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Abstract

:

Over the past years, to achieve better sensing performance, hafnium dioxide (HfO2) has been studied as an ion-sensitive layer. In this work, thin layers of hafnium dioxide (HfO2) were used as pH-sensitive membranes and were deposited by atomic layer deposition (ALD) process onto an electrolytic-insulating-semiconductor structure Al/Si/SiO2/HfO2 for the realization of a pH sensor. The thicknesses of the layer of the HfO2 studied in this work was 15, 19.5 and 39.9 nm. HfO2 thickness was controlled by ALD during the fabrication process. The sensitivity toward H+ was clearly higher when compared to other interfering ions such as potassium K+, lithium Li+, and sodium Na+ ions. Mott−Schottky and electrochemical impedance spectroscopy (EIS) analyses were used to characterise and to investigate the pH sensitivity. This was recorded by Mott–Schottky at 54.5, 51.1 and 49.2 mV/pH and by EIS at 5.86 p[H−1], 10.63 p[H−1], 12.72 p[H−1] for 15, 19.5 and 30 nm thickness of HfO2 ions sensitive layer, respectively. The developed pH sensor was highly sensitive and selective for H+ ions for the three thicknesses, 15, 19.5 and 39.9 nm, of HfO2-sensitive layer when compared to the other previously mentioned interferences. However, the pH sensor performances were better with 15 nm HfO2 thickness for the Mott–Schottky technique, whilst for EIS analyses, the pH sensors were more sensitive at 39.9 nm HfO2 thickness.
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1. Introduction


The detection and control of pH are challenging for many environmental, biological and chemical processes that impact human lives [1]. One of the methods for controlling water and food quality is through the change in the pH value. Then, if the measured pH is not in the normal pH range, the quality of used water and food is questionable and should be discarded from normal use. In the case of water, for instance, leaching and nitrifying are indicated by low pH values as seen in the case of the presence of the proliferation of microorganisms in water [2]. The conventional analytical process for water quality monitoring consists of multiple steps: water sampling, sample transportation to laboratories and laboratory analysis. This approach is time-consuming, expensive and laboratory-dependent. In addition, the results are easily affected by anthropogenic interference as well as long-term storage of the water samples. For example, conventional glass pH electrodes are brittle, large in dimensions, slow in response and costly, and they need regular maintenance such as calibration and refilling of the reference buffer solution [3]. Therefore, a challenge is the development of new miniaturized sensors that promise higher-quality sensing with lower costs. For this, a number of methods for measuring pH have been reported such as potentiometric [4,5], capacitive [6], conductometric [7], luminescence [8], optical [9] and shape/mass [10,11]. However, the sensors in these emerging applications should be sensitive, fast, and compatible. In this regard, a range of materials and designs have been explored, but the semiconducting are particularly attractive as they allow fabricating miniaturized sensors with very fast response and excellent sensitivity on the variety of substrates and production can be scaled up.



In this context, the first selective ion field chemical sensor or ISFETs (Ion-Sensitive Field Effect Transistor) was developed in 1970 by P. Bergveld with silicon dioxide (SiO2) as the sensing membrane [12]. These devices have been very successful in their applications in the medical field to monitor certain parameters in blood and urine samples because of their advantages, such as the low cost, fast response and the small sample volumes necessary to perform the analysis. However, this material quickly showed its limitations for pH measurement and its short lifetime. In recent years, to achieve better sensing performance, many materials, such as silicon nitride (Si3N4) [13], aluminium oxide (Al2O3) [14], Si nanowire/SiO2/Al2O3 [15], Erbium oxide Er2O3, Tantalum oxide (Ta2O5) [16], Tin Oxide (SnO2) [17], and Titanium oxide (TiO2) [18] have been used as ion-sensitive layers or pH sensors. Among numerous proposed high dielectric constant K (high-k) of metal oxides reported in the literature, hafnium dioxide (HfO2) has a high pH sensitivity, low drift voltage, low hysteresis and low body effect and is promising as a pH sensing material [19,20,21] in electrolyte–insulator–semiconductor structures. In particular, HfO2 was studied as a pH-sensing membrane in ion-sensitive field-effect transistors (ISFETs) and showed good sensitivity [22]. HfO2 has a medium permittivity (ε ~ 16–19 for the monoclinic phase) and a reasonably high bandgap (5.7 eV) with a suitable band offsets on silicon and exhibits good chemical stability in contact with Si and SiO2. It is also a promising dielectric oxide for advanced applications, such as metal–insulator–metal (MIM) capacitors, which are present in the upper level of integrated circuits (ICs). In the numerous publications reported so far on HfO2 for microelectronic applications, atomic layer deposition (ALD) and CVD have been widely used for films preparation. These chemical routes offer the advantage of possible planar and non-planar surface functionalization at industrial scale [23]. ALD is a very attractive technique for growing a high-quality thin layer onto various substrates. The key benefit of ALD is related to its ability to control the deposition on an atomic scale, while the growth of the ALD film is self-limited and based on surface reaction [24]. For this reason, this method has recently become the decision-making process of the semiconductor company’s components to treat conformally very thin insulating layers. [25].



