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Abstract


A dual-gate organic field effect transistor (DG-OFET)-based pH sensor is proposed that will be able to detect the variations in the aqueous (electrolyte) medium. In this structure, a source-sided underlap technique with a dual-gate sensing approach has been used. The change in ON-current (ION) was observed due to parallel examination of electrolytes in two gates underlapping the region of the structure. For the evaluation of the sensitivity of DG-OFET, the change in the drain current was exploited for different pH and corresponding charge densities utilizing 2D physics-based numerical simulation. The simulation results were extracted with the help of the software package Silvaco TCAD-ATLAS. The simulated results display that the proposed DG-OFET shows significantly higher sensitivity for high-k dielectrics. The voltage sensitivity achieved by DG-OFET with SiO2 as a dielectric in our work is 217.53 mV/pH which surpasses the Nernst Limit nearly four times. However, using a high-k dielectric (Ta2O5) increases it further to 555.284 mV/pH which is more than nine times the Nernst Limit. The DG-OFET pH sensor has a lot of potential in the future for various flexible sensing applications due to its flexibility, being highly sensitive, biocompatible and low-cost.






Keywords:


pH; sensitivity; pentacene; organic FET; electrolyte; Nernst limit












1. Introduction


The ion-sensitive field effect transistor (ISFET)is based on inorganic field-effect transistors where an electrolyte solution and an ion-sensitive membrane are embedded. As these devices have many advantages, they show good compatibility with the CMOS technology, control the process very precisely, operate at equilibrium conditions, are capable of showing label-free detection, and are easy to use; yet, these devices suffer from a few innate deficiencies [1]. In the case of long-term use, they are unreliable and unstable due to ionic damage. For sensing purposes, the main principle involves a variation in the surface capacity that occurs due to ionic interactions at the electrolyte/gate oxide. Derived sensing margin in ISFET is the main constraint that lies within the Nernstian limit (59 mV per pH) at room temperature, and this has gained much research attention over the past few decades [2]. Thus, different devices have been tried till now to improve the sensing margin (>59 mV per pH) and hence this results in different device designs with different Configurations [3].



We also proceeded with our work with the same aim to improve the Nernestian limit using an organic field effect transistor as a device, and hence tried different configurations to get the desired results. With the discovery of polymers with high conductivity in the 1970s by Shirakawa et al. [4], much attention has been grabbed by organic field effect transistors (OFETs) [5]. In organic electronics, organic semiconductors have received a lot of attention, and this has proved to be a substitute for conventional inorganic semiconductors [6] due to their economical possessing plasticity, fabricability and large area usage [7,8]. A considerable potential application among OFETs is its printability, due to which high density and large circuits can be produced on flexible substrates, and thus, low-cost devices can be possible. A blend of “printed electronics” and “organic transistors” can help in providing low-cost and several functional devices at a large scale [9,10,11]. To date, amongst the numerous OFETs based on organic semiconductors, pentacene-based OFETs have been confirmed to have the uppermost mobility and adequately high ON/OFF current ratios [12,13]. Most of the reported OFET-based pH sensors in the literature have been fashioned on an architecture similar to ISFETs [14,15]. The electrolyte is responsible for the variation of the carriers within the semiconductor layer and is placed on top of the gate insulator, and to provide effective biasing within the transistor, the Ag/AgCl electrode is submerged in the electrolyte. Numerous studies have been reported where organic semiconductor field-effect transistors (FETs) are used as gas or pH-level sensors. Torsi reported a gas sensor, where the carrier mobility of the organic semiconductor is modulated by a gas interaction with it, which was confirmed by the I–V characteristics of the sensor [16,17,18]. The ion-selective field effect transistor (ISFET) was employed by Bartic to sense the pH of the solution [14]. Throughout the last few decades, the sensing capability of OFET-based pH sensors have been assessed for optimum device performance [19,20,21]. Yet, using OTFTs in sensing applications with good sensitivity is still a challenge. The dielectrically modulated pH sensor based on an organic field effect transistor has received comparatively little attention from simulation and modeling perspectives. The main aim of this study was to model and simulate a low-cost, flexible organic-based transistor that monitors the phenomenon occurring at the electrolyte and dielectric interface by assessing the variations in the channel conductivity due to electrolyte solution. Moreover, to achieve better pH sensitivity of a sample solution, a suitable recognition layer is added to the transistor that can provide specificity towards various charged or neutral entities in the solution [14]. Like traditional inorganic chemical sensor-based field effect transistors, the sensing mechanism of an organic-based pH sensor is the same [22]. The change in pH brings a change in the current, which is due to fluctuations in potential across the dielectric and semiconductor interface. Traditional silicon-based ion-sensitive field effect transistors (ISFETs) are developed using CMOS technology. However, in addition to the price of production, the problems with long-term stabilization significantly limit their implementations [23]. Over traditional electronics, organic materials offer reduced processing temperatures and can be used in inexpensive substrates like polymers or glass, and are frequently connected with less expensive processing and, as a result, throwaway goods. Because of the need for safety, disposable devices are widely preferred for applications relating to health.




