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Abstract. Demands of ultra-scaled ion sensitive field effect transistors (ISFETs) 

with higher current sensitivity and wider dynamic pH range are sky-rocketing as 

the ISFET devices find their increasing applications in the arena of wearable 

sweat sensors. In this context, a scaled tunnel FET (TFET) can serve as a very 

attractive and highly promising FET architecture that can be associated with an 

ISFET device for superior performance metrics. In this work, a p-i-n tunnel FET 

(TFET)-based simple ISFET has been implemented and investigated in Cadence 

simulation framework. Simulation results reveal that the subthermionic 

subthreshold swing of the TFET can enhance the current sensitivity beyond the 

maximum theoretical limit, whereas, the ambipolarity of the TFET along with 

appropriate gate tuning can widen the dynamic range. Therefore, the proposed 

TFET-based ISFET sensor has excellent promise in the realization of high-

density chips with improved performance increasingly demanded by the 

wearable sweat sensors and hence, can meet the requirements of the sustainable 

development goal (SDG) 3. 
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1 Introduction 

Recently, ISFETs offer a very attractive platform for wearable sweat sensors [1, 2] as 

compared with the solid-state ion-selective electrodes because of their capability of 

ultra-miniaturization, low power consumption, high sensitivity, CMOS-compatible 

integration, less output-signal degradation and less noise [2]. Sweat contains several 

biomarkers such as ions (i.e., Na+, K+), weak acids/bases, lactate, glucose, hormones, 

and heavy metals (i.e., Cd2+, Pd2+), etc. [3]. Therefore, ISFETs for sweat sensors need 

to be extremely scalable for the feature-compatibility with these biomarkers. However, 

the device scaling requires aggressive downscaling of the associated FET device with 

increased doping levels and reduced oxide thickness [4], following the scaling rules. 

Such aggressive downscaling results in various short-channel effects (SCEs) [5], and 

non-idealities [6]. Specifically, SCEs lead to the non-scalability in the threshold 

voltage, and hence, in the subthreshold swing (SS) [5]. Since the current sensitivity (SI), 

defined as the logarithmic change in the drain current per unit change in pH [2], is 

inversely related with the SS [5], downscaling of ISFET severely degrades its value 

from its theoretical maximum of 1 dec/pH [5]. On the other hand, dynamic range is 

defined as the range of analyte concentration that a sensor can readily and reliably 

detect and quantify [8] and hence, a wider dynamic range is a must requirement for 

wearable sweat sensors where the concentrations of the biomarkers vary widely [3]. 

Sensors with narrow dynamic range have restricted applications where the 

concentration levels of the target analyte vary within a narrow range [8]. The choice of 

appropriate channel and oxide materials of the associated FET devices can significantly 

impact the ‘power-sensitivity’ issues of the ISFET devices. In the literature, various 

high-mobility materials (GaAs [7], carbon nanotube [9], InAs [10-11], graphene [12], 

SiGe [13] etc.) and high-κ dielectrics (Al2O3 [10], HfO2 [11] etc.) are investigated as 

channel and oxide materials, respectively. Employing steep-slope, CMOS-compatible 

FET devices like negative capacitance FETs (NCFETs) and tunnel FETs (TFETs) can 

enhance the current sensitivity to reach beyond the limit of 1 dec/pH. An NCFET-based 

ISFET sensor with current sensitivity > 1 dec/pH has been proposed by Bellando et al. 

[14]. However, NCFET-based ISFETs require additional fabrication steps to introduce 

a ferroelectric material as well as to ensure the stable operation of the negative 

capacitance, making them a costlier option.  
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Tunnel FETs are emerged as the attractive alternative of scaled down MOSFETs for 

ultra-low-power driven switching applications with sub-0.5 V logic operations [15]. 

These FETs exhibit almost the same drain current for both positive and negative gate 

voltages in their transfer characteristics- a distinctive property called as the 

ambipolarity property [8]. Utilizing this ambipolarity property, Ajay et al. [16] sensed 

the positively charged bio-molecules by the ‘normal’ conduction and the negatively 

charged bio-molecules by the ‘ambipolar’ conduction. Lee et al. [17] utilized this 

ambipolarity for multi-sensing of positively/negatively charged bio-molecules with 

almost equivalent sensitivity. Kalra et al. [8] exploited this ambipolarity to dynamically 

widen the dynamic range by tuning the gate bias appropriately. Consequently, 

appropriate utilization of ‘ambipolarity’ of TFETs can be promising for extending the 

measurable pH-range (dynamic range) in ISFET-based pH sensors. However, to ensure 

the ambipolarity effectively, simple p-i-n tunnel FET needs to be employed, as 

ambipolarity is more dominant in the p-i-n TFETs than in p-n-p-n TFETs 

(conventionally used in biosensing applications [18]). This work, therefore, aims to 

investigate the feasibility of TFET architecture based ISFET sensor to achieve a current 

sensitivity > 1 dec/pH and a widened dynamic range. Simulation results in Cadence 

environment show that the TFET based ISFET sensor has a higher SI (> 1 dec/pH) and 

a wider dynamic range (pH range: 5.0-12.0) than their MOS-based counterparts. 