In the present work, the pH sensing properties of HfO2 thin films with various thicknesses induced by atomic layer deposition were investigated using an electrolyte–insulator–semiconductor structure. The pH sensing properties of a dielectric material should not depend on the thickness of the dielectric layer. These properties should depend on surface charge-exchange sites. However, the devices are used in an aqueous medium, and therefore hydration of the initial layers can affect the sensing properties. HfO2 layers used in transistors are typically very thin and in the range of 10 to 20 nm. Consequently, the investigation of their pH sensitivity as a function of layer thickness will be of great interest.



The electrolyte–insulator–semiconductor structure is a capacitive sensor based on the changes of the surface potential between the electrolyte and the detection insulator, which could be measured as a function of the offset of the capacitance-voltage curves (C(V)). This structure is ranked among the simplest platforms as a replacement of ISFET for the preliminary investigation of the properties of new detection materials. Electrochemical impedance spectroscopy was used to investigate the pH sensitivity for the various HfO2 thicknesses. The relationship between the impedance behaviour and the solution pH for such an electrolyte–insulator–semiconductor has been rarely studied, which stimulates this study and also the effect of interfering ions via electrochemical technique for a potential pH-sensitive material.




2. Materials and Methods


2.1. Chemical and Reagent


All chemicals were commercial products, including Tris(hydroxymethyl)aminomethane (TRIS), magnesium nitrate (Mg(NO3)2), potassium hydroxide (KOH), lithium perchlorate (ClLiO4) and sodium nitrate (NaNO3) and were purchased from Fluka analytical grade reagents. The pH of the solution was adjusted via the addition of 1.0 M hydrochloric acid (HCl, 37%) obtained from Sigma-Aldrich. All reagent solutions were prepared in double-distilled water.




2.2. Substrates Fabrication


The hafnium dioxide (HfO2) substrate was fabricated by the atomic layer deposition (ALD) technique. This technique allows the deposition of very thin layers by sequential self-terminating gas–solid reactions [26,27]. The hafnium dioxide pH sensor was fabricated from a p-type silicon wafer with 100 mm diameter, <100> orientation and 4–40 W·cm−1 resistivity. Here, a thin layer of 78 nm thickness of silicon dioxide (SiO2) was grown thermally on the silicon surface followed by a deposition of HfO2. The principle of the ALD consists of successive and sequential surface treatment to obtain ultra-thin layers. Typically, the precursors of the deposition cycle are in fact introduced sequentially into the reaction chamber, and each injection of precursor is separated by a purging of the reactor using a neutral gas. The first precursor is introduced under gas state, and some molecules are adsorbed on the surface of the substrate. The adsorption process continues until the surface is completely saturated with a precursor monolayer. Thereafter, a neutral gas is introduced into the reaction chamber in order to clean the surface of the substrate and also the chamber. The precursor molecules remaining in the gas phase are then removed. Then, the second precursor is injected and reacts with the monolayer of the first adsorbed precursor, leading to the growth of the film. Finally, a second purge is carried out, in order to eliminate the reaction products as well as the molecules of the second precursor present in the gas phase. The thickness of the deposited HfO2 layer is proportional to the number of ALD cycles performed. With these process conditions, 100 cycles typically result in a thickness of 10.5 nm [26]. Finally, the electrical contact on the silicon backside was obtained by deposition of 500 nm-thick Al (99.5%)/Cu (0.5%) layers on the back of the silicon wafers [28]. The wafers were then diced into chips of 10 mm × 10 mm and were ready for electrochemical characterization.