2. Simulation and Setup


The simulation of our device was implemented using an ATLAS (Silvaco) TCAD tool [24]. In order to sense the pH of the electrolyte design of a novel OTFT structure using organic material, Pentacene has been proposed, as shown in Figure 1. The DG-OFET uses double gates to improve sensitivity and performance over a conventional OTFT-based sensor. The structure consists of an aluminium layer with a thickness of 30 nm used as the gate electrode, gate oxide of thickness 3 nm, and underlap region of thickness 50 nm. On top of this oxide layer, a 400 nm-thick organic semiconducting layer of pentacene is deposited and 50 nm-thick patterned source and drain electrodes of gold are used in the device. The gate dielectric SiO2 is ultra-thin (3 nm) and intended for high capacitance and low voltages, and is sufficient enough to restrict the mobilization of biomolecules or chemical ions. The parameters used in the simulation were calibrated to match the experimental characteristics according to Ref. [25]. Numerous reports on the fabrication of underlap structure-based FET biosensors have been reported [26,27]. The proposed OFET was fabricated on a glass substrate followed by deposition of an organic semiconductor (OSC) Pentacene through thermal evaporation under high-vacuum conditions [28]. Afterward, the distinct gate insulators are deposited on the sample. Moreover, it is followed by metallization of the source and drain using gold (Au) contacts. Additionally, a Gate electrode metal of aluminum (Al) was deposited on the oxide using RF sputtering, and finally, the cavity for the placement of the electrolyte was created by etching out the oxide from the source side using buffered HF solution [28].



In the simulation, the electrolyte is modeled as a semiconductor by making use of the similarity between the Poisson–Boltzmann equation for ions of electrolyte and electrons-holes pairs in an intrinsic semiconductor [29,30,31,32]. The monovalent electrolyte is also modeled as an intrinsic semiconductor with a zero-energy band gap and permittivity of water (k = 80) [29,30,31,32]. The representation of holes and electrons in the semiconductor is done by positive and negative ions of the solution and in order to replicate the behaviour of Na+ and Cl− the maximum value of mobility of Na+ and Cl− for 1 mmol/L concentration of NaCl solution would be 4.98 × 10−4 cm2/Vs and 6.88 × 10−4 cm2/Vs as per S. Koneshan et al. [33] and these values as the maximum velocity of holes and electrons are used respectively in semiconductors (electrolyte). An electric double-layer model has been included with a thickness of 1 nm and a constant permittivity of 2 in our simulation, as per the Refs. [31,32]. The thickness of the cavity region for electrolytes was taken to be 50 nm. The various models used in our simulation are fldmob and langevin. The Poole–Frenkel mobility model (pfmob) and Langevin recombination models report the transport and recombination mechanism. In order to accurately represent the action in organic materials, these models have utilized transport and recombination mechanisms within the organic material are accounted for by the Poole–Frenkel mobility model (pfmob) and Langevin recombination models, respectively. For a finite element-based simulation, the Poole–Frenkel mobility model is expressed as given in Equation (1):


  μ   E   =   μ   0   e x p ⁡ [ −   ∆   k T   +     β   k T   − γ    E  ]  



(1)




where   μ   E    , E and     μ   0    , respectively, stand for field-dependent mobility, electric field, and zero mobility. While ∆ and β specify the activation energy and hole Poole–Frenkel constant respectively, whereas γ is employed as the fitting parameter. According to many researchers, the activation energy falls between 0.005–0.050 eV [34,35,36,37]. For pentacene material, the values of ∆ and β are taken to be   1.792   ×     10   − 2     eV and 7.758    ×     10   − 5     eV(cm/V)0.5, respectively [34]. The Poole–Frenkel mobility model (pfmob) was used for both electrons and holes specifically for organic materials. Charge carrier mobility in the presence of an electric field was taken into account using the field-dependent mobility (fldmob) model and it varies with mobility enhancement factor   γ  ; as given by Equation (2):


  μ =   μ   0     V   G S −   V   T          



(2)




where:


   γ   =    2 q   N   A     ε   o s c        C   i       



(3)







Hence,     μ   0     is usually taken as band mobility for the material under analysis. When the overdrive gate voltage is lower, it is assumed to be the reference mobility.