Therefore, the proposed ISFET has promises of the realization of high-density sweat 

sensor chips, thereby ensuring the good health and well-being of the mass people i.e. 

meeting the sustainable development goal 3 (SDG 3). 

2 Simulation Methodology 

Device Structure 

The response of an ISFET to pH varies with the geometry and material of the FET 

device and depends on the biasing condition. Commonly ISFETs are operated in the 

unsaturated region. Recently, operation of ISFETs under weak inversion condition be-

comes of interest due to the ability of the lower power consumption [5,19] and the 

achievement of the higher sensitivity [20]. It is noteworthy to mention that the power 

consumption of a TFET under subthreshold operation is less than its MOS counterpart 

[15]. Therefore, all the sensors used in this work are biased in the subthreshold region. 

The 3D schematic of a simple p-i-n TFET-based ISFET pH sensor is presented in Fig. 

1 (a), where an aqueous solution is used as the electrolyte, silicon is the channel material 

and SiO2 is used as the oxide material.  
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Fig. 1. (a) A TFET-based common-source amplifier circuit. (b) Proposed common-source like 

TFET based ISFET sensor. 

Very similar to a common-source TFET amplifier shown in Fig. 1 (b), the proposed 

TFET-based ISFET pH sensor has been implemented, where an ISFET sensor acts as 

the driver device and a p-MOSFET is used as the load device. The sensors are based on 

two different FET structures- a conventional MOSFET and a single gate p-i-n hetero-

junction tunnel FET. In the proposed configuration, for a constant gate reference volt-

age (VRef), the pH level modulates the effective gate voltage (Vg,eff) of the ISFET for 

which the drain current varies. 

 

Fig. 2. (a) Simulated transfer characteristic curve of a p-i-n single-gate tunnel (SGT) FET. (b) 

The drain current vs. pH curves for the SGTFET- and MOSFET-based ISFET sensors biased 

with a reference gate voltage VRef of 100 mV and 380 mV respectively. 

Simulation Approach 

Since hardware-level implementation of devices and projects incurs cost of materials 

and fabrication as well as stress and processing time, simulation approach is preferable 

for thorough investigation and analysis. Widely used simulation tools include 
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MATLAB, TCAD, Proteus, Simulink and Cadence. MATLAB is appropriate for ana-

lytical modeling of devices such as BJT [21], HBT [22], solar cell [23-24] etc. TCAD 

is used for device level design and modeling for advanced FETs [25-27], wherein nu-

merical techniques can resolve the analytical intractability of device modeling. Proteus 

can be used to simulate and analyze circuit-level performance [28-29], whereas, Sim-

ulink can be used to model and analyze large systems [30-31] On the other hand, Ca-

dence has the ability of both device and circuit level modeling and characterization 

using Verilog-A models [5], SPICE models [9] and built-in TSMC models [32-34]. 

Therefore, the ISFET sensor investigated in this work has been simulated in the Ca-

dence environment. To simulate the behavior of the ISFET in HSPICE, verilog etc., the 

behavioral macromodel developed by Martinoia et al. [35] has been employed. Using 

this model an ISFET can be decoupled into two stages: an electronic stage composed 

of any FET device and an electrochemical stage representing the electrolyte-oxide in-

terface. Dak et al. [36] modelled the ISFET sensor as a combination of a pH-dependent 

nonlinear voltage source, VpH and a FET device, where VpH captures the pH-dependency 

of the sensor and the FET is driven by the effective gate voltage (Vg,eff) given by 

                                                                                                                   (1)  Vg,eff = VpH + VRef  

where VRef is the biasing voltage applied to the reference electrode. In order to imple-

ment the ISFET-based sensors in Cadence Virtuoso Environment, experimentally ver-

ified verilog-A models have been employed for the electrochemical stage [5], for the 

conventional MOSFET device and for the tunnel FET, which is an AlGaSb/InAs-based 

single-gate p-i-n heterojunction structure [37]. 

