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Abstract

:

Potential implementation of bio-gel Electrolyte Double Layer capacitors (bio-gel EDLCs) and electrolyte-gated FET biosensors, two commonly reported configurations of bio-electrolytic electronic devices, requires a robust analysis of their complex internal capacitive behavior. Presently there is neither enough of the parameter extraction literature, nor an effective simulation model to represent the transient behavior of these systems. Our work aims to supplement present transient thin film transistor modelling techniques with the reported parameter extraction method, to accurately model both bio-gel EDLC and the aqueous electrolyte gated FET devices. Our parameter extraction method was tested with capacitors analogous to polymer-electrolyte gated FETs, electrolyte gated Field effect transistor (EGOFET) and Organic Electrolyte Gated Field Effect Transistor (OEGFET) capacitance stacks. Our method predicts the input/output electrical behavior of bio-gel EDLC and EGOFET devices far more accurately than conventional DLC techniques, with less than 5% error. It is also more effective in capturing the characteristic aqueous electrolyte charging behavior and maximum charging capability which are unique to these systems, than the conventional DLC Zubieta and the Two branch models. We believe this significant improvement in device simulation is a pivotal step towards further integration and commercial implementation of organic bio-electrolyte devices. The effective reproduction of the transient response of the OEGFET equivalent system also predicts the transient capacitive effects observed in our previously reported label-free OEGFET biosensor devices. This is the first parameter extraction method specifically designed for electrical parameter-based modelling of organic bio-electrolytic capacitor devices.
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1. Introduction


Conventional electronic devices rely on rare earth minerals, extreme processing, and harsh chemical agents; challenges which can be solved by organic material-based electronic devices. Current research explores a host of organic devices tailored for unique applications replacing or complementing conventional devices [1,2]. Among these, there are exciting new technologies that incorporate organic electrolytes in their device architecture to leverage their unique chemical and electrical properties. Electrolyte gated FETs (EGFETs) are attractive for their high gate capacitance, fast switching speed, 3-D printability, and large area scalability. Currently EGFETs are being explored for artificial synapses, wearable electronics, and for biomolecule quantification [3,4,5,6,7,8,9].



One driving factor behind the development of these devices is to produce fast, in-situ bio-molecule quantification methods. Examples of Electrolyte-gated organic FET sensors include Nakata et al.’s Ion Sensitive FET sensor for simultaneous sweat pH and skin temperature measurement, our previous work into cortisol quantification using Organic electrolyte Gated FETs (OEGFETs) as biosensors, and Electrolyte Gated Organic FET (EGOFET) biorecognition switches presented by Parkula et al. [5,10,11]. The EGOFET and OEGFET are two distinct organic FETs with liquid electrolytes in the gate dielectric. Non-specific examples of the EGOFET have electrical output characteristics directly correlated to ion concentrations in the electrolyte [4,11,12,13,14,15]. The label-free OEGFET biosensors have immobilized bio-recognition molecules on the gate, which selectively bind to the target biomolecules and form bound complexes [15]. The resultant gate capacitance change produces device electrical output characteristic changes, correlated to the target biomolecule concentration in the gate bio-electrolyte [15].



Key challenges to EGFET research include device stability, susceptibility to environmental effects and limitations to manufacturing and packaging of aqueous electrolyte devices. To solve these issues, alternate forms of electrolytes are implemented, such as ion polymer matrices, ionic gels and polymer electrolytes [16]. An example of this is Von Seggern et al.’s polymer electrolyte gate that demonstrates high ionic conductivity and high capacitance gating [17,18]. These alternate forms have higher stability, enhanced 3-D printability and good electrical performance, but their long-term electrical compatibility and the electronic behavior of these materials has not been characterized [5,16,19].



The sensing mechanism of EGFET biosensors is based on gate capacitance changes, which is voltage, frequency, and time dependent [20]. Understanding and predicting the internal capacitance mechanism is crucial for optimizing and implementing these devices in simulations, and in fully integrated systems such as sensor nodes. The present method for handling capacitance in transistor modelling techniques is to employ a single, constant capacitance term. Marinov et al. employ this tactic to great effect in their compact DC modelling technique for organic thin film transistors (oTFTs) [21]. The technique is adequate and highly effective for oTFTs as the solid dielectric layers have limited internal capacitor interactions. The trouble is that the lumped capacitance term method is also presently applied to specific biosensing application—such as the Ion Selective (ISFET) extended gate model and the EGOFET model for probe top gates—despite the use of electrolyte gates [22,23]. Under an applied potential, electrolytes form distinctly charged layers with extensive interactions that cannot be captured by a single constant term. EGFET devices have limited applicability due to the inability fully capture their device behavior in simulations [24]. The crux is the absence of a non-destructive, simple, broadly applicable method for capturing low ionic strength electrolyte capacitor behavior that can be incorporated to improve EGFET models. At present, all the existing model capacitance relations are based on the classical equivalence model for conventional Double Layer Capacitors (DLCs) [25,26]. We have shown DLC methods to be incapable of capturing the bio-derived polymeric gel EDLC capacitance effects [5].



To address this, the internal capacitances and time dependent properties of the different electrolyte forms must be investigated. We propose a simple capacitance model tailored specifically to low ionic concentration electrolytes that is suitable for predicting the electrical output characteristics of electrolyte capacitors and electrolyte gated device capacitances. Our method is based on the transmission line model, which incorporates the voltage, frequency, and time dependent properties of complex EDLCs with a facile parameter extraction method. In this work, we examined two electrolyte forms, polymeric bio-gel and aqueous electrolyte solutions, in three common device architectures, a bio-gel EDLC, an EGOFET and an OEGFET. To better approximate the bio-electrolyte behavior from an electronic system’s viewpoint, we built bio-gel EDLCs and capacitor stacks analogous to the EGOFET and OEGFET. All three capacitor stacks were analyzed and a process for modelling their capacitance effects was developed. We report a novel parameter extraction method to reproduce the complex organic bio-electrolytic device behavior in integrated circuit systems, demonstrating that our proposed method accurately predicts the transient behavior of the three tested EGFET forms. We compare our simulation model to the established literature DLC models (Zubieta model and Two branch model), proven for ionic liquid and solid state DLCs, but not for low ionic concentration solutions or polymer capacitors. We establish that our circuit model is capable of recreating EDLC characteristics in the bio-gel EDLC and EGOFET equivalent with a maximum 5% error range in repeated tests. Our subsequently tailored method is furthermore able to recreate OEGFET equivalent characteristics with a maximum 3% error range during repeated experimental measurements.