The parameter γ is connected to the device’s conduction mechanism and is affected by gate capacitance, semiconductor permittivity   (   ε   O S C    ), and semiconductor doping density (NA). As for both amorphous and nanocrystalline materials, a positive voltage co-efficient of mobility is observed; hence, it is considered positive, that is,   γ   > 0 [38,39]. Langevin was used to capture the recombination effect in organic materials and the langevin recombination rate is mathematically expressed as [40] in Equation (4)


    R   L a n g e v i n   = γ   n p −   n   i     p   i      



(4)




where   n ( p )   is the free electron (hole) density,     n   i   (   p   i   )   is the intrinsic electron (hole) density and   γ   is the langevin recombination rate constant.



A combination of the Gouy–Chapman–stern model and Site Binding theory defines the relationship between the pH of electrolyte and surface potential (    ψ   0    ) and is given as the Ref. [41] mentioned in Equation (5):


      d ψ   0     d p H   =   2.303 α k t   q    



(5)




where     ψ   0     is the surface potential at the oxide/electrolyte interface, α is the sensitivity parameter whose values vary between 0 and 1 depending on the value of buffer capacitance of gate dielectric and the electrolyte solutions concentration, k is Boltzmann’s constant, and t is temperature.



In an electrolyte solution when the pH is changed, the oxide sensing surface remains in the dynamic protonation and deprotonation state to capture the ions which results in a change in the potential of the electrolyte solution near the oxide surface while keeping the potential at the extreme end equal to the reference bias. Thus, the relationship between surface potential and pH for oxide surface is defined in Equation (6) as in the Ref. [42]:


    ψ   0   =   1   β     2.303     p H   p z c   − p H   −   s i n h   − 1         σ   0     2 q         K   b       K   a           1   2       N   s       + l n ⁡   1 −     σ   0     q   N   s          



(6)




where β is a constant that can be calculated by the Gouy–Chapman stern model, kt/q = Vth is thermal voltage (26 mV at room temperature) and pHpzc, pKa and pKb are defined as the dissociation constants where surface charge density is zero and is given by Equations (7)–(9) respectively.


  p H p z c =     p   K   a   + p K b     2    



(7)






    p K   a   = −     log   10    ⁡      K   a        



(8)






    p K   b   = −     log   10    ⁡      K   b        



(9)







Ka and Kb represent acid and base disassociation constants of the oxide surface and their values are given in Table 1. The constant β is defined in Equation (10):


  β =   q   2     N   s     η     C   e q   k T    



(10)




where Ns is the amount of site binding charges per unit area (values shown in Table 1), and Ceq and η are mentioned in Equation (11):


     C   e q   =     C   s t   ×   C   d l       C   s t   +   C   d l       ; η = 2      K   b       K   a        



(11)




where Cdl represents double-layer capacitance that is known as the Gouy–Chapman layer given by Equation (12) and Cst is known as a stern capacitance with a value of 0.2 F/m2:


    C   d l   =    2   Z   K   2     ε   w     q n   0       V   t h       



(12)




where εw represents the dielectric constant of water (80), Zk is the valency of the Kth ion, as the solution contains only NaCl and both ions Na+ and Cl− have a valency of one, so it is considered to be one and n0 is an ion concentration of electrolyte which is the same as intrinsic carrier density, so it can be expressed as Equation (13):


    n   0   =   n   i   =   q   e f f   ×   N   a v o    



(13)




where qeff represents effective ionic charge and Navo is Avogadro’s number which is equal to 6.023 × 1023/mol.



For ISFETs, the interface charge density variation that occurs at the semiconductor channel and oxide interface depends on the variation in potential stirring at the oxide/fluid interface and is given by Equation (14):


    ∆ σ   s c   = −   C   o x     ∆ ψ   0   = −     ε   0     ε   o x     t     ∆ ψ   0    



(14)




where ∆σsc is the interface charge density, Cox is oxide capacitance, ∆    ψ   0     is the change in surface potential at the oxide/electrolyte interface, t is the thickness of the oxide layer, and εox is the relative permittivity of the oxide layer. In order to calculate the change in surface potential (∆    ψ   0    ) that occurs at the surface, Equation (6) can be used, and at a corresponding pH the value of the interface charge density is obtained with Equation (14), and these values of interface charge density at the channel/oxide interface can be used as a parameter for modeling of pH values. Assuming the solution to be 0.001 × PBS surface charge density is calculated.