 

Fig. 3. The current sensitivity variation against the measurable pH ranges for (a) ‘normal’ and 

(b) ’ambipolar’ conduction of SGT- and MOS-based sensors. 
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3 Results and Discussion 

This section presents the results of the simulations carried out in Cadence as well as 

analyses and discusses whether the tunnel FET (TFET) structure enhances the sensitiv-

ity of the ISFET or not. 

Figure 2(a) shows the simulated transfer characteristic curve of a p-i-n single-gate tun-

nel FET, which is very similar to the experimentally characteristics curves obtained in 

the literature [18]. This plot also shows the unique ambipolar’ conduction which is al-

most identical with the ’normal’ conduction for a p-i-n tunnel FET [18]. Figure 2(a) 

plots the transduction of the pH level of the electrolyte solution to the drain current of 

an SGT- and a MOS-based ISFET sensors biased with a constant reference gate voltage 

(VRef). The trend of the observed ID vs. pH curved can be explained as follows. From 

the electrochemical point of view, for an aqueous solution, the oxide surface of the 

ISFET devices is electrically neutral at pH = 7.0, known as the isoelectric point, pI [38] 

and getting more positively (negatively) charged as the pH level decreases (increases) 

from the pI [38]. In other words, it can be argued that as the pH level increases from pH 

= 1.0, the electrochemical potential VpH (which is caused by the change in the pH level) 

starts to decrease, eventually reaches to zero at pH = pI and becomes increasingly neg-

ative for pH > pI. Hence, the changes in the pH level with VRef = constant, modulates 

the effective gate voltage (Vg,eff = VRef +VpH) resulting in different gate biasing condi-

tions for an ISFET. For small and positive VRef, the device works in the linear/sub-

threshold condition in ‘normal’ conduction at pH = 1.0 and moves to the ’Off’ condition 

as pH increases [Fig. 2 (b)]. The device is in the ‘Off’ state for a pH range of 8.0-9.0 

(pH >lpI). However, for even larger values of pH (> 9.0), the response of the ISFET 

devices depends on the FET architecture: for MOS-based ISFET, the device remains in 

the ‘Off’ state i.e ID → 0, whereas, for SGT-based ISFET, the device enters in the ‘am-

bipolar’ conduction due to the tunnel FET’s unique ’ambipolar’ characteristics [18] and 

hence, the device follows the trend of the ‘normal’ conduction. In other words, because 

of the ambipolar behavior of the p-i-n TFETs, SGT-based sensors have two distinct 

measurable pH ranges and hence the dynamic range becomes widened: one covers the 

pH ≈ 5.5−8.0 and the other spans in pH ≈ 10.0−12.5; for MOS-based sensors this range 

covers only pH ≈ 5.5−9.0 [Fig. 2(b)]. Another observation of Fig. 2 (b) suggests that 

the SGT-based sensor may have higher current sensitivity than its MOS-based counter-

part because of the observed sharper change in the drain current for a given pH change. 

The bar plots of Fig. 3 show the effects of varying the measurable pH ranges on the 

sensitivity for both SGT and MOS-based ISFET sensors, where the measurable pH 

range can be varied by changing the bounding limits, pHStart and pHEnd. Several obser-

vations can be made from these figures. First, the SGT-based sensor has more than two 

times higher sensitivity than its MOS-based counterpart in ‘normal’ conduction, which 

can be attributed to the TFET’s lower subthreshold swing; indeed, the SGT-based sen-

sor shows a current sensitivity > 1 dec/pH (the theoretical maximum value) for all the 

measurable ranges, whereas, the MOS-based sensor has a much lower current sensitiv-

ity (SI < 0.403 dec/pH). Moreover, the sensitivity of MOS-based sensor becomes trivial 

as compared with the SGT-based sensor in ‘ambipolar’ conduction, as MOSFETs have 

no such conduction. Therefore, it can be concluded that SGT-based sensors maintain a 
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current sensitivity greater than the theoretical maximum for a wider dynamic range in 

pH, which spans from the ‘normal’ conduction to the ‘ambipolar’ conduction except 

for a brief ‘Off’ region. 

Fig. 4 (a) shows the effect of increased gate bias on the drain current of both MOS and 

SGT-based ISFET sensors when operating in the ’Off’ mode (pH ranges from 7.5-9.5). 

