the same as compared to the previous case some amount of EF is scattered on glass substrate. Now for 0.4 THz, we again achieve the near-perfect transmittance response, and from the EFI plots depicted in Figure 6e for the top view, we can observe a little bit higher scattering of EF on the inner metasurface pattern as well the opposite sides of the outer pattern compared to the first case and the scattering of EF on glass substrate is nearly zero from what we can observe from Figure 6f which also confirms the near perfect transmittance response.



The EFI graphs for the detection of Mg2+ at a concentration of 0.59 mol/kg are shown in Figure 6g–l, along with the EFI plots for 0.3 THz, 0.3577 THz, and 0.4 THz, which are provided for top and front views, respectively. The top view of the EFI plot for 0.3 THz is shown in Figure 6g, and it can be seen that only a very small amount of EF is concentrated on the edges of the inner pattern and the opposite side of the outer pattern. On the other hand, the front view shown in Figure 6h demonstrates very clearly that there is not even a trace of EF on the glass substrate at all. This response corroborates the findings that the acquired transmittance response at this specific frequency is really close to being perfect, while for 0.3577 THz, we are able to achieve the decline in transmittance at this particular point at a Mg2+ concentration of 0.59 mol/kg, and the associated EFI plots can be found in Figure 6i,j. Figure 6i depicts the top view, which demonstrates the higher quantity of EF field concentration on the inner metasurface pattern as well as the opposite sides of the outer metasurface pattern, which agrees with the obtained drop in transmittance that depicts some amount of EF absorbed by the structure and, as a result, the EF field concentration is high at this particular frequency, and the front view also depicts the same as compared to the previous case, some amount of EF is scattering as exhibited in Figure 6j. Now, for 0.4 THz, we once again achieve the near-perfect transmittance response, and from the EFI plots depicted in Figure 6k for the top view, we can observe a little bit higher scattering of EF on the inner metasurface pattern as well as the opposite sides of outer pattern compared to the first case, and the scattering of EF on glass substrate is nearly zero from what we can observe from Figure 6l, which also confirms the near perfect transmittance response