3. Results


The performance of our proposed pentacene-based DG-OFET was measured to understand the basic operations and characteristics of the device. It is observed from the simulated device characteristics that our device shows typical p-type transistor behaviour and is typically shown in both drain and transfer characteristics. Calibration in simulation parameters has been done in order to match the characteristics (as shown in Figure 2) by replicating the results obtained experimentally in the Ref. [25].



In order to get the best possible match with the experimental results, the parameters of pentacene used include relative permittivity = 4.0, electron mobility (μn) = 5 × 10−5 cm2/Vs, hole mobility (μp) = 0.85 cm2/Vs, conduction band density of states at 300 K = 1021 cm−3, valence band density of states at 300 K = 1021 cm−3, bandgap (eg300) = 2.2 eV. Figure 3a shows the drain characteristics of DG-OFET measured at gate voltages Vgs = −5 V, −10 V, −15 V, and −20 V when Vds is swept from 0 to −20 V with a step size of 1 V and transfer characteristics of a DG-OFET 3(b)log scale (inset in linear scale) are simulated at drain voltages Vds = −5 V,−10 V, −15 V, and −20 V when Vgs is swept from 0 to −20 V with a step size of 1.0 V.



Channel material was kept pentacene for these simulations, whereas the oxide was changed with SiO2, HfO2 and Ta2O5, respectively. Figure 4 shows the variation of the drain current (Ids) vs. gate voltage (Vg) (transfer characteristics) curve for pH varying from 1 to 10 for DG-OFET with SiO2 as a dielectric. Modelling of the pH value was performed in the form of interface charge density. The shift in drain current was towards the right as the value of the pH increased. The choice of oxide may help in many ways from high sensitivity to a longer device carrier lifetime. The electrolyte can be acidic or basic so its contact might imitate the device working and may damage the oxide, which in turn will affect the site binding charge and consequently affect the performance of the device. The choice of oxide may also influence power consumption. The choice must be based on whether we want more sensitivity or more energy to be saved. SiO2 has long been used as an oxide for its easy availability, and hence, change is experienced in the form of a threshold voltage. The simulation has been performed at Vds = −3 V and Vgs = −8 V and results have been plotted in the logarithmic y-axis.



The variation of the energy band for the same DG-OFET is shown in Figure 5a,b. A cutline was made at 1 nm below the oxide–channel interface at Vgs = 0 V, Vds = 0 V and Vgs = −8 V, Vds = −3 V and the energy levels of HOMO and LUMO were extracted. The source and the drain were connected by a semiconductor and the gate was separated from the channel by a layer of insulator. Under the no-bias condition, that is, when no (potential difference) was applied on the gate, due to the energy difference between the metal Fermi level and the semiconductor Fermi level, band-bending was induced. Thus, a large concentration of holes formed on the interface of the semiconductor and the insulator. When a sufficient bias was applied on the gate contact, the bent band became flat. Figure 5c shows the variation of HOMO and LUMO for pH values of 1, 5 and 10 for DG-OFET, respectively. When pH was changed by causing a change in surface potential, thereby causing an increase in current density, it resulted in band-bending. From the graph, it is clear that with an increase in pH, band-bending increases.



Figure 6a,b shows the plot of electric field distribution and potential along the length of the channel of the proposed device. The plot was drawn by taking a cutline at 1 nm below the oxide semiconductor interface at VGS = −8 V and VDS = −3 V, respectively. With the change in pH from 1 to 10, it can be observed that the potential decreases, whereas the electric field increases. A high electric field is achieved at pH = 10, whereas the potential is at its lowest at pH = 1.