Prior to any pH measurements, the hafnium dioxide substrates were cleaned with acetone for 15 min in an ultrasonic bath, dried with a nitrogen stream and finally treated by UV irradiation for 30 min using UV-Ozone cleaner (equipment ProCleaner TM Plus from Bioforce). This cleaning process was necessary to eliminate all organic contamination provided for residual resins of the HfO2 fabrication process.



Standard surface characterisations of HfO2 layers deposited by the same ALD process have been thoroughly reported in the literature. Gemma Martín et al. [29] have reported the characterization of the ALD-HfO2 structure by Transmission Electron Microscopy (TEM) and by using electron energy loss spectroscopy (EELS). The TEM images have shown successful growth of HfO2 thin films on silicon substrates. Further, the developed HfO2 structures have been characterized through their electrical properties by Hector Garcıa et al. [30]. The measurement of C(V) and current–voltage (I–V) characteristics have been carried out in order to study the dielectric reliability of the developed HfO2 layers. The authors concluded that the structure realised at 150 °C exhibits both the greatest breakdown voltage and the greatest equivalent oxide thickness (EOT) values, making it the most advantageous condition studied for the reliability of the layer.




2.3. Electrochemical Measuring Set-Up


Mott–Schottky and electrochemical impedance spectroscopy (EIS) analyses electrochemical analyses were performed by using potentiostat (VMP3 instruments 16 channels BioLogic France). The experiments were performed at room temperature in a dark and grounded metal box to avoid photo-induction charges in the semiconductor structure.



Figure 1 shows the electrochemical cell used for both capacitance and EIS measurements for the pH variation. The electrolyte insulator semiconductor was used with external auxiliary platinum counter electrode (CE) and saturated calomel electrode (SCE) as reference electrode (RE) from (Radiometer Analytical, France). The Al/Si/SiO2/HfO2 structure used as working electrode (WE) and was fixed at the bottom of the electrochemical cell. The electrical contact was realised from the back side of the WE. Mott–Schottky analyses were carried out for pH study following the capacitance (C) variation versus the measured potential (V). C(V) measurements were performed at the optimized frequency of 100 Hz and with a signal amplitude of 25 mV.



The electrolyte used for both electrochemical characterizations of pH study was made from 0.4 M (Mg (NO3)2) in 5 mM Tris(hydroxymethyl)aminomethane, TRIS). The pH was adjusted using 1M HCl solution. The pH values were controlled before and after the C(V) measurements by a pH meter (HI 98130, HANNA).



The electrochemical impedance spectroscopy (EIS) measurements were recorded by applying a sinusoidal potential amplitude of 25 mV and an optimized polarization potential fixed at −0.3 V within the frequency range of 100 mHz to 100 kHz using a VMP3 Bio-Logic Science Instrument, France. The pH variation was quantified by the variation of transfer charge resistance Rtc. This parameter was extracted from Nyquist plots of the impedance data using EC-Lab V11.36 modelling software (Bio-Logic Science Instrument, France). EIS data were fitted using Z-fit with Randomize + Simplex method. Randomize was stopped on 100,000 iterations, and the fit stopped on 5000 iterations.





3. Results


3.1. Hafnium Dioxide Surface Characterization


Wettability study was used to characterize the HfO2 surface before and after activation by measuring the water contact angle. Figure 2 shows the evolution of the water contact angle as a function of the treatments achieved on the surfaces of transducers based on HfO2. Contact angles of 77.16°, 74.06°, 72.19° ± 1° were measured, showing the slightly hydrophobic character of the HfO2 for the thicknesses of 15.0, 19.5 and 39.9 nm, respectively. After activation of HfO2 surface with UV/ozone, the contact angles were sharply decreased to 20.34°, 15.56°, 13.48° ± 1°. HfO2 became highly hydrophilic as already reported by Braik et al. [31].