2. Materials and Methods


2.1. Device Fabrication


2.1.1. Standard Bio-Electrolyte DLC Fabrication


Our bio-gel EDLC system is comprised of 5 thin film layers; two composite, polymer-blended bio-electrolyte layers loaded in soft-printed PDMS fixtures, separated by a polyolefin (PPG Teslin® SP600) membrane, and sandwiched between two copper coated glass surface electrodes (Figure 1a) [27].



To fabricate the current collector electrodes, glass slides were coated with adhesive copper tape. Although prone to oxidation, Copper electrodes have been used in the literature to produce ultra-low equivalent series resistance capacitors with high self-resonant frequencies [28]. The 175 µm composite bioelectrolyte is prepared using 1.6 g Carrageenan (Xi’an Lyphar Biotech Co., Ltd., Xi’an City, China), 0.8 g PVA (Sigma Aldrich, St. Louis, MO, USA), 0.1 g Agarose (Sigma Aldrich), mixed in 25 mL of 1% acetic acid solution. A gel is formed by dissolution under constant low temperature (80 °C) while stirring, to form a homogenous solution. The polyolefin separator is coated with Teflon AF 2400 (Dupont, Wilmington, NC, USA) and has a final device thickness of 152 µm, shown in Figure 2a. The final thickness of the separator film was 500 µm. Finally, the devices are sealed to reduce environmental degradation effects (Neutral cure sealant, Dow, Midland, TX, USA). The bio-electrolyte stack thickness was measured to be 400 µm. The capacitor area for the bio-gel EDLC was 2.25 cm2.




2.1.2. EGOFET Equivalent and OEGFET Equivalent Capacitor Stack Fabrication


The EGOFET equivalent capacitor stack and the OEGFET equivalent capacitor stacks are two surface structures (Figure 1b,c respectively). A consideration for the EGOFET devices is that in practice, the gate and semiconductor surfaces are often sealed with Bovine Serum Albumin (BSA) to prevent nonspecific adsorption [9,29]. BSA thickness and dielectric permittivity are low, with comparable capacitive behavior to the organic layers used instead for more consistent layer properties whilst still approximating real device operation conditions.



Bottom Surface—The bottom surface is fabricated on a passivated silicon wafer. A 200 nm layer of Chromium is patterned using photolithography and liftoff techniques (in OEGFET devices, this layer would be the patterned electrodes, on top of which would be a semiconductor layer, as seen in Figure 1e,f). A 100 nm thick layer of 2% PVA in water is spun and dried (10 s @300 rpm, 40 s @2000 rpm; bake 10 min @ 95 °C) and a 125 nm layer of Teflon protects the PVA from the aqueous solutions. The bottom surface layer’s purpose is to mimic the protective film over the organic semiconductor of the EGFET devices.



Top gate—A microscope slide is surface activated in a UV ozone chamber at 50 °C for 8 min then spin coated twice with PEDOT:PSS (Sigma Aldrich 739324; 5 s @500 rpm, 40 s @100 rpm; bake 10 min @ 110 °C; 500 nm total), and third layer of a 0.2 mg/mL suspension of PEDOT:PSS and graphene hybrid ink (PEDOT:PSS,G, graphene nanoparticles from Kennedy Labs, Ottawa, ON, Canada) under the same conditions (160 nm thickness). After verifying conductivity, 200 nm of 950 PMMA A4 is coated (8 s @500 rpm, 45 s @4000 rpm) and baked (50 min @ 110 °C). Wells for cortisol aptamer immobilization are crafted by selectively protecting circular areas of the PMMA and spin coating 125 nm of Teflon (AF 2400 × SOL 1% FC40, Dupont, Wilmington, NC, USA; 10 s @500 rpm, 30 s @2500; bake 30 mins @ 160 °C). The multi-layered top gate was then activated using a Samco UV-1 system, with 110 W low-pressure Mercury Lamp at a wavelength of 253.7 nm for 10 min. The exposed PMMA spots became activated, immobilizing drop cast cortisol aptamers to create cortisol specific aptamer wells for the OEGFET equivalent and blank wells (drop cast DI water) for the EGOFET equivalent stack. Soft-printed PDMS device wells were used to control the total electrolyte volume and stack height for the EGOFET equivalent and EGOFET equivalent capacitor stacks.



Electrolyte solutions—The electrolytes used are cortisol solutions in an ascorbic acid (AA) buffer (pH 6.8, conductivity 2.92 mS/cm) of concentrations (from a stock solution of cortisol in AA 50 mg/50 mL, a series of dilutions of 5 ml in 50 mL to produce 6 dilutions from the stock). The cortisol dilutions range from the most concentrated (Cortisol 1) at 5.4 mM, decreasing in concentration by a factor of 10 with each dilution to Cortisol 6 at 54 pM.



The EGFET equivalent capacitor devices are constructed by interposing 10 µL of electrolyte solution between the bottom surface and the PDMS well that encloses the electrolyte and acts as a separator. The separation between the two surfaces was kept consistent at 900 µm using PDMS as separator. The resulting EGFET devices had an area of 0.2 cm2.





2.2. Device Testing


Constant charge measurements were conducted on the bio-gel EDLCs, EGOFET equivalent and OEGFET equivalent capacitors under low voltage (9 V) and low current (0.1 mA) bias, to mimic the operating conditions of our OEGFET sensor set up [15]. The capacitor, in series with a 10 kΩ resistor, was connected to a Keithley 220 current source that ran 600 s, which was determined as time required for the bio-gel EDLC to reach 0.9 V, 100 mA current pulse (compliance: 10 V) (Figure 2b). The voltage across the capacitor was measured with a HP4156A semiconductor parameter analyzer over a 30-min window. Comparisons of simulated to real data are performed using Root Mean Square (RMS) error calculations.



Impedance testing on all devices was performed to directly capture the AC electrical characteristics. An Agilent 4294 A impedance analyzer unit with Agilent 42941 A probe kit was used to run the tests. All devices were tested over the range of 40–100 kHz to collect impedance, phase angle, capacitance, and resistance data with respect to frequency.