In order to estimate the sensing ability of a biosensor or ISFET the utmost significant factors are voltage sensitivity (SV) and current sensitivity (SI). Traditionally, in FET-based biosensors, the sensitivity is used for the evaluation of the performance of the device and is calculated as a shift in threshold voltage or ratio of change of drain current at a particular gate voltage. We calculated current and voltage sensitivities as per work done by Liu et al. [45]. Voltage sensitivity (SV) is calculated for a constant value of the drain current (IREF). For a definite value of the drain current (IREF), the corresponding responsive gate voltage (VR) was obtained and the shift in that gate voltage (ΔVR) with respect to a pH value could be used to find voltage sensitivity (SV). We calculated ΔVR for a specific value of IREF as ΔVR (at any pH) = VR (at any pH) − VR (at pH = 1). In our investigation, for the sake of simplicity, we did not incorporate interface traps in the simulation. However, in OFETs due to the presence of multiple layers of dissimilar electronic materials, such as metal electrodes, organic semiconductors, and dielectrics, following one another charge carrier, trapping within the device is caused by the existence of traps in both the metal/semiconductor interface and the dielectric/organic semiconductor interface. Figure 7 shows the curve of ΔVR vs. pH for reference values of drain current (IREF) = 10−5 A, 10−6 A, and 10−7 A. The voltage sensitivity (SV) attained by the DG-OFET device without taking traps (interface states) into consideration with SiO2 as a dielectric for IREF values of 10−5 A, 10−6 A, and 10−7 A are 217.53 mV/pH, 142.99 mV/pH, and 146.26 mV/pH respectively. However, by considering traps, the voltage sensitivity (SV) attained by a DG-OFET device with SiO2 as a dielectric for IREF values of 10−5 A, 10−6 A, and 10−7 A are 227.99 mV/pH, 158.21 mV/pH, and 148.75 mV/pH. From the results obtained, it is quite clear that interface states do not affect the device sensitivity much.



The drain current sensitivity (SDRAIN) represents the ratio of change of drain current as a function of VGS. The distinction in the drain current can be used as an electrical factor to sense the change in pH. Thus, the drain current sensitivity is defined as Sdrain [46] and is calculated as Sdrain = [Idrain (at any pH) − I0/I0] where I0 is the drain current obtained at pH = 1. Figure 8 shows the current sensitivity of DG-OFET devices with SiO2 as a dielectric, and it can be seen that the maximum sensitivity achieved by the devices is nearly greater than 106 for pH = 10, while taking current at pH = 1 as a reference (I0).



As we already achieved sensitivity way beyond the Nernst limit, we further discuss how the sensitivity, device performance and stability can further be increased in the DG-OFET device. From Equation (14) it is concluded that by reducing the oxide thickness, the change in the interface charge density can be improved, but reducing the thickness of conventionally used SiO2 leads to an increase in leakage current, thereby impairing the device characteristics. This leakage increases more when the device is operated in ionic fluids. In order to increase the sensitivity, another method is to use high-k dielectric material as oxide. Using high-k dielectric material can reduce leakage current by an increase in oxide thickness and thus enhances the stability of the device when used in ionic fluids [44]. The reactions that occur at the oxide/electrolyte interface for oxides like HfO2 and Ta2O5 are similar to that of SiO2 [29]. Thus, we replaced the oxide layer underneath the underlapped region from SiO2 to HfO2 without changing the capacitance (Cox) of the oxide layer and the oxide capacitance is given as in (15):


    C   o x   =     ε   0     ε   o x     t    



(15)







The increase in dielectric constant of HfO2 and Ta2O5 was compensated by increasing the oxide thickness. Originally, the thickness for SiO2 was taken as 3 nm, which increased to nearly 19.2 nm and 16.9 nm for HfO2 and Ta2O5 to yield the same oxide capacitance. Figure 9a shows the variation of transfer characteristics with respect to pH with HfO2 as a dielectric. Now coming towards the sensitivities of the device, Figure 9b shows the variation of responsive gate voltage ΔVR with pH for the drain current (IREF) values of 10−5, 10−6 and10−7 A/µm. The voltage sensitivities obtained for the HfO2-based DG-OFET device are 333.88 mV/pH, 155.179 mV/pH and 102.601 mV/pH for IREF of 10−5 A, 10−6 A and 10−7 A, respectively, as shown in Figure 9b. The drain current sensitivity for the same dielectric is shown in Figure 9c. This is similar to when Ta2O5 is used as oxide.



Figure 10a shows the variation of transfer characteristics with respect to pH with Ta2O5 as a dielectric. Figure 10b shows the variation of the responsive gate voltage ΔVR with pH for the drain current (Iref) values of 10−5 A, 10−6 A and 10−7 A. The voltage sensitivities obtained for the Ta2O5-based DG-OFET device are 555.284 mV/pH, 445.989 mV/pH and 439.00 mV/pH. Current sensitivity also increases with a change in the oxide from HfO2 to Ta2O5.