In both these sensors, the increased gate bias results in higher drain currents, as both 

devices are moved to operate in the subthreshold region instead of the ‘Off’ region. For 

the same amount of bias increase, the MOS-based sensor experiences a steady and al-

most one of order current increase, whereas, a sharper and several order of higher cur-

rent is observed in the SGT-based ISFET sensor [Fig. 4 (a)]. Particularly, by applying 

appropriate gate bias for the SGT-based ISFETs, an increased and almost the same sen-

sitivity can be ensured for all three regions (‘normal’, ‘Off’ and ‘ambipolar’ regions) 

and hence, the measurable pH range i.e. the dynamic range can be widened. 

 

Fig. 4. (a) Effect of the gate tuning on the drain current in the ’Off’ mode for both the MOS- 

and TFET-based sensors. (b) The increased sensitivity in the ‘Off’ mode of a TFET-based sen-

sor due to gate-tuning. 

The dynamic range widening has also been demonstrated by Kalra et al. [8] through a 

tuned or reconfigured gate biasing i.e. the gate bias has been changed to achieve a wider 

dynamic range. This work also employs the same gate-tuning to obtain a wider dynamic 

range. However, the difference between these two works lies in the architecture of the 

sensor device; the work of Kalra et al. [8] involves a charge-plasma based device, 

whereas, the present work deals with a very simple p-i-n tunnel FET based sensor. The 

increased sensitivities in the ‘off’ mode due to gate-tuning are observed in Fig. 4 (b). 

Fig. 5 provides a graphical presentation of the measurable pH-range against the average 

sensitivity of choice. Indeed, this graphical view depicts a characteristic feature ob-

tained from a TFET based ISFET sensor that both wider pH range and higher sensitivity 

can be achieved by applying proper gate tuning and thus offering more flexibility in 
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terms of the choice of pH-measurement and sensitivity. However, if the chosen sensi-

tivity is significantly higher this advantage of obtaining wider measurable pH range has 

been lost. It is noteworthy that MOSFET-based ISFETs have no such advantage of 

tuned dynamic range. 

Table 1 summarizes the performance of the device and its comparison with the best 

ISFET sensors in the literature. Devices designed by Rignate et al. [1] and Cordera et 

al. [23], like most other ISFETs, are rather bulky, 10 µm × 20 µm in size, and have 

sensitivity indices (SI) under 0.6 dec/pH. Designs of more recent vintage, such as Zhang 

et al. [2] and Bellando et al. [17], managed to improve the SI to 1.2 dec/pH, yet have 

not been able to scale down channel dimensions, which remain 15 µm × 20 µm. The 

device developed in this work, a TFET-based ISFET, achieves the sensitivity index of 

1.24–1.63 dec/pH, which is a record in the sensitivity-to-scalability trade-off, in addi-

tion to 1.24–1.63 dec/pH. It does this at a footprint of 1µm × 0.02 µm, which is record 

low for this class of devices. It is thus the most sensitive device out of all designs com-

pared, while the dimensions are still the smallest. These results show how favorable 

TFET-based ISFETs are for next generation wearable sweat sensors. Their proposed 

architecture has high sensitivity, wide dynamic range, and strong scalability, allowing 

real time and accurate tracking of cellular, fluidic, and physiological pH changes for 

low sample volumes. 

 
Fig. 5. Average sensitivity vs. measurable pH range of the gate-tuned TFET-based ISFET sensor. 

Table 1. State-of-the-Art ISFET Sensors 

SoA SI (dec/pH) W× L (µm × µm) 

Rignate et al. [1] 0.4 10×20 

Cordera et al. [19] 0.59 10 ×20 

Zhang et al. [2] 0.78 15×20 
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Bellando et al. [14]                                          1.2    15×20 

This work                                                       1.24-1.63    1×0.02 

4 Conclusion 

This study shows that a tunnel field-effect transistor (TFET) can serve as a strong alter-

native to conventional MOSFETs when used as the sensing element in an ionsensitive 

field-effect transistor (ISFET). Simulation results in Cadence confirm that when biased 

in the subthreshold region, the TFET-based ISFET responds with higher current sensi-

tivity to changes in solution pH, making it more effective for detecting small variations. 

The natural ambipolar behavior of TFETs also enables tuning for a wider dynamic 

range, which broadens the scope of measurable pH values. In addition, the ability of 

TFETs to operate with smaller channel lengths without loss of performance provides 

improved scalability, reducing the required sample volume for accurate measurement. 

Taken together, these advantages position TFET-based ISFETs as a practical and effi-

cient approach for sweat sensors and other biomedical applications that require precise, 

real-time monitoring of pH in cells, body fluids, and physiological systems. 
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