2.3. Device Modelling Methods


In our previous work, we established that out of the existing DLC models, the Zubieta DLC model was best at approximating bio-gel EDLC behavior. The Zubieta capacitance equivalent circuit (Figure 3b) uses multiple RC branches to predict conventional DLC behaviour and approximate the electric double layer electrochemistry and interfacial tension theory [19,22,23]. However, the conventional Zubieta DLC model fails to fully capture the rise time, maximum voltage, and discharge behaviour of EGFET capacitor devices [5]. In order to better approximate EGFET capacitor behaviour, we propose a novel parameter extraction method and equivalent circuit (Figure 3c). Our equivalent circuit models (proposed model 1; Figure 3c) improve simulation of rise time, maximum voltage and discharge. The OEGFET equivalent data demonstrated differences in the capacitance method, to which we fit the equivalent circuit model 2 as demonstrated in Figure 3d. To demonstrate its efficacy with EGFET capacitors, the equivalent circuit models were implemented in Multisim 14.2 with the extracted parameters and tested under conditions analogous to the charge test. With a 10 kΩ resistor in series, a simulated charge test was performed in Multisim, with a 10-s zero current delay, 600-s 100 mA pulse at 10 V compliance, followed by a 30-min data collection period.



The charging behaviour of the EGFET capacitors features an initial jump in voltage which is due to internal resistances (Figure 3a). In the Zubieta DLC model, the first branch has a low resistance value approximated by the first 20 ms of the capacitive charging. Due to this approach, the Zubieta DLC model is quite inflexible, and has disproportionately variable results with the tested devices. In our parameter extraction method, the first RC branch resistance is approximated by the entire voltage jump. Using Equation (1), the resistance is calculated using the constant current value and the voltage jump in region 1 of Figure 3a.


   R 1  =   Δ V  I   



(1)






   R 2  = 10  R 1   



(2)







The Zubieta DLC model capacitance extraction expects small voltage changes resulting from resistance effects, which is again highly restrictive towards bio-gel EDLC implementation. The large resistive jump is observed in all of three EDLC devices, preventing the conventional approaches from being applied consistently. Considering this, we preferred a method similar to the Two-branch model for extracting the immediate branch capacitances. The conventional Two-Branch model uses two RC branches to approximate DLC behavior, the first for main charge storage and the second for internal redistribution [30,31]. We applied Equations (3) and (4) to the real collected transient data find the CI0 and CI1 values (extracted using two points in the charging region shown as region 2 in Figure 3a). The Two-Branch DLC model assumes the resistive effects are extremely small compared to the overall charging, which is the inverse of our previous EGFET capacitor charging behavior. As such, voltages at selected points were estimated using the voltage difference in Equation (1) as a reference voltage. Point 1 (at time t1 and voltage V1) is positioned at 25% of the voltage increase during the charging portion of region 2, and point 2 (t2, V2) at 50%.


   C  I 0   =  (     t 1     V 1    −    V 1  ×  t 2  −  t 1  ×  V 2     V 2 2  −  V 1  ×  V 2     )  ×  I C   



(3)






   C  I 1   = 2 ×  (     V 1  ×  t 2  −  t 1  ×  V 2     V 1  ×  V 2 2  −  V 1 2  ×  V 2     )  ×  I C   



(4)







An assumption that is consistent across all the proposed conventional DLC models is that the delayed branch resistance is significantly larger than the immediate branch resistance. This assumption greatly simplifies their extraction steps. Under this assumption, we assign the RD value to be 10 times the RI value, as in Equation (2). Region 3 has a similar voltage drop to region 1, which is expected given the stacked nature of the devices. Continuing with the Two-branch DLC model is only feasible until this point, as it relies on conventional capacitor equations which we have demonstrated do not apply to the EGFET capacitor [5]. As the capacitance term for the delayed branch cannot be extracted from equations analogous to the Two-Branch DLC model, we applied equations derived from Equation (5) to calculate the CD value, as seen in the Zubieta DLC model (Equation (6)). This capacitance term is calculated over region 4.


  V =  Q C   



(5)






   C D  =  Q V  −  (   C  I 0   +    C  I 1    2  × V  )   



(6)







In addition to revamping the parameter extraction approach as described above, we removed the long-term RC branch as its main contribution is in the long-term discharge which does not have a large impact on our model, the same conclusion reached by Faranda et al. [30]. The final equivalent circuit model looks similar to a hybrid Two-Branch DLC model, with a different approach for extracting the RD and CD values that does not rely on resistance or capacitance values captured from conventional capacitor equations [30]. The similarity of our final implementation to the Two-Branch DLC model was unexpected given the Two-Branch’s poor performance in our previous work. However, the reliance on the τ extraction for the second branch likely negatively impacted the overall performance there since the EGFET capacitors do not follow the basic capacitance governing equations linking τ to rise time.



The EGFET sensing mechanism functions as electrolytes with a membrane under DC potential, analogous to a conventional DLC [5,19]. They have a measurable device capacitance dependent voltage represented as the charge build-up Q divided by capacitance C (5). Equation (7) describes the differential capacitance, the change in charge for a given voltage. This value describes the electrochemistry of EDLs, making it a key parameter for understanding DLC and EGFET operation.


   C  d i f f    ( V )  =   d Q   d V    |   v ′     



(7)







The total per unit area gate capacitance of the OEGFET equivalent and EGOFET equivalent, cdi has contributions from each dielectric layer (Figure 1d,g), along with the bio-electrolyte film. The stacks of solid and liquid are distinct, and therefore act as series capacitance terms (Equation (8)). cPMMA, cPVA and cTeflon are calculated directly as their dielectric values are consistent and consistent within the literature.


   c  d i   =    (   1   c  P M M A     +  1   c  E l e c t r o l y t e     +  1   c  T e f l o n     +  1   c  P V A      )    − 1    



(8)







EGOFET equivalent electrolyte capacitance is due to the formation of an EDL at the electrode surfaces under applied potential. As demonstrated in our previous work, the capacitance of the EDL in these electrolyte devices can be approximated as capacitive contributions from the electrolyte bulk (cBulk), and a diffused Helmholtz double layer (cH) [19]. The lumped gate dielectric capacitance for EGOFET equivalent is reported in Equation (9).


   c  E G O F E T   e q u i v a l e n t   =    (   1   c  P M M A     +  1   c H    +  1   c  B u l k     +  1   c  T e f l o n     +  1   c  P V A      )    − 1    



(9)







The capacitance mechanism of the OEGFET equivalent (Equation (10)) is governed by the presence of aptamers. They create a region of reduced ionic mobility at the interface of the device due to steric hindrance and form a distinct layer within the electrolyte away from the solid-liquid interface. The bound aptamer-cortisol molecule system acts as a porous, solid dielectric film. The reduction of charged particle movement prevents effective formation of the EDL diffuse layer, further inhibited by localized charge from aptamer chains. This creates a potential difference between the two distinctly charged layers, the bulk electrolyte and that bound by the aptamer complex, called a Donnan’s equilibrium. The capacitance from this charge separation, cDonnan’s is proportional to ionic concentration of bulk electrolyte.