3.2. Frequency Optimization


The capacitance as a function of the potential (C(V) curves) was measured within a wide frequency range from 10 mHz to 10 kHz to characterise the frequency effect on the pH sensor. C(V) curves in Figure 3 were recorded by using the capacitive chemical sensor in a solution of 0.4 M (Mg(NO3)2) at pH 7.4 (adjusted with Tris).



C(V) analyses show a normal behaviour of the capacitance chemical sensor as recently reported in the literature [32]. However, the pH sensor shows at low frequency (10 mHz and 1 Hz) a background noise at 0.5 V. For high frequencies at 10 KHz, the pH sensor shows low capacitance at 1.5 V. The optimized frequency was 100 Hz, since it provides a good flat band and symmetric capacitance variation within the potential range of −0.5 V to 1.5 V.




3.3. Mott–Schottky Analyses for pH Sensibility and Selectivity


The pH-sensitive sensor based on HfO2 was characterized by the Mott–Schottky technique through C(V) curves variation for the three HfO2 thicknesses (15.0, 19.5 and 39.9 nm) as shown in Figure 4. C(V) curves were recorded at 100 Hz for each thickness at pH 9, 7, 5 and 3 as shown in Figure 4. A shift was observed of the flat band of C(V) curves to positive potential ΔVFB as the concentration of hydrogen ions was increased (pH decrease) for the three thicknesses.



Therefore, the ΔVFB variation was due to the H+ ions exchange at the electrode–electrolyte interface between HfO2 surface and the conductive aqueous solution (0.4 mol·L−1 Mg (NO3)2 prepared in TRIS buffer). Due to the hydrogen ion interactions with the hafnium dioxide surface, how has specific sites that can bind hydrogen ions from the solution, this gave rise to pH-dependent surface charge density [33]. This distribution of protons (H+) on the HfO2 surface results in the formation of a dipole layer at the electrode–electrolyte interface, which affects the flat band potential VFB of the ion-sensitive capacitance sensor as a function of the pH variation.



A high sensitivity to pH as the HfO2 surface decrease (Figure 5) was observed. The values of VFB potential in solution at each thickness were extracted from the C(V) curves. The pH sensitivity (S) is defined in Equation (1).


  S =    Δ  V FB      Δ pH       



(1)







Therefore, the pH sensitivity can be calculated by linear fitting ΔVFB and the corresponding pH of the buffer solution in the pH range from 3 to 9. The corresponding values are shown in Table 1.



As previously mentioned, the sensitivity of the hafnium structures versus the pH variation increased as the thickness decreased. The highest pH sensitivity of the hafnium electrolytic-insulating-semiconductor structure of 54.5 mV/pH was observed for 15 nm HfO2 thickness. The thicker the HfO2 layer, the further the H+ proton layer is from the Al/Si/SiO2/HfO2 capacitance structure which makes the ion sensor less sensitive.



The capacitance-ion-sensitive pH sensor is more sensitive for thin layers of HfO2. However, at less than 5 nm HfO2 thickness, it is possible to have background noise and less sensitivity using C(V) analyses. This has been reported by Wang et al. [34] using thin HfO2 layers with different thicknesses (3.5, 5, 7.5 and 10 nm) deposited on p-type silicon wafers to measure the pH within the range of 2 to 12 through the capacitance-voltage C(V) measurements. By using the HfO2 film with a thickness of 10 nm, the authors found a sensitivity around 40–45 mV/pH. However, when a layer of 3.5 nm thickness was used, the C(V) curves were unstable in the acidic range (low pH) and were discussed in terms of the leakage current of the thin layer of HfO2. In the present work, we have a quasi-Nernstian pH response (54.5 mV/pH) of the pH sensor based on HfO2 with 15 nm thickness. Owing to general requirements concerning the reduction of the sensor’s size and the increase in its reliability, the thin HfO2 film is a potential candidate as a sensing layer for pH sensor applications.