4. Conclusions


Heavy metal ion contamination of water supplies has significantly increased during the last century due to advances in industry and technology. Therefore, a lot of effort was put into developing chemical and physical methods for detecting and tracking the presence of these potentially harmful solutions. Therefore, in this study, we have presented a straightforward and effective sensing method based on the graphene metasurface for detecting several classes of heavy metal ions. The detection technique relied on the change in the location of the transmittance drops based on results owing to the variation in the amounts of Cu2+ and Mg2+ in water. In the meantime, our investigations have indicated that there has been a substantial variation in the spectral location of the transmittance drops. The design that has been suggested enables selection between various classes of heavy metal ions. In this case, the transmittance drops of Cu2+ and Mg2+ exhibit a reaction that is analogous to that which is caused by changes in concentration. The optimized structure is also obtained for the higher performance of the sensor. The proposed structure achieved the highest sensitivity of 113.92 GHz/RIU and 113.9 GHz/RIU, respectively, for Cu2+ and Mg2+. Furthermore, the lowest value of the FOM of 2.98 RIU−1 and the maximum Q factor of 11.22 are obtained. The proposed structure also exhibited a low detection limit as well as a resolution of 0.52 RIU and 78.14 THz, respectively. As a result of these findings, a simple and precise device for detecting contamination of water with heavy metals such as Cu2+ and Mg2+ with comparatively high performance is developed.
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Figure 1. Developed water contamination detection graphene-metasurface-inspired sensor (a) structural view (b) top view of meta surface design with length and width. (c) front view of meta surface design with width. The parameters for the given structure are as follows: length of the structure L1 is 8 μm, L2 is 7 μm, and the height of graphene pattern is 0.34 nm. Width of the meta surface pattern W is 1 μm. Length of the whole structure L3 is 10 μm. Thickness of the glass substrate material T1 is 1.5 μm. 
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Figure 2. GCP affecting the transmittance plots, (a) line plot exhibiting the gradual drop in transmittance as the GCP enhances from 0.1 eV to 0.9 eV in a uniform rise of 0.1 eV, (b) color plot exhibiting the right shift in transmittance drops with the increment of GCP. Furthermore, it is noticed that the transmittance drop is not observable for 0.1 eV and 0.2 eV. While for rest of the GCPs, we attain two spectrums, one at around 0.3 THz and the other after 0.4 THz. Though the transmittance drop is not very significant for the second spectrum hence for the purpose of this study, we have considered the first spectrum of 0.3 THz. The highest transmittance drop is demonstrated at 0.9 eV at 0.378, and a drop of 67.33% is observed. 
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Figure 3. Glass material thickness, Sbt affecting the transmittance plots (a) plot exhibiting the uniform and unchanged transmittance as the Sbt enhances from 1000 nm to 1900 nm in a uniform rise of 100 nm, (b) color plot exhibiting the left shift in transmittance drops with the increment of Sbt, Metasurface pattern width, MSW affecting the transmittance plots (c) plot exhibiting the uniform transmittance response for MSW values of 4000–7000 nm. The only different response is achieved for MSW of 4000 nm, and the comparatively low transmittance drop is observed as well at this point, (d) plot exhibiting the uniform transmittance response as the MSW enhances and the only change at 4000 nm is observed, which is clearly visible. 
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Figure 4. Detection of Cu2+ contaminated water by employing developed graphene-metasurface-inspired sensor, (a) transmittance getting affected by increasing the concentration of Cu2+ in water from 0 mol/kg to 1.46 mol/kg, (b) transmittance response moving left and transmittance drop increment is observed as the Cu2+ contamination in water is increased, and as a result of the RI of water solution also increase from 1.32348 to 1.3706, (c) the curve fitting for RI vs. resonance frequency at which the transmittance drop is achieved for that particular RI, a linear fit with R2 score of 0.9975 is obtained, (d) the curve fitting for concentration vs. resonance frequency at which the transmittance drop is achieved for that particular concentration, a linear fit with R2 score of 0.9997 is obtained. 
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Figure 5. Detection of Mg2+ contaminated water by employing developed graphene-metasurface-inspired sensor, (a) transmittance getting affected by increasing the concentration of Mg2+ in water from 0 mol/kg to 1.62 mol/kg, (b) transmittance response moving left and transmittance drop increment is observed as the Mg2+ contamination in water is increased, and as a result of the RI of water solution also increase from 1.32348 to 1.36613, (c) the curve fitting for RI vs. resonance frequency at which the transmittance drop is achieved for that particular RI, a linear fit with R2 score of 0.9978 is obtained, (d) the curve fitting for concentration vs. resonance frequency at which the transmittance drop is achieved for that particular concentration, a linear fit with R2 score of 0.9982 is obtained. 
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Figure 6. EFI plots for the developed graphene-metasurface-inspired sensor structure at various frequencies for front top and front views, respectively, for Cu2+ detection (a,b) 0.3 THz, (c,d) 0.3582 THz, (e,f) 0.4 THz, for Mg2+ detection, (g,h) 0.3 THz, (i,j) 0.3577 THz, (k,l) 0.4 THz. 
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Table 1. Graphene-metasurface-inspired sensor’s performance for Cu2+ Detection.
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Parameters

	
Various Concentrations of Ethyl Butanoate Present in Dry Exhaled Breath






	
Concentration (C) (mol/kg)

	
0

	
0.3

	
0.59

	
0.86

	
1.18

	
1.46




	
ΔC (mol/kg)

	
0.3

	
0.29

	
0.27

	
0.32

	
0.28




	
N

	
1.33248

	
1.34125

	
1.34915

	
1.35606

	
1.36398

	
1.3706




	
Δn

	
0.00877

	
0.0079

	
0.00691

	
0.00792

	
0.00662




	
fr (THz)

	
0.3591

	
0.3582

	
0.3573

	
0.3566

	
0.3558

	
0.3551




	
Δf (THz)

	
0.0009

	
0.0009

	
0.0007

	
0.0008

	
0.0007




	
S (GHz/RIU)

	
102.62

	
107.98

	
106.02

	
104.76

	
104.93




	
S (GHz kg/mol)

	
3.00

	
3.05

	
2.91

	
2.80

	
2.74




	
SR (GHz/RIU)

	
102.62

	
113.92

	
101.30

	
101.01

	
105.74




	
SR (GHz kg/mol)

	
3.00

	
3.10

	
2.59

	
2.5

	
2.5




	
FWHM (GHz)

	
32

	
32.1

	
32.1

	
32

	
32.1

	
32.1




	
FOM (RIU−1)