Due to the concentration gradients across this layer, the chemical potential causes an alignment of biomolecules at the film, which increases in thickness with electrolyte concentration. This film will have an additional pseudo dielectric effect (captamer complex) as balancing the equilibrium created by the biofilm affects the potential experienced across the resulting dielectric stack.


   c  O E G F E T   e q u i v a l e n t   =    (   1   c  P M M A     +  1   c H    +  1   c  D o n n a  n ′  s       +  1   c  a p t a m e r   c o m p l e x     +  1   c  B u l k     +  1   c  T e f l o n     +  1   c  P V A      )    − 1    



(10)







The difference between the EGOFET equivalent and the OEGFET equivalent hinges on the capacitance mechanism differences. In our proposed OEGFET equivalent circuit model 2, the initial movement of charge is dictated by the formation of the aptamer complex layer; the forced Donnan’s equilibrium and concentration gradient across the aptamer-biomolecule film forms as soon as the aptamers contact the solution. Ergo, device charging in the OEGFET equivalent is fundamentally different from the other Bio-gel EDLC devices, as the other Bio-gel EDLC charging times rely on the slower charge physical movement as well as electrolyte. For this reason, the proposed model for the OEGFET equivalent does not require the delayed RC branch, model 2 as depicted in Figure 3d, as the movement of charge in the electrolyte occurs at surface contact, rather than with applied current. The specific biosensor capacitance modelling literature is limited, making this of key importance.





3. Results


3.1. Bio-Gel EDLC Simulation


Each bio-gel EDLC charge test was performed a minimum of three times, and the extracted parameter or value was averaged to improve the accuracy of our collected parameters. The tested bio-electrolyte stack produced an extended charging time of 600 s with a τ of 165 s and a maximum rated voltage of 10 V, reaching a maximum charge differential of 1 V. Two quantitative methods were used, comparison of the peak voltages and a RMS error between the real and simulated charging curves. Comparing the repeated charge test curves and the simulated charging curves demonstrated a difference in peak voltage of less than 0.02 V, and an overall difference of 2.5% between the charging curves and simulated data curves. The percent error of 2.5% is within the capacitor’s common tolerance limits.



Both the Zubieta DLC and our proposed equivalent circuit model 1 are plotted against real Bio-gel EDLC data in Figure 4. The key areas in which our model functions significantly better than the Zubieta DLC model are charging behavior, maximum voltage and the discharge characteristics. The real data demonstrates a linear voltage-charging time section, followed by a second section as the capacitor approaches a maximum voltage. Neither the Zubieta nor our proposed simulation method are capable of fully approximating this behavior; however, the proposed circuit model 1 introduces far less error than the Zubieta and reaches a maximum voltage similar to real data. The discharge behavior of the real devices demonstrates a fast discharge. The Zubieta DLC simulation has a voltage drop profile similar to ours, but with a significantly slower discharge. Another crucial limitation of the Zubieta DLC model was that for maximum voltages below 1 V, the relations began to breakdown as seen from the findings where the discharge profile is poorly captured.



The immediate RC branch (the dominant branch for the charging portion of the devices) has a capacitance of 32 F, with a series resistance of 0.94 Ω. These values do not agree with the real Bio-gel EDLC parameters extracted from our measured data; capacitance value as 80 µF, with series resistance of 85 Ω and parallel resistance of 6.4 E−11 Ω [32].




3.2. EGOFET Equivalent Capacitor Simulation


The EGOFET equivalent rise time was captured to be 600 s, consistent with the bio-gel EDLC, but with a τ of a few milliseconds. This is a major difference between the bio-gel EDLC, EGOFET equivalent and the literature DLCs. Another significant difference between the bio-gel EDLC and the EGOFET equivalent is the maximum voltage. The Bio-gel EDLC will charge to approximately 1 V, as water begins to dissociate at 1 V [33]. The EGOFET equivalent demonstrated a maximum voltage of up to 11 V. Repeated data collection runs demonstrated a maximum voltage difference of 0.23 V, and less than 3% percent error between repeated real data curves and simulated data, which is well within common variation allowances for capacitors.



Our proposed equivalent circuit model 1 effectively captures the initial voltage jump and reaches the same maximum voltage, a clear improvement on the previously reported Zubieta DLC comparisons (Figure 5). The discharge is also more effectively modeled than the Zubieta, resulting in significantly less error than the Zubieta DLC method. However, as in case of the bio-gel EDLC, it again demonstrates high capacitances (immediate branch capacitances of 7–95 Farads) that do not equate with measured bulk capacitances of 80 µF.




3.3. OEGFET Equivalent Capacitor Mechanism Simulation


The OEGFET equivalent demonstrated a rise time of a few milliseconds, reaching 98% of the total charging in less than 10 ms. Equivalent circuit Model 1 is not suitable for capturing the OEGFET equivalent performance, as shown in Figure 6. The increase in voltage is less than 1% over the charging time, but the simulation approximates charging to be significant. The proposed equivalent circuit model 2 results in a much more effective capture of the OEGFET equivalent performance, with far better discharge behavior than the Zubieta DLC parameter extraction method. Repeated charging and simulation data had peak voltage differences of 0.22 V, and less than 2% percent error in the charging curves between real and simulated data; well within common capacitor variations.



Similar to the findings for the EGOFET equivalent, the overall capacitances are significantly larger (between 7 and 15 F) than the measured value of 1.3 µF, with lower internal resistances of 85–105 Ω compared to the measured 5 kΩ.





4. Discussion


Our proposed EDLC equivalent circuit models demonstrate more effective reproduction of the organic, low ionic strength capacitor’s transient behavior than the conventional DLC models. The difference in the model capacitance parameters compared to the measured capacitance is due to the equivalent circuits’ simplicity and its reliance on simulated circuit components. The measured values are comparable to the literature DLC values, but the disagreement with the extracted parameters indicates that although our circuit model is more capable of approximating the electrical output characteristics of the capacitor than conventional models, it does not approximate the internal interfacial surface chemistry at the gate-electrolyte interface. This is anticipated in such approaches since bio-EDLC capacitors are highly complex, and modelling each of the interactions separately would require a much more cumbersome characterization and device analysis process based on design parameters as well as output characteristics. Therefore, our holistic approach for reproducing the input-output characteristics is desirable as it allows accurate simulations for each of the devices with a few data sets.