The selectivity of the developed pH sensor was studied by using other potential interfering ions like K+, Li+ and Na+ prepared in 10 mM TRIS-HCl buffer pH = 7.4 (Figure 6). Indeed, we can clearly observe a negligible response of the pH sensor for the interfering ions as the flat band potential variation ΔVFB of C(V) curves was too weak (Table 2, Figure 6 Inset and Figure S1 in Supplementary Material).




3.4. Electrochemical Impedance Spectroscopy Measurements for pH Variation


3.4.1. Electrochemical Parameter Optimization


Electrochemical impedance spectroscopy (EIS) was used to study the pH variation. The HfO2 pH sensor was used as a working electrode in a conventional three-electrode electrochemical cell to optimise the measurement conditions in terms of frequency and potential. As the EIS optimization parameter, we used the 15 nm HfO2 thickness as it gave high sensitivity in the Mott–Schottky study. At the frequency range from 0.1 Hz to 100 kHz, different potentials were applied to choose the appropriate potential to minimize the Warburg impedance result of the diffusion process (Figure 7). Under voltages +0.1, −0.1, −0.2 and −0.3 V of the hafnium working electrode versus the SCE reference electrode, the total impedance decreased sharply under negative polarization as a result of a decrease in the Warburg impedance.



The optimum conditions selected for further measurements were 100 mHz to 100 kHz frequency range, AC amplitude voltage of 25 mV, and DC amplitude voltage of –300 mV. These parameters were also applied to the other HfO2 thicknesses of 19.5 and 39.9 nm.




3.4.2. Impedance Analysis of the pH Sensor


As we mentioned previously, HfO2 have specific sites that can bind hydrogen ions from the solution. The interactions of hydrogen ions with the HfO2 surface create a distribution of H+ protons on the HfO2 surface results in the formation of a dipole layer at the electrode–electrolyte interface. For EIS measurements, the electron charge transfer resistance (Rtc) at this interface increases or decreases depending on how these ions are charged. Figure 8 illustrates Nyquist plots of the electrochemical impedance response of the HfO2 pH sensor at different H+ concentrations (different pH).



We can clearly observe that at a low frequency, the impedance of the electrochemical system increases significantly with increasing pH value (decrease in H+ ion concentrations). This variation is attributed to the increased charge transfer resistance Rtc at the hafnium/electrolyte interface. Therefore, the high H+ concentration favours the electron transfer charge, which generates a low impedance. In the same context, Michael Lee et al. demonstrated a high clear shift of the Rtc as a function of pH variation using an HfO2 ion-sensitive sensor. This response was due to the change in either the dielectric or the conductive properties on the metal oxide surface [35].



The electrode–electrolyte interface can be modelled from an impedimetric point of view by the equivalent Randles circuit [36]. In this model, generally, the Rs represents the resistance of the electrolyte solution in series with the parallel combination of the double-layer capacitance CPE (constant phase element) and the charge transfer resistance Rtc in series with the Warburg impedance Zω. (Figure 9 Inset). This equivalent electrical circuit was used for fitting analyses to extract the Rtc variation of Nyquist plot semicircles of each pH. Fitting parameters are summarized in Tables S1–S3 in supplementary data for each HfO2 thicknesses.



The variation of the normalized ∆Rtc as a function of the hydrogen concentrations is presented in Figure 9 for different HfO2 thicknesses. A linear relationship was observed in the pH range from 3 to 9. The corresponding sensitivities are 5.86 pH−1, 10.63 pH−1 and 12.72 pH−1 for 15.0 nm, 19.5 nm and 39.9 nm, respectively.



Unlike the Mott–Schottky mode, the EIS measurement shows that 39.9 thickness was highly sensitive to H+ protons when compared to 15 nm for C(V) measurement. This difference is surely due to the difference of the electrochemical parameters, which makes the HfO2 react differently with each technique.




3.4.3. The Selectivity of the Electrolyte Insulator Semiconductor Structure


In order to confirm the sensitivity of HfO2 toward H+ protons, other interferences for the quantitative determination of pH on the hafnium electrode (39.9 nm) were investigated using the same EIS measurements. The response of HfO2 with potassium, perchlorate and nitrate ions within the range between 10−5 to 10−1 M prepared in TRIS-HCl Buffer [37] was investigated, and no significant changes of impedance spectroscopy spectra were found (Figure S2 in supplementary materials).