	
3.20

	
3.55

	
3.16

	
3.15

	
3.29




	
Q Factor

	
11.22

	
11.16

	
11.13

	
11.14

	
11.08

	
11.06




	
SNR

	
0.028

	
0.028

	
0.022

	
0.025

	
0.022




	
DR

	
2.01

	
2.00

	
1.99

	
1.99

	
1.98

	
1.98




	
DA (THz−1)

	
0.031

	
0.031

	
0.031

	
0.031

	
0.031

	
0.031




	
DL (RIU)

	
0.72

	
0.45

	
1.00

	
0.74

	
0.52




	
SR (GHz)

	
78.44

	
78.44

	
83.21

	
80.79

	
83.53




	
UC (GHz)

	
0.49

	
0.49

	
0.40

	
0.45

	
0.40
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Table 2. Graphene-metasurface-inspired sensor’s performance for Mg2+ Detection.






Table 2. Graphene-metasurface-inspired sensor’s performance for Mg2+ Detection.





	
Parameters

	
Various Concentrations of Ethyl Butanoate Present in Dry Exhaled Breath






	
Concentration (mol/kg)

	
0

	
0.34

	
0.59

	
1

	
1.38

	
1.62




	
ΔC (mol/kg)

	
0.34

	
0.25

	
0.41

	
0.38

	
0.24




	
N

	
1.33248

	
1.34072

	
1.34594

	
1.35438

	
1.36174

	
1.36613




	
Δn

	
0.00824

	
0.00522

	
0.00844

	
0.00736

	
0.00439




	
fr (THz)

	
0.3591

	
0.3582

	
0.3577

	
0.35658

	
0.356

	
0.3555




	
Δf (THz)

	
0.0009

	
0.0005

	
0.0009

	
0.0008

	
0.0005




	
S (GHz/RIU)

	
109.22

	
104.01

	
105.02

	
105.98

	
106.98




	
S (GHz kg/mol)

	
2.65

	
2.37

	
2.3

	
2.25

	
2.22




	
SR (GHz/RIU)

	
109.22

	
95.78

	
106.64

	
108.7

	
113.9




	
SR (GHz kg/mol)

	
2.65

	
2.00

	
2.20

	
2.10

	
2.08




	
FWHM (GHz)

	
32

	
32.1

	
32.1

	
32

	
32.1

	
32.1




	
FOM (RIU−1)

	
3.40

	
2.98

	
3.33

	
3.39

	
3.55




	
Q Factor

	
11.22

	
11.16

	
11.14

	
11.15

	
11.09

	
11.07




	
SNR

	
0.028

	
0.016

	
0.028

	
0.025

	
0.016




	
DR

	
2.01

	
2.00

	
2.00

	
1.99

	
1.99

	
1.98




	
DA (GHz−1)

	
0.031

	
0.031

	
0.031

	
0.031

	
0.031

	
0.031




	
DL (RIU)

	
0.72

	
0.95

	
0.73

	
0.74

	
0.80




	
SR (GHz)

	
78.44

	
90.86

	
78.14

	
80.79

	
90.86




	
UC (GHz)

	
0.49

	
0.31

	
0.49

	
0.45

	
0.31











[image: Table] 





Table 3. Proposed Sensor’s Performance comparison with the available literature.
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	Sensor Design
	Sensitivity
	FOM

(RIU−1)
	Q Factor
	Application





	Proposed design
	113.92 GHz/RIU
	3.15
	11.22
	Cu2+ Detection



	Proposed design
	113.9 GHz/RIU
	2.98
	11.22
	Mg2+ Detection



	Ref [28]
	1421 nm/RIU
	-
	-
	Hemoglobin Detection



	Ref [29]
	33 GHz/RIU
	-
	-
	-



	Ref [30]
	294 nm/RIU
	-
	-
	Biosensor, Slow-light devices



	Ref [31]
	929 nm/RIU
	-
	-
	Sensing in chemical and biological diagnosis



	Ref [32]
	700 nm/RIU
	-
	-
	Sensing



	Ref [33]
	322 nm/RIU
	-
	-
	Biosensing



	Ref [34]
	1139 nm/RIU
	-
	-
	Sensing



	Ref [35]
	65.7 nm/RIU
	-
	-
	Biochemical Sensing
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