The accuracy of our simulations is examined quantitatively through the peak voltage and percent error between simulated and real data. Peak voltage values describe the maximum charge storage capabilities of a capacitor. This is key to simulating device behavior in circuits. In all instances, our proposed models captured with real data peak voltages to within 5%. The charging curve captures the time dependent properties of the internal charge distribution, another significant factor in circuit simulation of electrolyte gated capacitors. Our proposed model demonstrated a maximum of 3% error between the real data and the simulated data, indicating that our models are closely mimicking the charging curves of the real data.



The improved accuracy of the proposed equivalent circuit model simulations demonstrates their accuracy for recreating the transient properties of these devices, without the need for modelling the highly complex internal interactions. As described in this section, our proposed simplified circuit simulation models allow for simple yet accurate predictive transient analysis of such systems without the need for an overly complex extraction procedure.



4.1. Performance of Bio-Gel EDLCsimulation with Proposed Equivalent Circuit Model


The Bio-gel EDLC results were consistent with our previous findings that the Zubieta DLC model was not capable of capturing key charge/discharge behavior of aqueous electrolytic capacitors [5]. We have previously demonstrated that the low-ionic strength electrolyte gated capacitors cannot be described by conventional capacitor equations. Therefore, parameter extraction methods—such as the Zubieta model—based on conventional equations introduce significant error into the model.



The Bio-gel EDLC rise time was consistent with conventional DLCs, and significantly higher than our previously reported Bio-gel EDLCs [5,34,35,36]. The literature DLCs demonstrate time constants (τ = RC = 63% Maximum Voltage) in the multiple minutes range [37] with Negruoi et al. reporting a τ of 500 s, a rise time of 750 s, and a fall time of 600 s [38] and Zubieta and Faranda reporting τ values of 100 s and 250 s, respectively [30,39]. The charging time of the bio-gel EDLC is independent of the final capacitance value [40,41] and related to the accumulation of absorbed or structural molecules on the electrodes preventing the dipole-orientation of capacitive molecules. The tested bio-gel EDLC has a more robust gel layer through increased crosslinking of the two composite-biopolymer components. This increased crosslinking produces more local high-density charge areas within the dielectric bulk, interacting with electrolyte molecules and prevents their dipole orientation [42]. As charging time is related to expansion of dipole orientated aggregate domains in the dielectric, the crosslinking interacting with the electrolyte molecules will slow the charging time [40,41]. However, despite the robust gel layer, leakage currents were still observed in the range of 100 nA. The range of leakage current values depended on the charge of the capacitor, increasing with the capacitor charge.



The immediate RC branch (the dominant branch for the charging portion of the devices) is comparable to the literature Zubieta and Two-Branch DLC models, but these values do not agree with the measured Bio-gel EDLC parameters. Despite this, we have achieved a more effective method for capturing this capacitor’s external electronic behavior, which can be implemented to optimize these devices in electronic systems.




4.2. Performance of EGOFET Equivalent Capacitor Simulation with Proposed Circuit Model 1


The EGOFET equivalent rise time was consistent with the bio-gel EDLC, but with a τ of a few milliseconds (Figure 5). This is a major difference between the bio-gel EDLC, EGOFET equivalent and the literature DLCs. DLC capacitance depends on solvent dipole charge localization and orientation due to the external field, which takes nanoseconds when it is the sole exerting force [27,31]. Adsorbed water molecules interacting through hydrogen bonding to solvent molecules can force the solvent into lower energy sp3-like bonding structures. The contest between dipole orientation energy and hydrogen-bonded absorption results in capacitance-inducing dipoles distributed in low density, where charging time is influenced by the expansion time of the dipole-oriented domains. The charging time is therefore a function of device geometry and materials selection. Unlike DLCs, the EGOFET equivalent and OEGFET equivalent have smooth electrodes, reducing surface area and therefore adsorbed molecule quantity. In addition, our bulk bio electrolyte is in an ascorbic acid buffer of mild acidic nature which results in higher hydrogen bonding interrupted lifetimes [43]. In addition, the movement of molecules in the electrolyte will increase the charging capacity of these devices. This contributes to the desired faster charging and affects the internal capacitance mechanism.



Another significant difference between the bio-gel EDLC and the EGOFET equivalent is the maximum voltage. The relationship based on Equation (5): Qmax = C × Vmax, where Qmax is maximum charge stored on a capacitor, and Vmax is the breakdown voltage of the dielectric explains the disparity in maximum voltage. The Bio-gel EDLC will charge to approximately 1 V, as water begins to dissociate at 1 V [33]. The EGOFET equivalent demonstrated a maximum voltage of up to 11 V. This was made possible because of the stacked dielectric capacitor form. As the layers are distinct, they act as capacitors in series dropping the voltage applied across the electrolyte layer. This allows for significantly higher maximum voltages applied to the EGOFET equivalent than to the bio-gel EDLC, embodied by the EGOFET equivalent insignificant levels of current (−10 to 10 nA) during the I-V sweeps for leakage.



Our proposed equivalent circuit model 1 effectively captures the initial voltage jump and reaches the same maximum voltage, a clear improvement on the previously reported Zubieta DLC comparisons (Figure 5). The discharge is also more effectively modeled than the Zubieta, resulting in significantly less error than the Zubieta DLC method. The measured capacitance is comparable to the literature DLC capacitor values, but also significantly lower than the extracted parameters [34,35,36]. This again indicates that the circuit model 1 equivalent circuit is most likely matching the output characteristics rather than predicting the internal interactions, an observation that extends to the literature Two-branch DLC models [30]. The Two-Branch DLC model specifically attempts to approximate the electrical characteristics of their devices rather than attempting to approximate internal biochemistry and has been highly effective for DLCs. Thus, accurate electrical behavior simulation does not necessitate accurately predicting internal characteristics [3,26]. Our proposed parameter extraction method reproduces the rise and discharge of the real data with errors of between 0.8–5%, which is well within tolerance limits of regular capacitors.




4.3. Performance of OEGFET Equivalent Capacitor Simulation with Proposed Circuit Models


Unlike the other forms of bio-gel EDLC, the OEGFET equivalent demonstrated a rise time of a few milliseconds. This is consistent with the capacitance method proposed in Equation (10), as it demonstrates the absence of ‘charging’ in the capacitors. Charging time is not related to the final device capacitance; long charging times have been observed in low and high capacitance DLCs [30]. Instead, charging time is a function of dipole orientation and movement of charge within the capacitor. The difference with the OEGFET equivalent is that the movement of charge and dipole orientation begins the moment the electrolyte is sandwiched in the gate. As described, the Donnan’s equilibrium produces a charge differential across the aptamer-complex layer which acts as an applied potential to the solvents in the solution leading to the millisecond charging times observed.