The same Randles equivalent circuit (Figure 9 Inset) was used to fit EIS analyses of the interferences in order to extract Rtc variation. As can be observed in Figure 10, the pH sensor based on Al/Si/SiO2/HfO2 structures (thickness 39.9 nm) was highly sensitive to H+ protons with a sensitivity of 12.72 p[H+] when compared to the other interferences, which were found at 1.76 p[K−1], 2.32 p[Li−1] and 1.52 p[Na−1].






4. Conclusions


In this work, we have studied the ability of the HfO2 non-functionalised transducer to detect the pH variation based on capacitive and impedimetric measurements. Furthermore, the effect of the thickness of the hafnium dioxide on the pH sensing properties was demonstrated. Both techniques EIS and Mott–Schottky for all thicknesses present a good sensitivity and selectivity against the interfering ions. Due to the uniform, smooth, conformal film deposition using ALD, the thickness of the HfO2 film can be reduced to 15 nm with good pH sensitivity (54.5 mV/pH) using Mott-Schottky, whilst for the EIS measurements, the HfO2 showed better sensitivity for 39.9 thickness.
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Figure 1. (A) Electrochemical cell used for pH measurement with Calomel-Saturated Reference electrode (RE), counter electrode (CE), and Ohmic contact behind the WE; (B) working electrode with electrolytic-insulating-semiconductor structure based on Al/Si/SiO2/HfO2. 
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Figure 2. Contact angle measurements of the HfO2 surface for the three thicknesses of 15.0, 19.5 and 39.9 nm used for the pH sensor based on Al/Si/SiO2/HfO2. 
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Figure 3. Typical C(V) response to frequency changes from 100 mHz to 100 kHz. 
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Figure 4. Typical C(V) curves for different hafnium thicknesses (a) 15.0 nm, (b) 19.5 nm and (c) 39.9 nm stacked HfO2 structures for various pH buffer solutions using 0.4 M Mg (NO3)2 prepared in TRIS buffer. The pH was adjusted by the HCl solution (C = 1 M). 
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Figure 5. The pH sensitivity for three HfO2 thicknesses (15.0, 19.5 and 39.9 nm): ΔVFB as a function of pH (from 3 to 9). 
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Figure 6. The flat band potential VFB variation versus (a) K+, (b) Li+ and (c) Na+ concentrations from 10−5 M to 10−1 M. Inset: the capacitive responses of Si/SiO2/HfO2 structure with 15 nm HfO2 thickness for interfering ions (Figure S1 in Supplementary Material). 
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Figure 7. Impedance spectra (in Nyquist presentation) of the HfO2 structures for different polarizations vs. saturated calomel reference electrode (SCE). Electrochemical impedance spectroscopy (EIS) measurements were carried out in 0.4 mol·L−1 Mg (NO3)2 prepared in TRIS buffer using the following conditions: frequency range from 100 mHz to 100 kHz, AC amplitude voltage at 25 mV. 
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Figure 8. Nyquist plots at different pH for different hafnium thicknesses (a) 15.0 nm, (b) 19.5 nm and (c) 39.9 nm. 
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Figure 9. Calibration curve variation of normalized ∆Rct as a function of the pH for different hafnium oxide thickness of 15.0 nm, 19.5 nm and 39.9 nm. 
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Figure 10. Calibration curve variation of normalized ∆Rct as a function of the pH versus (a) K+, (b) Li+ and (c) Na+ concentrations from 10−5 M to 10−1 M at the Si/SiO2/HfO2 structure (thickness 39.9 nm). 
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Table 1. Comparison of the sensitivity of various HfO2 thicknesses.
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	Thicknesses (nm)
	15
	19.5
	39.9



	Sensitivity (mV/pH)
	54.5
	51.1
	49.2



	R2
	0.9966
	0.9957
	0.9926
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Table 2. Sensitivities and dynamic ranges obtained with the implanted structure for K+, Li+ and Na+ detection (10−5 M to 10−1 M).
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	Ion
	K+
	Li+
	Na+





	Sensibility (mV/p[X])
	4.2
	5.2
	2.5



	R2
	0.974
	0.992
	0.952
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