Finally, the maximum voltage sensitivity achieved by the DG-OFET pH sensor using different oxides is compared and shown in Figure 11a. The use of Ta2O5 as a dielectric increases the voltage sensitivity of the device, and hence, the highest voltage sensitivity is achieved by the use of Ta2O5 as a dielectric. Figure 11b shows the comparison of voltage sensitivity achieved in our work to that of previous work done in the same field [14,43,47,48,49].




4. Conclusions


A pH recognition with high resolution has gained enormous research attention over the past decade, and such sensors are needed to detect malignant tumors and other diseases in human blood. In this work, a detailed study of a dual-gate organic field effect transistor (pentacene) device having a source-sided underlapped region which is sensitive to an aqueous electrolyte environment was performed, the results showing that the DG-OFET based device can be preferred for the use of pH-sensing applications. The proposed device had a sensitivity of 217.53 mV/pH with SiO2 as a gate oxide. Moreover, uses of the high-k dielectric can significantly increase the device sensitivity and help in less degradation over time. The maximum sensitivity achieved in our work using Ta2O5 as a dielectric is 555.284 mV/pH, which is more than nine times the Nernstian limit.
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Figure 1. Schematic of our proposed dual-gate Pentacene based OFET pH sensor with dual underlap lap region. 
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Figure 2. Calibration of a simulation result of drain current (Ids)-gate voltage (Vgs) characteristics with published experimental data Klauk. 2007 [25] for OFET. 
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Figure 3. (a) The drain characteristics of DG-OFET at gate voltages Vgs = −5 V, −10 V, −15 V, and −20 V when Vds is swept from 0 to −20 V with a step size of 1 V. (b) The transfer characteristics of DG-OFET log scale (Inset is linear scale) are at drain voltages Vds = −5 V, −10 V, −15 V, and −20 V when Vgs is swept from 0 to −20 V with a step size of 1 V. 
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Figure 4. Drain current (Ids) vs. gate voltage (Vgs) as a function of pH varying from 1 to 10. 
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Figure 5. (a,b) Band-bending in the valance band and conduction band under no bias and bias conditions for pH = 1 and pH = 10; (c) variation of energy band for three values of pH = 1, 5 and 10 for the DG-OFET-based pH sensor, respectively. 
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Figure 6. (a) The electric field along the device length. (b) The potential along the device length for pH = 1, 5 and 10 at VGS = −8 V and VDS = −3 V, respectively. 
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Figure 7. Variation of responsive gate voltage (ΔVR) with pH for drain current of (IREF) of 10−5, 10−6, and 10−7 A/µm. 
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Figure 8. Drain current sensitivity as a function of VGS at different pH values ranging from 1 to 10. 
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Figure 9. (a) Drain current (Ids) vs. gate voltage (Vg) as a function of pH that varies from 1 to 10 (b) Variation of responsive gate voltage (ΔVR) with pH for drain current of (IREF) of 10−5 A, 10−6 A, and 10−7 A, respectively, and (c) drain current sensitivity as a function of VGS at pH values 1 to 10. 
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Figure 10. (a) Drain current (Ids) vs. gate voltage (Vg) as a function of pH that varies from 1 to 10. (b) Variation of responsive gate voltage (ΔVR) with pH for drain current of (IREF) of 10−5 A, 10−6 A, and 10−7 A, respectively. (c) Drain current sensitivity as a function of VGS at different pH values ranging from 1 to 10. 






Figure 10. (a) Drain current (Ids) vs. gate voltage (Vg) as a function of pH that varies from 1 to 10. (b) Variation of responsive gate voltage (ΔVR) with pH for drain current of (IREF) of 10−5 A, 10−6 A, and 10−7 A, respectively. (c) Drain current sensitivity as a function of VGS at different pH values ranging from 1 to 10.
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Figure 11. (a) Comparison of maximum voltage sensitivity (SV) achieved by DG-OFET device with different dielectrics. (b) Comparison of maximum voltage sensitivity attained by our work with previously available research [14,43,47,48,49]. 
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Table 1. Values of parameters of different gate oxide materials.
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	Symbol
	Al2O3
	SiO2
	HfO2
	Ta2O5
	Ref.





	εrel
	14
	3.9
	25
	22
	[43]



	Ns (cm−2)
	8 × 1014
	  5 ×  1014
	  4 ×  1014
	  10 ×  1014
	[43]



	pKa
	6
	−2
	7
	2
	[43]



	pKb
	10
	6
	7
	4
	[43]



	Bandgap (eV)
	8.8
	9
	5.7
	5.3
	[44]
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