Based on Figure 6, our equivalent circuit model 1 is not suitable for capturing the OEGFET equivalent performance. The delay in capacitance is rendered negligible by the presence of Donnan’s equilibrium, as previously established. To reduce these effects, the second RC branch—which is used to approximate delayed capacitance effects—was removed. The proposed equivalent circuit model 2 results in a much more effective capture of the OEGFET equivalent performance, with far better discharge behavior than the Zubieta DLC parameter extraction method. We furthermore predicted the rise and discharge characteristics in the real data with errors of less than 3%, which is well within tolerance limits of regular capacitors. This investigation also supports our previous findings for OEGFET cortisol biosensors, that the presence of the aptamer layer results in a rapid response to cortisol concentration, as corroborated by circuit model 2.



When incorporated into a cortisol biosensor device, concentration changes in the capacitive layer induce observable changes in I-V characteristic curves as shown in our previously published data (Figure 7). Current-Voltage sweeps were performed with the semiconductor parameter analyzer. The sweeps were performed over the range of 0–15 V, with a current compliance of 0.1 A transmitted to the test capacitor and the current data collected to analyze leakage across the capacitor. These results are independent of transient properties which are consistent across all concentrations (Figure 6). All TFT devices exhibit increasing current past saturation—clearly observed in the higher concentrations that reach saturation quickly—with output current increasing linearly with voltage. This is often attributed to charge injection. In our tests, the OEGFET equivalent stack sustains high charge injection under the high applied current bias, thus producing matching voltage levels as expected by the standard capacitance mechanism. Low leakage currents (less than 8 nA) indicate no dielectric breakdown despite achieving voltage maximums around 10 V. The observed identical (within error margins) transient properties of our OEGFETs will be beneficial when we integrate our sensors with peripheral electronics.



To demonstrate that our findings are consistent with our previously published works, we compared the measured capacitance data in the low frequency range (40–45 Hz), for each cortisol dilution. We observed a 10% increase in measured device capacitance with each step decrease in concentration, over the broad cortisol concentration range tested. This observation confirms that the correlation between gate capacitance and cortisol concentration is indeed present and drives the sensing mechanism of the OEGFET biosensor device.





5. Conclusions


Many novel EGFETs struggle to make the transition from laboratory prototypes to useable commercial devices due to their unpredictable electrical properties in multiplexed systems. We have proposed a simple parameter extraction method for predicting transient electrical characteristics of novel EGFETs to fill this vacant niche. The reported electrical characterization method was implemented on the analogous capacitor stacks of bio-gel EDLCs, and two commonly implemented EGFET configurations, OEGFETs and EGOFETs. A significant advantage of our equivalent circuit modeling approach is that it does not rely on mapping device action to conventional capacitor governing equations, rendering it highly adaptable to new experimental EGFET configurations. Our method reproduces the electrical input/output behavior of these novel capacitor stacks without relying on knowledge of internal capacitance parameters, an approach accepted and proven with conventional solid-state DLCs. Our process demonstrates a low error of <5% in reproducing the electrical characteristics of the bio-gel EDLC and the EGOFET equivalent, error low enough to be within tolerance limits for conventional capacitors, despite the vastly different τ and maximum charge capacity observed between these two device architectures.



The OEGFET equivalent parameter extraction method could reproduce the millisecond risetimes and discharges with 3% error between the simulated and real data. This is a significant finding, as effective simulation of the OEGFET equivalent translates to capturing the transient behavior in the label-free OEGFET biosensor capacitive stack. The OEGFET equivalent model demonstrated a measured 10% decrease in capacitance for each 10-fold increase in cortisol concentration. We have demonstrated the feasibility of electrically simulating these devices, thereby promoting the continued development of such promising devices into data nodes in commercially viable integrated devices.



This is the first parameter extraction method tailored specifically for organic bio-electrolytic devices, a necessary further improvement in device parameterization, and for the future implementations of these EDLC devices as biosensors and bioelectronic circuit components.







Author Contributions


Conceptualization, R.S.M. and R.P.; methodology, R.S.M. and R.P.; software, R.S.M.; validation, R.S.M.; formal analysis, R.S.M.; investigation, R.S.M. and R.P.; resources, R.S.M. and R.P.; data curation, R.S.M.; writing—original draft preparation, R.S.M. and R.P.; writing—review and editing, R.S.M. and R.P.; visualization, R.S.M.; supervision, R.P.; project administration, R.P.; funding acquisition, R.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research and the APC were funded by Natural Sciences and Engineering Research Council of Canada through the NSERC Discovery Grant (RGPIN-2018-04154).




Acknowledgments


The authors would like to thank Rana Amache for preparing the bio-gel EDLCs, and Siziwe Bebe for assisting with preparation bio-electrolyte samples, for the reported experimental device testing. The work acknowledges the financial support from the Natural Sciences and Engineering Research Council (NSERC) of Canada.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Li, F.; Nathan, A.; Wu, Y.; Ong, B.S. Organic Thin Film Transistor Integration: A Hybrid Approach; John Wiley & Sons: Hoboken, NJ, USA, 2011. [Google Scholar]

	



Reyes-Reyes, M.; Carroll, D.L.; Blau, W.; López-Sandoval, R. Materials and Devices for Organic Electronics. J. Nanotechnol. 2011, 2011, 1–2. [Google Scholar] [CrossRef]

	



Metkar, S.K.; Girigoswami, K. Diagnostic biosensors in medicine—A review. Biocatal. Agric. Biotechnol. 2019, 17, 271–283. [Google Scholar] [CrossRef]

	



Syu, Y.-C.; Hsu, W.-E.; Lin, C.-T. Review—Field-Effect Transistor Biosensing: Devices and Clinical Applications. ECS J. Solid State Sci. Technol. 2018, 7, Q3196–Q3207. [Google Scholar] [CrossRef]

	



Massey, R.; Amache, R.; Bebe, S.; Prakash, R. A Comprehensive Modelling Approach for Bio-EDLC Systems; IEEE: Manhattan, NY, USA, 2020; pp. 1–4. [Google Scholar]

	



Lu, G.; Liu, Y.; Lin, F.; Gen, K.; Wu, W.J.; Yao, R. Realization of artificial synapse and inverter based on oxide electric-double-layer transistor gated by a chitosan biopolymer electrolyte. Semicond. Sci. Technol. 2020, 35, 075014. [Google Scholar] [CrossRef]

	



Zhang, Q.; Leonardi, F.; Pfattner, R.; Mas-Torrent, M. A Solid-State Aqueous Electrolyte-Gated Field-Effect Transistor as a Low-Voltage Operation Pressure-Sensitive Platform. Adv. Mater. Interfaces 2019, 6, 1–8. [Google Scholar] [CrossRef]

	



Babeli, I.; Ruano, G.; Casanovas, J.; Ginebra, M.-P.; García-Torres, J.; Alemán, C. Conductive, self-healable and reusable poly(3,4-ethylenedioxythiophene)-based hydrogels for highly sensitive pressure arrays. J. Mater. Chem. C 2020, 8, 8654–8667. [Google Scholar] [CrossRef]

	



Sailapu, S.K.; Macchia, E.; Merino-Jimenez, I.; Esquivel, J.P.; Sarcina, L.; Scamarcio, G.; Minteer, S.D.; Torsi, L.; Sabaté, N. Standalone operation of an EGOFET for ultra-sensitive detection of HIV. Biosens. Bioelectron. 2020, 156, 112103. [Google Scholar] [CrossRef]

	



Parkula, V.; Maglione, M.S.; Casalini, S.; Zhang, Q.; Greco, P.; Bortolotti, C.A.; Rovira, C.; Mas-Torrent, M.; Biscarini, F. EGOFET Gated by a Molecular Electronic Switch: A Single-Device Memory Cell. Adv. Electron. Mater. 2019, 5, 1800875. [Google Scholar] [CrossRef]

	



Nakata, S.; Arie, T.; Akita, S.; Takei, K. Wearable, Flexible, and Multifunctional Healthcare Device with an ISFET Chemical Sensor for Simultaneous Sweat pH and Skin Temperature Monitoring. ACS Sens. 2017, 2, 443–448. [Google Scholar] [CrossRef]

	



Blasi, D.; Fabrizio, V.; Modena, F.; Luukkonen, A.; Macchia, E.; Picca, R.A.; Gounani, Z. Printed, cost-effective and stable poly (3-hexylthiophene) electrolyte-gated field-effect transistors. J. Mater. Chem. C 2020, 8, 15312–15321. [Google Scholar] [CrossRef]

	



Leonardi, F.; Tamayo, A.; Casalini, S.; Mas-Torrent, M. Modification of the gate electrode by self-assembled monolayers in flexible electrolyte-gated organic field effect transistors: Work function vs. capacitance effects. RSC Adv. 2018, 8, 27509–27515. [Google Scholar] [CrossRef]

	



Wadhera, T.; Kakkar, D.; Wadhwa, G.; Raj, B. Recent Advances and Progress in Development of the Field Effect Transistor Biosensor: A Review. J. Electron. Mater. 2019, 48, 7635–7646. [Google Scholar] [CrossRef]

	



Massey, R.; Bebe, S.; Prakash, R. Aptamer-Enhanced Organic Electrolyte-Gated FET Biosensor for High-Specificity Detection of Cortisol. IEEE Sensors Lett. 2020, 4, 1–4. [Google Scholar] [CrossRef]

	



Wang, G.Y.; Lian, K.; Chu, T.-Y. Electrolyte-Gated Field Effect Transistors in Biological Sensing: A Survey of Electrolytes. IEEE J. Electron Devices Soc. 2021, 9, 939–950. [Google Scholar] [CrossRef]

	



Singaraju, S.A.; Baby, T.T.; Neuper, F.; Kruk, R.; Aghassi-Hagmann, J.; Hahn, H.; Breitung, B. Development of Fully Printed Electrolyte-Gated Oxide Transistors Using Graphene Passive Structures. ACS Appl. Electron. Mater. 2019, 1, 1538–1544. [Google Scholar] [CrossRef]

	



Von Seggern, F.; Keskin, I.; Koos, E.; Kruk, R.; Hahn, H.; Dasgupta, S. Temperature-Dependent Performance of Printed Field-Effect Transistors with Solid Polymer Electrolyte Gating. ACS Appl. Mater. Interfaces 2016, 8, 31757–31763. [Google Scholar] [CrossRef]

	



Martin, R.; Quintana, J.J.; Ramos, A.; de la Nuez, I. Modeling electrochemical double layer capacitor, from classical to fractional impedance. In Proceedings of the MELECON 2008—The 14th IEEE Mediterranean Electrotechnical Conference, Ajaccio, France, 5–7 May 2008; pp. 61–66. [Google Scholar]

	



Kim, B.; Sy, S.; Yu, A.; Zhang, J. Electrochemical Supercapacitors for Energy Storage and Conversion Handbook of Clean Energy System; Taylor & Francis: Abingdon, UK, 2015; pp. 1–25. [Google Scholar]

	



Marinov, O.; Deen, M.J.; Zschieschang, U.; Klauk, H. Organic Thin-Film Transistors: Part I—Compact DC Modeling. IEEE Trans. Electron Devices 2009, 56, 2952–2961. [Google Scholar] [CrossRef]

	



Tibaldi, A.; Fillaud, L.; Anquetin, G.; Woytasik, M.; Zrig, S.; Piro, B.; Mattana, G.; Noël, V. Electrolyte-gated organic field-effect transistors (EGOFETs) as complementary tools to electrochemistry for the study of surface processes. Electrochem. Commun. 2019, 98, 43–46. [Google Scholar] [CrossRef]

	



Thomas, M.S.; Adrahtas, D.Z.; Frisbie, C.D.; Dorfman, K.D. Modeling of Quasi-Static Floating-Gate Transistor Biosensors. ACS Sensors 2021, 6, 1910–1917. [Google Scholar] [CrossRef] [PubMed]

	



Janata, J. Graphene Bio-Field-Effect Transistor Myth. ECS Solid State Lett. 2012, 1, M29–M31. [Google Scholar] [CrossRef]

	



Jiya, I.N.; Gurusinghe, N.; Gouws, R. Electrical Circuit Modelling of Double Layer Capacitors for Power Electronics and Energy Storage Applications: A Review. Electronics 2018, 7, 268. [Google Scholar] [CrossRef]

	



Tu, D.; Herlogsson, L.; Kergoat, L.; Crispin, X.; Berggren, M.; Forchheimer, R. A Static Model for Electrolyte-Gated Organic Field-Effect Transistors. IEEE Trans. Electron. Devices 2011, 58, 3574–3582. [Google Scholar] [CrossRef]

	



Prakash, R.; Bebe, S.; Amache, R. Planar Bioelectrolytic Capacitors. U.S. Patent Application No. US 62/976,548, 14 February 2020. [Google Scholar]

	



Riekkinen, T.; Mattila, T.; Van Dijken, S.; Luker, A.; Zhang, Q.; Kirby, P.B.; Sánchez, A.M. Ferroelectric parallel-plate capacitors with copper electrodes for high-frequency applications. Appl. Phys. Lett. 2007, 91, 252902. [Google Scholar] [CrossRef]

	



Seshadri, P.; Manoli, K.; Schneiderhan-Marra, N.; Anthes, U.; Wierzchowiec, P.; Bonrad, K.; Di Franco, C.; Torsi, L. Low-picomolar, label-free procalcitonin analytical detection with an electrolyte-gated organic field-effect transistor based electronic immunosensor. Biosens. Bioelectron. 2018, 104, 113–119. [Google Scholar] [CrossRef] [PubMed]

	



Faranda, R.; Gallina, M.; Son, D.T. A new simplified model of double layer capacitors. In Proceedings of the 2007 International Conference on Clean Electrical Power, Capri, Italy, 21–23 May 2007; pp. 706–710. [Google Scholar]

	



Pucci, M.; Vitale, G.; Cirrincione, M.; Cirrincione, G. Parameter identification of a Double-Layer-Capacitor 2-branch model by a least-squares method. In Proceedings of the IECON 2013—39th Annual Conference of the IEEE Industrial Electronics Society, Vienna, Austria, 10–13 November 2013; pp. 6770–6776. [Google Scholar]

	



Brus, V.V.; Kyaw, A.K.K.; Maryanchuk, P.; Zhang, J. Quantifying interface states and bulk defects in high-efficiency solution-processed small-molecule solar cells by impedance and capacitance characteristics. Prog. Photovolt. Res. Appl. 2015, 23, 1526–1535. [Google Scholar] [CrossRef]

	



Yan, Z.; Zhu, L.; Li, Y.C.; Wycisk, R.J.; Pintauro, P.N.; Hickner, M.A.; Mallouk, T.E. The balance of electric field and interfacial catalysis in promoting water dissociation in bipolar membranes. Energy Environ. Sci. 2018, 11, 2235–2245. [Google Scholar] [CrossRef]

	



Nichicon, Aluminum Electrolytic Capacitors, TVX 02 Type, CAT.8100I. Available online: https://www.nichicon.co.jp/english/products/pdf/aluminum.pdf (accessed on 1 December 2021).

	



KEMET Electronics Corporation, A4084_ALF70, Press-Fit Aluminum Electrolytic Capacitors. 2020. Available online: https://content.kemet.com/datasheets/KEM_A4084_ALF70.pdf (accessed on 1 December 2021).

	



Murata Manufacturing Co., Ltd. O8E3 High Performance Supercapacitor (EDLC) DMF Series, Cat. No. O83E-3. July 2016. Available online: https://www.avnet.com/wps/wcm/connect/onesite/111144f9-6cbc-43b2-9d9d-0c1e392c7cd5/Murata-DMF-EN-datasheet.pdf?MOD=AJPERES&CVID=lZO.YxC&CVID=lZO.YxC&CVID=lZO.YxC&CVID=lZO.YxC (accessed on 1 December 2021).

	



Zubieta, L.; Bonert, R. Characterization of double-layer capacitors (DLCs) for power electronics applications. In Proceedings of the Conference Record of 1998 IEEE Industry Applications Conference, St. Louis, MO, USA, 12–15 October 1998; pp. 12–15. [Google Scholar]

	



Negroiu, R.; Svasta, P.; Vasile, A.; Ionescu, C.; Marghescu, C. Comparison between Zubieta DLC model of supercapacitors and their real behavior. In Proceedings of the 2016 IEEE 22nd International Symposium for Design and Technology in Elect, Oradea, Romania, 20–23 October 2016. [Google Scholar]

	



Zubieta, L.; Bonert, R. Characterization of double-layer capacitors for power electronics applications. IEEE Trans. Ind. Appl. 2000, 36, 199–205. [Google Scholar] [CrossRef]

	



Hou, Y.; Aoki, K.J.; Chen, J.; Nishiumi, T. Invariance of double layer capacitance to polarized potential in halide solutions. Univ. J. Chem. 2013, 1, 162–169. [Google Scholar] [CrossRef]

	



Hou, Y.; Aoki, K.J.; Chen, J.; Nishiumi, T. Solvent Variables Controlling Electric Double Layer Capacitance at the Metal–Solution Interface. J. Phys. Chem. C 2014, 118, 10153–10158. [Google Scholar] [CrossRef]

	



Pozo, B.; Garate, J.I.; Ferreiro, S.; Fernandez, I.; De Gorostiza, E.F. Supercapacitor Electro-Mathematical and Machine Learning Modelling for Low Power Applications. Electronics 2018, 7, 44. [Google Scholar] [CrossRef]

	



Canales, M.; Guàrdia, E. Water-water and ion-water hydrogen bonding in sulfuric acid solutions. J. Mol. Liq. 2019, 293, 111463. [Google Scholar] [CrossRef]








[image: Micromachines 12 01569 g001 550] 





Figure 1. (a) Bio-gel EDLC schematic. (b) EGOFET equivalent Schematic. (c) OEGFET equivalent schematic. (d) Equivalent circuit diagram of the EGOFET gate capacitive stack. (e) EGOFET device cross section (f) OEGFET device cross section (g) Equivalent circuit diagram of the OEGFET gate capacitive stack. 
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Figure 2. (a) Bio-gel EDLC device under test (b) Testing setup with constant current source, parameter analyzer and device under test. (c) EGOFET equivalent device and OEGFET equivalent device under test. 
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Figure 3. (a) Data regions used for parameter extraction shown on a representative curve. (b) Zubieta DLC model Equivalent Circuit. (c) Proposed Model 1 equivalent circuit implemented with bio-gel EDLC and EGOFET equivalent (d) Model 2 equivalent circuit implemented with OEGFET equivalent. 
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Figure 4. Real charge test Bio-gel EDLC data compared to the simulated Zubieta and Proposed equivalent circuit Model 1. 
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Figure 5. EGOFET equivalent real data compared to equivalent circuit model 1. Inset: Cortisol 4 dilution showing real data to model comparison. 
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Figure 6. Comparison of real OEGFET equivalent data to equivalent circuit model 2 for all cortisol dilutions. Inset: Comparison of model 1 and model 2 to cortisol dilution 5. 
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Figure 7. Reproduced previously published data [5] showing increasing output current under the same conditions for decreasing cortisol concentration solutions. 
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